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Abstract 

Intermodulation products are spurious frequency components which are produced 

when two or more signals mix in nonlinear components and devices. Particularly in multi- 

signal environments like those encountered on satellites, the spurious frequency compo- 

nents may severely degrade system performance through interference. 

Nonlinearities are commonly known to exist in the active devices associated with 

components in transmitters and receivers. However, nonlinearities are also found in 

passive components and give rise to a phenomenon known as passive intermodulation 

interference. 

This thesis describes the work undertaken during a study of passive intermodulation 

(PIM). The project was directed towards the characterisation of PIM in materials which 

are commonly used in spaceborne RF hardware. Satellite systems are particularly vulner- 

able to interference from passive non-linearities and little information is available to help 

engineers avoid the problem. 

The work described includes the development of a highly sensitive PIM detection 

system. This involved the design and development of several custom components 
including connectors, band-stop filters and two different 3 dB couplers. The system was 

used to perform an investigation into the parameters which affect the generation of PIM 

signals in aerospace materials. Results are presented for measurements carried out at 

L-band frequencies. 

An extensive review of previous studies on passive intermodulation is presented 
including descriptions of the nonlinear mechanisms which are most likely to occur in 

passive structures. The experimental results are then used to propose the mechanisms 

which are likely to dominate the levels of passive intermodulation in the samples tested. 

The measurement system was also used to carry out measurements for the European 

Space Agency at the European Space Research and Technology Centre. The tests 

involved the detection and measurement of PIM sources in a test chamber used for char- 

acterising satellite payloads. 
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CHAPTER 1 

Introduction 

This chapter serves to outline the work which is presented 
within this thesis. An introduction to the subject of Passive 
Intermodulation Interference is followed by a breakdown of the 
project objectives and a description of the project management 
strategy. The chapter concludes with a discussion on the 
organisation of the thesis. 

1.1 An Introduction to Passive Intermodulation Interference (PIM) 

Passive intermodulation interference is an electromagnetic compatibility (EMC) 

problem which can interfere with the correct operation of sensitive communications-elec- 
tronic (CE) equipment. 

Problems associated with PIM have long been recognised and date back to the early 
days of radio communications. PIM is intermodulation interference (IMI) from passive 

components (e. g. coaxial cables, connectors, waveguide flanges) and is typically caused 
by the presence of weak non-linearities in high-power, multi-frequency circuits; particu- 
larly where high-power transmitters are in close proximity to sensitive receivers. 

Examples of passive non-linearities are the hysteresis effect which is observed in 

ferromagnetic materials and ferrites, and the rectification of current flow at loose or 

corroded metal junctions. 

The effect of PIM is to generate a series of discrete signals which can interfere with, 

and seriously impair communications channels. In extreme cases the channel may even be 

rendered useless. 

Shipboard communications systems have traditionally been cited as highly vulnerable 

to the effects of PIM and the term "rusty-bolt phenomenon" was often used to describe its 

effects. This stems from early work in the field where the problem could often be traced 
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CHAPTER 1: Introduction 

to corrosion at structural metallic joints. Shipboard systems require to transmit signals at 
high power due to the long distances over which communication takes place. Transmitters 

and receivers are in close proximity due to the limited size of the vessel and the salt water 
environment leads to increased rates of corrosion. 

The latest systems to lend themselves susceptible to interference from PIM are satel- 
lites. In the space environment, communication takes place over extremely long distances 

(circa 30,000 Km), hence, due to losses, transmitted signals are at very high power levels, 

whilst received signals are at extremely low power levels. Satellites are also very small, 
therefore, transmitters and receivers are usually spaced no more than a few metres apart. 
These characteristics contrive to make satellite communications systems highly vulner- 

able to PIM. 

Recent work in the field of PIM has identified many potential mechanisms that could 
be responsible for PIM generation [1]. These relate to the properties of materials used in 

the construction of communications hardware and the techniques used in the manufac- 
turing processes. 

In the past it has usually been possible to provide a simple engineering solution to the 

problem such as a change of frequency or the repositioning of equipment. However, the 

application of such straightforward measures is now much less feasible owing mainly to 

the following reasons: 

(i) Increasing use of the electromagnetic spectrum limits the availability of alter- 

native frequencies. 

(ii) Increased system vulnerability due to greater complexity, higher signal powers, 

and more sensitive detectors. 

(iii) The drive for reduced size and weight makes the repositioning of equipment 
more difficult. 

(iv) Complex equipments need solutions to be incorporated at the design stage in 

order to avoid expensive modification later. 

Nowhere are these factors more restrictive than in the design of satellite systems. 
State-of-the-art mobile communications satellites are being developed that are breaking 

new ground in all areas of design. The current drive is for more channels, higher transmis- 

sion powers and more sensitive receivers. When this is coupled with the fact that the space 

environment is already extremely hostile in terms of the physical conditions that equip- 

ment has to endure, it is evident that there is a high probability of incurring problems due 

to PIM. 
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CHAPTER 1: Introduction 

Due to the isolation of satellites in orbit, they do not readily lend themselves to `ad 
hoc' remedial measures. This means that the payload must be fully functional before 
launch and so requires extremely rigorous testing. It is in the nature of PIM problems that 
they are usually detected at the latter stages of integration and if problems are discovered 

at this stage, remedial work can be a lengthy and costly process. 

Examples of the problems which can occur are found in reference [2]. In the paper the 
authors cite four communications satellites, launched between 1975 and 1985, which have 
been adversely affected by PIM, namely FLTSATCOM, MARISAT, MARECS and 
INTELSAT V MCS. Take, for example, the MARECS satellite which was launched in 
1981. This satellite had to have its entire transmit chain re-designed in order to eliminate 
an interfering, 43rd order, PIM signal. 

Consequently there has been increasing emphasis on the provision of preventative 
measures that can be applied from the very start of the design stage in order to avoid PIM. 
However before this approach can be adopted a much better understanding of the funda- 

mental mechanisms which give rise to PIM is required. 

The current state of understanding of PIM phenomena is poor. Researchers have 

tended to concentrate on testing the PIM levels generated by commonly used system 

components. Only a few people have addressed the issue of the mechanisms which cause 
PIM, and even so there has been disagreement over the findings. Much of the work has 

concentrated on a few basic mechanisms without the consideration of other, less obvious, 

sources of non-linearity. The adopted approach has been to demonstrate the presence of 

non-linearities in carefully prepared scientific samples. However, there is no evidence to 

suggest that these are the effects which occur in everyday engineering situations. 

Currently there exists no unequivocal data on the mechanisms which cause PIM. 

There has been no attempt to establish a hierarchy of dominant mechanisms in terms of 
the levels of PIM which they produce. Additionally, there is very little data of use to engi- 

neers concerned with the design of systems, vulnerable to PIM, regarding materials and 

practices. In short there are no areas on the subject of PIM that would not benefit from 

further work. 

Primarily, what is required is a better understanding of the non-linear effects which 
dominate PIM levels in engineering environments. This will provide engineers with more 
reliable information with which to develop low-PIM systems of the future. In order to 
achieve this, measurements have to be carried out on commonly used engineering mate- 
rials and in a format that allows engineering type finishes and structures to be tested. 

3 



CHAPTER 1: Introduction 

Standardised measurement techniques are also required in order that the characteristics of 
the materials and samples may be measured and compared in a reliable and consistent 
manner. This will deliver greater confidence in the results and conclusions. 

1.2 Background 

The Noise Measurements Group of at the University of Kent (UKC) has over 10 years 

experience of PIM and PIM research stemming originally from a government sponsored 

contract on the characterisation of shipboard RF interference. A significant portion of 

work has been carried out on land-mobile radio communications sites at VHF frequencies 

[3-7] and was mainly diagnostic in nature. This experience was instrumental in the Euro- 

pean Space Agency (ESA) awarding the university a contract of work to carry out more 
fundamental research. 

The European Space Agency (ESA) was formed in 1973 and comprises 14 member 

states who between them have stipulated that the role of ESA is: 

"to provide for and to promote, for exclusively peaceful 
purposes, cooperation among European states in space 
research and technology and their space applications, 
with a view to their being used for scientific purposes and 
operational space applications systems" 

In fulfilling this role, ESA has become one of the world's largest exponents of satellite 
technology and has managed and advised on, numerous satellite missions over its 23 year 
history. 

ESA is keen to establish more about the intrinsic mechanisms of PIM due to the high 

vulnerability of satellite communications systems to this type of interference. In the past, 
ESA have performed some PIM 'tests themselves [8-11]. However these measurements 
have mainly been qualification tests, carried out on flight hardware in order to meet pre- 
defined specifications and say very little about the actual causes of PIM. With this in mind, 

ESA contracted the Noise Measurements Group to carry out an independent study into 

potential causative mechanisms of PIM in space communications hardware [1]. On the 

strength of the study, further contracts have been awarded to the group to set up a PIM 

measurement system and carry out an investigation of the PIM properties of space quali- 
fied materials. 

The system developed at UKC has also been used to scan the Compact Payload Test 

Range (CPTR) at ESTEC for sources of PIM [12,13]. ESTEC (the European Space 

Research and Technology Centre) is the headquarters of ESA's technical activities and the 
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CHAPTER 1: Introduction 

CPTR is used to perform electromagnetic tests on satellite payloads. It is planned to use 
the range for future PIM tests hence the need to determine any background levels which 
the range generates itself. 

The latest communications satellite under development by ESA has one of the most 

challenging specifications to date. The ARTEMIS satellite is designed to provide mobile 

communications across the whole of Europe and areas of North Africa. The payload has 

the capacity to handle over 900 voice channels operating at L-band frequencies. It has 

been recognised that problems arising due to PIM could seriously threaten the success of 

the ARTEMIS program and therefore the terms of the contract have specified that the 

results of the UKC PIM study should be directly applicable to the payload configuration 

of this satellite. 

The work reported in this thesis is based upon the research carried out for ESA. The 

project was also supported by the Engineering and Physical Sciences Research Council 

(EPSRC) under the auspices of a CASE award (Cooperative Awards in Science and Engi- 

neering) in conjunction with ESA. As part of the CASE award, the author has spent 

approximately 3 months working at ESTEC, carrying out the CPTR test mentioned previ- 

ously. This work will also be reported. 

1.3 Project Objectives 

As a result of the collaboration with ESA, the objectives of the project fall into two 

distinct areas. Firstly there are those objectives relating to the PIM diagnostic work based 

at the University and then there are those which are concerned with the body of work 

carried out at ESTEC in the Netherlands. Both are outlined below. 

The work, undertaken at the University of Kent, takes the form of an experimental 

study into the specific area of passive intermodulation occurring in space qualified mate- 

rials. 

The objectives of the study were set out as follows: 

0 To design and build a highly sensitive but stable and consistent PIM measure- 

ment system. 

" To propose a standard methodology to enable the PIM characteristics of mate- 

rials to be measured and compared in a consistent manner. 

0 To produce a set of PIM measurements which describe the PIM characteristics 
of selected aerospace materials. 

" To identify the dominant causative mechanisms of PIM behaviour in the mate- 

rials tested. 
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CHAPTER 1: Introduction 

At the start of the project the ARTEMIS satellite was under development by ESA and 
it was decided that the research should be directly applicable to this current project. The 

study was therefore carried out at L-band frequencies in order to coincide with the down- 

link (transmission) frequencies of ARTEMIS. 

The objectives of the CPTR measurement campaign, at ESTEC, were defined as 

follows: 

" To reconfigure the existing L-band measurement system at UKC to carry out 
PIM tests in the CPTR at ESTEC 

0 To locate and measure any sites of intermodulation generation in the CPTR 

" To gauge the observed levels with respect to the threat they might pose to the 

sensitivity of PIM measurements on satellite payloads. 

1.4 Resources 

The facilities at the University of Kent and ESTEC which have been essential for a 

project of this nature are described below: 

(i) Noise Measurements Group 

The Noise Measurements Group at UKC comprises one laboratory in which the 

measurement system was assembled. Most of the equipment used in this study 

has been purchased specially and includes a Hewlett Packard (HP) 8561 E spec- 

trum analyser which is used to detect and measure the PIM signals. 

The group is managed by Mr. A. D. Rawlins, a lecturer in the Electronics depart- 

ment at the university. Mr. Rawlins originally established the group and has over 
10 years experience in PIM research. 

The group also employs Mr. J. S. Petit as a research fellow on PIM. Mr. Petit has 

8 years experience working in PIM and multipactor (another anomalous 

phenomenon found in satellite systems) which he gained by working for 9 years 

at ESTEC and 3 years at UKC. 

(ii) Electronics Laboratories at UKC 

Thorough use of the computing facilities at UKC has been made. These include 

a network of Sun Sparc Workstations which run the software packages which 

have been used. This includes the HPEEsof suite of programs (Academy, Libra, 

etc. ) and- Hewlett Packard's Microwave Development Software (MDS) (both 
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CHAPTER 1: Introduction 

used for microwave network simulation). Extensive use was also made of HP's 

High Frequency Structure Simulator (HFSS) and Sonnet Software's E. M. simu- 
lation package which both deal with the electromagnetic modelling of physical 

structures. 

The electronics laboratories at Kent includes a well equipped workshop facility. 

This provides equipment and staff for the manufacture of prototype components 

and equipment. This was used comprehensively in the development of custom 

components for the PIM measurement system. 

A Wiltron 360 vector network analyser is also available at the university. This 

proved invaluable in the characterisation of the components which were used in 

the L-band measurement system. 

(iii) European Space Research & Technology Centre (ESTEC) 

The CPTR work at ESTEC made exclusive use of UKC equipment apart from 

three L-band waveguide horns which were purchased by ESTEC. 

During the course of the project, the author was in close liaison with 

Mr. A. Woode of the XR division at ESTEC. Mr. Woode has been employed at 

ESTEC for over 15 years. He also has over 8 years experience of the PIM 

problem. 

(iv) Library Search Facilities at UKC. 

In the search for literature on previous PIM studies and component design, the 

search facilities of the library were thoroughly used. There are three means of 

sourcing journal papers and citations namely INSPEC, BIDS and CATS. 

INSPEC is produced on CD-ROM by the IEE and covers the world's published 

literature on all aspects of physics, electronics, electrical engineering, computer 

science, control and information technology. The facility at UKC covers records 

from 1989 to date. 

BIDS (or the Bath ISI Data Service) is an on-line search facility giving access to 

the citation indexes in Science, Social Science and Arts and Humanities. The 
indexes span the years from 1981 to the present. 
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CHAPTER 1: Introduction 

CATS is a program used exclusively for searching the catalogue of literature 

available at the UKC library. The system does not list individual articles but can 
be used to determine whether a particular journal and volume is available. The 

library stores copies of the more popular periodicals in most subjects both past 

and present. Articles which are not available on campus may be obtained via the 
inter-library loan system. 

Searches of the databases were carried out on the following areas: 

" Passive intermodulation interference. 

" Active Intermodulation interference. 

" Non-linear physical mechanisms. 

" Measurement techniques. 

" High power filter design. 

" Coupler design. 

" CAD modelling techniques. 

1.5 Organisation of Thesis 

The work described in this thesis is arranged into eight chapters as follows: 

CHAPTER 1: Introduction. The thesis begins with a simple introduction to the field of 
Passive Intermodulation Interference and its significance in satellite communication 

systems. There then follows a brief synopsis of the background and interests of the two 
bodies involved in this study, namely the University of Kent and the European Space 

Agency. The objectives of the project are then briefly outlined followed by a description 

of the resources available to the project. The chapter concludes with a discussion of the 

organisation of the thesis. 

CHAPTER 2: Passive Intermodulation Interference in Multi-Frequency Systems, intro- 

duces the concept of non-linearity and discusses its relevance to the theory of intermodu- 

lation interference (IMI). This is followed by a discussion of the passive intermodulation 

(PIM) phenomenon. Some of the potential mechanisms thought to generate PIM are then 

presented. Next, there is a thorough review of previous research related to PIM in multi- 
frequency communications systems. The chapter concludes with a discussion of the 

refined project objectives and project approach. 
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CHAPTER 3: PIM Measurement System Design is concerned with the design and 
implementation of a PIM measurement system using commercially available compo- 

nents. A discussion of the particular design considerations which are pertinent to PIM 

measurement systems is presented, including a review of measurement systems used by 

researchers to date. This is followed by a description of a system which has been designed 

to measure 3rd order intermodulation products at L-band, and includes a description of 
the system hardware and the system performance. The implementation of techniques for 

improving the system are presented and the chapter ends on a discussion of the improved 

system performance. 

CHAPTER 4: Measurement System Development describes the techniques and imple- 

mentation of custom built system components which have been designed to generate very 
low levels of intrinsic PIM. Topics include low-PIM connection methods, low-PIM enclo- 

sures, band-stop filter design and 3 dB coupler design. There then follows a discussion on 

the improvement offered by these components and the chapter concludes with the design 

of special low-PIM test jigs for the investigation of PIM in aerospace materials. 

CHAPTER 5: Measurement Programme describes the laboratory measurement of PIM. 

First, the revised measurement system configuration and performance are briefly 

discussed. Next, the types of test samples used, the various experimental procedures and 

the resulting PIM levels are presented. Observations were made at each stage in the meas- 

urements and these are also presented. 

CHAPTER 6: Analysis Of Results presents an analysis of the experimental work 
discussed in Chapter 5. The analysis takes the form of a discussion of the possible mech- 

anisms which are responsible for the levels of PIM observed during the measurements. 

CHAPTER 7: PIM Characterisation of Compact Payload Test Range is concerned with 

the PIM characterisation of the ESTEC CPTR. There is a description of the measurement 

system which has been reconfigured to perform radiated tests. The measurements are then 

presented followed by an analysis of the results and a discussion of the conclusions. 

CHAPTER 8: Conclusions and Recommendations concludes the main body of the thesis 

and summarises the work presented. Recommendations are made for the direction and 

nature of future work in the field. 

1.6 Novel Aspects. 

In order to fulfil the requirements for the degree of PhD, there is a need for the work 

which is carried out on this project to demonstrate a degree of novelty. In this section, the 

novel aspects of the work will be highlighted, these being expanded upon throughout the 

remainder of the thesis. 
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1. Fundamental transmission line technology has been novelly applied in the develop- 

ment of consistent, low-PIM, connection principles 

2. These principles have been used to develop a new, low-PIM, connector design and a 
new, low-PIM, enclosure design. Both have been used extensively to implement cou- 
piers and test jigs having state-of-the-art PIM performance. 

3. Further techniques have been developed in the design and implementation of 
low-PIM bandstop filters namely, a contactless resonator structure and a differential- 

pitch tuning mechanism. 

4. The work to develop low-PIM components has culminated in the implementation of a 
state-of-the-art, L-band, coaxial PIM measurement system. The system displays 'a 
hitherto unheard of degree of sensitivity compared with previous work in the field. 
This equates to some 10dB better than other coaxial systems and a residual PIM vari- 
ation of less than 1.0dB. 

5. Novel sample jigs have been devised to carry out a series of experiments on conduct- 
ing materials. Standard material sample formats have also been designed in order to 

maintain uniformity and consistency between tests and this too is a new concept in 

PIM testing. 

6. The coaxial measurement system has been used to conduct an investigation into the 
PIM properties of aerospace materials. The approach taken towards the measurement 

campaign was also novel in that samples of an "engineering" nature were tested as 
these were more indicative of real world situations and therefore more relevant to sys- 
tem designers. 

7. Several new results were obtained as a direct result of the measurement campaign: 

(i) Observation of non-linearity in so-called linear metals. 

(ii) Demonstrated a clear link between PIM performance and surface finish. 

(iii) Clearly demonstrated that plating can be effective in reducing PIM from intrin- 

sically non-linear materials. 

(iv) Established that an Alochrom coating on aluminium can cause extremely high 

levels of PIM and should be avoided. 

(v) Observed an anomalous effect in solid copper under the influence of an external 

magnetic field. 

(vi) Showed that contrary to what one might expect, some varieties of stainless steel 

can be quite linear. 
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7. The system was also used to carry out a novel measurement campaign in an antenna 
test range. The objective of the campaign was to determine the usefulness of the 

chamber for carrying out radiated PIM tests. The results of the campaign indicated 

that the chamber itself generated unacceptably high levels of PIM and therefore could 

not be used in such a capacity. The sources of PIM could be pinpointed quite accu- 

rately and were easily identified. 
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CHAPTER 2 

Passive Intermodulation Inter erence in 
Multi-Frequency Systems 

This chapter presents a more detailed look at PIM in 
communications systems. The nature of PIM is developed from 
the fundamental concepts of non-linearity. This is followed by a 
summary of non-linear physical mechanisms that may 
contribute to PIM generation. Next there is a review of PIM 
research to date and the chapter concludes with the enlarged 
objectives of the project. 

2.1 Intermodulation Interference in Telecommunications Systems 

Our society relies on the ability to establish and maintain extensive reliable commu- 

nications. Communications requirements have increased drastically as a result of the 

mobility of our society and our dependence on computers. The cellular telephone has 

significantly increased the capacity of our mobile communications and fixed point-to- 

point microwave and satellite communications systems provide an extensive data trans- 

mission network for computer systems. 

One of the most important considerations in the design, installation and operation of 

a communicating electronic (CE) system is that of achieving and maintaining electromag- 

netic compatibility (EMC) between the system and other CE equipment in the vicinity. 
EMC is the ability of equipment and systems to function as intended without degradation 

or malfunction in their operational electromagnetic environment. The equipment should 

not adversely affect the operation of, or be adversely affected by, any other equipment or 

system. 

Electromagnetic interference (EMI) is said to exist when undesirable voltages or 

currents are present to adversely influence the performance of a system or equipment. 
These voltages or currents may reach the victim device by conduction or by electromag- 

netic field radiation. 
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In a typical communications system, the receiver must be able to pick up its intended 

signal, which is probably relatively weak, while operating in the presence of a number of 
relatively strong potentially interfering signals from other communications or electronic 
systems operating in close proximity. Conversely, the transmitter must be able to transmit 

a relatively strong signal without causing interference to nearby sensitive receivers. 

Intermodulation products are spurious signals which are generated by the mixing of 

signals in non-linear components or mechanisms [14]. In multi-frequency communica- 
tions systems and environments, these signals can readily lend themselves to EMI prob- 
lems. Such problems arise when the frequency band of an intermodulation product (IMP) 

occurs at or near, the fundamental pass-band of any near by receivers and when the level 

of the IMP is comparable to that of the desired incoming signal. The magnitude and 
frequency of the generated IMPs are directly related to the magnitude and frequency of 

the original mixing signals and to the transfer function of the non-linear component or 

mechanism. 

2.2 Intermodulation Processes 

2.2.1 Non-Linearity 

In order to understand the basic theory of intermodulation signal generation, it is first 

necessary to define the concept of a non-linear system. 

A linear system is one whose output is directly proportional to the input. The output 

and input are related by a constant of proportionality which can be any real or complex 

number but must be fixed over the range of operation of the system. A good example of 
linear behaviour is described by Ohm's law in metals which relates the current density, J, 

to the electric field, V, by a constant, a, the conductivity: 

J=aV Eq. 2.1 

One important property of such systems is that when they are excited by a single 
frequency -a sinusoid - the response, although it may be altered in amplitude and phase, 
is at that frequency only. The response to multiple input frequencies is the sum of the 

response to each one individually i. e. superposition holds. Linearity is often a practical 

requirement, but nature is inherently non-linear, so that in engineering applications it is 

common to restrict the input to imperfectly linear systems to some range over which the 
deviations from linearity can be neglected. 
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For many, non-linear systems the response can be modelled as a power series. For 

example the non-linear transfer function of a component may be represented by an nth 
order power series thus: 

VO = a1Vi +a2VZ+a3Vý +a4Vq +... +a�V7 Eq. 2.2 

Where an, is the nthcoefficient of the relevant term. When excited by a single 
frequency, the output of this system not only contains that frequency, but multiples of it. 

This is described as harmonic distortion. 

If such a system is excited by multiple input frequencies, the response consists of 
these frequencies, their harmonics, and new frequencies which are equal to the sums and 
differences of the input frequencies and of their harmonics, i. e. intermodulation products. 

2.2.2 Product Generation 

Consider the simplified case where the non-linear component described by Eq. 2.2 is 

simultaneously excited by two equal amplitude, unmodulated signals, Vcos(colt) and 

Vcos(w2t) 
. 
The input to the system, V;, is just the sum of the two signals: 

Vi = V[cos(wit) + cos(cu2t)] Eq. 2.3 

Substituting Eq. 2.3 into Eq. 2.2 and using standard trigonometric formulae shows that 

the output of the system, VO, may be written as: 

Vo = a1V(coswlt+ cosco2t) 
I1 

+a2V2(I+ 7cos2wlt+2cos2w2t+ cos(cul +w2)t+ cos(wl -w2)t) 
33 

+a3V3( cos3wlt+ cos3w2t+4cos(2wt -w2)t+4cos(2w2-(01)t+ ... 
) 

41 
+a4 V4( ) 

+a... Eq. 2.4 

Thus, in general, distortion components at n wl ±m w2 appear at the output. The 

component at n wl ±m w2 is called the (n+m)th order intermodulation product. For 

example, the V; 3 term produces third order harmonic components at 3(01 and 30)2 and 

third-order intermodulation products at (2w1-w2) and (2w2-(ol). The whole frequency 
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spectrum of Vo therefore consists of the two excitation signals at co and 0)2, as well as 
many newly generated harmonic and intermodulation products and is illustrated in 
Fig. 2.1. A linear system produces no such additional signals. 
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Fig. 2.1 Spectrum of IMD 

So far only a simple two-frequency case has been considered. In multi-frequency 

environments as would normally be encountered in practical situations, the problem 
becomes much more serious. For simplicity, consider that only one site or mechanism of 

non-linearity is operative, it has been shown that the total number of intermodulation 

products increases rapidly as the number of simultaneous broadcasting channels goes up 
[16,17]. The rate of increase is indicated in Fig. 2.2. If the addition of extra channels 

meant an increase in the number of points of non-linearity (this is a reasonable assumption 

given that circuit complexity will have to be increased for extra channels), then it is easy 
to see how IM signals could be combined and strengthened in a communications environ- 

ment and cause serious EMI problems. 

Interference from intermodulation products is normally limited to specific orders. For 

the weak non-linearities encountered in most practical situations, the coefficients, an, of 
Eq. 2.2 get rapidly smaller as n increases. Accordingly, the power levels of the intermod- 

ulation products tend to diminish as the order of the product gets higher. This is significant 

as it means that interference is usually only caused by the lowest order product to fall into 

the receive band of the susceptible system, the third order intermodulation product gener- 

ally being the worst. This isn't to say that higher orders are insignificant. In the MARECS 

satellite example of Chapter 1 it was the 43rd order intermodulation products which 

caused problems [2]. Additionally, in most cases it is the odd-order products which are 

problematic since these normally occur in the same band of frequencies as the funda- 

mental excitation signals. 
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Fig. 2.2 Increase in Intermodulation Products with No. of Channels 

2.2.3 Power Relationships 

The generation of intermodulation signals is widely recognised as the most sensitive 

test of linearity known. A deviation from linearity as little as 1 part in 106 will readily 

produce a detectable signal. Fig. 2.3 on page 17. gives an indication of the extent to which 

such small deviations from linearity can give rise to significant levels of intermodulation. 

The next point worth consideration is the relationship between the input power levels 

and the power level of a PIM product generated by one of the terms of Eq. 2.4. Care must 
be taken at this point to distinguish between the total power level of an intermodulation 

product and the level of one of its constituent components. Individual intermodulation 

products will have contributions from many terms of Eq. 2.4 and, although contributions 
from higher order terms are small, they can have a significant affect as will be discussed 

later. 

First let us consider the third order intermodulation level at WIMP = (2(o1- wj), arising 
from the third term in Eq. 2.4. Assuming now, that the two input or parent signals are not 

at the same amplitude, but are, Vl cos ((01 t) and, V2 cos (a)2t) , then the contribution to 
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Fig. 2.3 Sensitivity of Intermodulation Measurements to Non-linearity. 

Graph (a) is the current-voltage characteristic for a hypothetical system 

which deviates slightly from Ohm's law (dotted line) so as to generate a 
third order product. For a given current the deviation may be defined as 
8V/V. 

In (b), the minimum detectable deviation is plotted logarithmically as a 
function of measurement sensitivity. It is assumed that two carriers of 
25 W (44 dBm) each are used, and the sensitivity is given in dB below this 

power level (dBc). 
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3 
VIMP = 4[ü3V1V2] cos(2()1 - (il2)t Eq. 2.5 

If PI and P2 are the powers of the signals co, and cue respectively, and PIMP is the 
contribution to WIMP from the third term of Eq. 2.4, 

then PIMP a PIP2 Eq. 2.6 

If P1 = P2 then PIMP °C P1 or PZ Eq. 2.7 

From these equations, the relationship between PIMP, P, and P2 can be summarised as 
follows: 

(i) From Eq. 2.6, PJMp should vary as 1dB/dB with the input of P, when P2 is held 

constant. 

(ii) From Eq. 2.6, PIMP should vary as 2dB/dB with the input of P2 when P, is held 

constant. 

(iii) From Eq. 2.7, PIMP should vary as 3dB/dB with the combined input (P1 + P2) 

when P1=P2. 

Similarly, the contribution from the nth order term of Eq. 2.4 to the nth order PIM 

frequency should vary as n dB/dB with the combined input power (P1 + P2). 

It is the experience of most other researchers and of the Noise Measurements Group 

at the University of Kent, that the rate of change in PIM signal with combined input power 
is always less than these figures suggest. Previously, there has been little in the way of 

explanation for this effect, and certainly none which is based on theory. Most people 

readily neglect the contributions to PIM signals from the higher order terms of Eq. 2.4 by 

virtue of the fact that they are relatively small. 

Consider once again, the two-tone combined input signal of Eq. 2.3 which is repeated 
here: 

Vi = V[cos((Olt) + cos(a2t)] Eq. 2.3 

Let us now consider the effect of expanding this function to the nth degree, reducing 
the terms to single powers of cos(x). Expansion up to the fourth power follows: 
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(cosa+cos(3)2 = 4[4+2cos2a+4cos(a-(3)+4cos((x+(3)+2cos2ß] 

1 
(cosa+cosß)3 = S[2cos3a+6cos(2a-ß)+6cos(2a+ß)+18cosa 

+2cos3(3+6cos(2ß-a)+6cos(2ß+a)+ 18cosß] 

4i (cosa+cos3) = j[36+2cos4a+8cos(3a-ß)+8cos(3a+ß) 

+ 12cos(2a - 2ß) + 12cos(2a + 2ß) + 32cos2a 

+2cos4ß+8cos(a-3ß)+8cos(oc+3ß) 

+48cos(a- i) +48cos(a+ ß) +32cos2(3] 

These expansions have been written in such a format to demonstrate how a further 

simplification of the expansion process may be made. 

Careful inspection of the above expansions indicates that the coefficients of expansion 

may be mapped onto a two axis coordinate system such that, 

(cos a+ COS ß )2 is given by 

ß axis 
A 
1 

202 
10401>a axis 

202 
1 

with multiplying factor (1/2) 2. 

(cos a+ COS ß )3 is given by 

1 
3 0 3 

3 0 9 0 3 
1 0 9 0 9 01 

3 0 9 0 3 
3 0 3 

1 

with multiplying factor (1/2) 3. 
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(cos a+ cos ß )4 is given by 

1 
4 0 4 

6 0 16 0 6 
4 0 24 0 24 0 4 
0 16 0 36 0 16 0 
4 0 24 0 24 0 4 

6 0 16 0 6 
4 0 4 

1 

with multiplying factor (1/2) 4. 

Inspection of the above mapping procedure reveals two simple rules of transformation 

when progressing from any power to the next higher power: 

the overall multiplying factor for a given power, n, is (1/2) ° 

the value of a coefficient for power n is the sum of the nearest orthogonal coefficients 
for the power (n-1) expansion table. 

Hence, when transforming from n=3 to n=4; 

the D. C. term ((x = 0, ß= 0) becomes 9+9+9+9= 36 

the term a=1, ß=1 becomes 9+9+3+3= 24 

the term a= 2, ß= 1 becomes 0+ 0+ 0+ 0= 0 

Examination of the expansion tables shows that for a given PIM frequency in a table 
(of odd or even power) there will be additional contributions from all greater tables (those 

of greater powers of n) where their power is odd or even, respectively. An example is used 
to elucidate this. 

Consider a third order PIM signal with frequency given by (2a + P). The expansion 
table with n=3 gives an expansion coefficient of 6. (The (-2a - ß) term is the same as 
the (2 a+ (3) term thus we have 3+3 in total). The table with n=5 however, also contains 
terms associated with (2a + (3) (value = 50 + 50) and likewise with all of the following 

tables with odd powers. If one considers contributions up to the power of n=7, the output 

voltage for that frequency alone can be written as, 

/V\3 Vour = aal 16cos(2a+(3) Eq. 2.8 
V)3 

V7 +a5 (7V)5 
100 cos (2a + ß) + a7 

( 
2) 1470 cos (g a+ ß) 

20 



CHAPTER 2: Passive Intermodulation Interference in Multi-Frequency Systems 

The variation of power for Vout versus V for the above expression has been plotted for 

different values of power law coefficients, refer to Fig. 2.4. A pure third order expression 
which demonstrates the expected 3 dB per dB power variation has also been plotted for 

comparison. It is very interesting to note that the above expression only follows the 3 dB 

per dB relation when the higher order coefficients are very small compared to the funda- 

mental coefficient (a3). When these higher order coefficients become larger the power law 

actually shows a gradient much greater than 3 dB per dB. The only case so far investigated 

which produces a gradient less than 3 dB per dB is when one coefficient changes sign. 
However, the lower gradient only persists for a limited range in voltage, see Fig. 2.4, until 
a dip is observed followed by a very steep increase in output power. 
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Theoretical considerations of the power variation of PIM signal versus stimulus 
signals therefore shows that the traditionally expected power gradient (3 dB per dB for a 
third order effect) only holds true when the higher order power law coefficients are several 
orders of magnitude lower than the fundamental one. (The fundamental coefficient is the 
first one appearing in the polynomial series for the PIM frequency of interest). The model 
which did show such a variation used power law coefficients with a difference of 20 dB 
in voltage terms. 

In practice the rate of change of PIM signal with input power is always less than the 

traditionally expected one. This is not readily predicted by fundamental theory when the 

power law coefficients are only considered as constants. Indeed, it forces one to consider 
that these power law coefficients could, themselves, be functions of the stimulus voltage. 
Alternatively, it may be that the nature of the practical non-linearity changes with the level 

of the impressed signal. The significance of this analysis is in the modelling of PIM. It is 

plain that the problem is complex and requires more theoretical analysis than has been 

afforded in the past. 

2.3 Active Intermodulation Interference 

The generation of intermodulation products is normally associated with active 
devices (e. g. transistors, travelling wave tubes etc. ) and is referred to as active intermod- 

ulation. There are generally two cases which lead to the generation of active intermodu- 

lation products. Firstly, some active devices are just inherently non-linear. Alternatively, 

other active devices have transfer functions which are approximately linear over some 

range, outside of which, the response deviates increasingly from a straight-line relation- 

ship. At some point, however, these devices will saturate causing extremely non-linear 
behaviour. These effects are minimised by careful design and by restricting the input 

levels applied to a system. 

Intrinsically non-linear devices are most frequently found in high-power amplifiers 

where maximum output is promoted at the expense of linearity resulting in the devices 

being operated close to saturation. For example, the power amplifiers used in transmitter 

systems are usually operated in the class-C mode and are inherently non-linear. Now 

when transmitters are located in close proximity, there is a strong chance that an amount 

of energy at a given frequency from one transmitter, will be coupled into the circuitry of 

another operating close-by. The coupling mechanism may take several forms, the most 
common being mutual coupling between transmit antennas, coupling between antenna 
feed lines, or direct coupling between co-located transmitter CE equipment. In any case, 

given more than one signal passing through one or more stages of amplification, intermod- 

ulation generation is unavoidable. As a result, mixing occurs between the different signals 
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and intermodulation products and harmonics are produced. These new products along 

with the fundamental carrier signals are re-radiated and can cause interference to nearby 

systems. The transmitter intermodulation problem is illustrated in Fig. 2.5. 

Several steps may be taken in order to counter the generation of transmitter IM, the 

most obvious being to physically separate the interfering sources. Alternatively, the two 

sources may be isolated electrically by using isolators and filters as in Fig. 2.6. The filters 

prevent transmission of signals other than those in the frequency band of the transmitter. 
The circulators serve to redirect signals, travelling back towards the power amplifier, into 
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a load. This not only prevents intermodulation generation but also guards the amplifier 
output stages against overload. These unwanted signals may have been generated by the 
transmitter and reflected by the filter or picked up by the antenna from external sources. 

The second type of active intermodulation is more commonly found in receiver 
systems. The problem occurs when two or more strong signals fall into the pass-band of 
an operating receiver as shown in Fig. 2.7 on page 23. These signals can drive the input 

stages of the receiver into non-linear modes of operation and generate intermodulation 

products which can directly interfere with the intended receive signals. 

The way to eliminate IMI of this kind is to reduce the level of any signals which are 
likely to cause receiver intermodulation before they reach the non-linear elements of the 

circuit. This is best achieved using high Q filters. Such filters offer a high degree of roll- 
off and hence significant rejection, even at frequencies a few MHz from the desired signal. 

Other ways to minimise receiver vulnerability are to plan the local frequency regime 
to avoid IMI or to physically separate the sensitive receivers from any signals which pose 
a threat to their normal operation. 

In general, the active intermodulation interference problem is well understood and 
can be taken into account in the design of systems where problems are likely. However, 

active intermodulation problems can still arise due to factors such as antenna damage, 
feeder damage, component malfunction or simply from poor design and installation. 

Active intermodulation is also significant in the design of passive intermodulation 

measurement systems. Such systems contain power amplifiers, low-noise amplifiers and 

other active devices. As the two effects produce signals at the same frequencies, extreme 

care must be taken to ensure that active intermodulation products generated by the system 
do not interfere with measurements of passive intermodulation. 

2.4 Passive Intermodulation 

Passive intermodulation (PIM), is the generic term used to describe any intermodula- 

tion signals in communications systems which have been generated by passive non-line- 

arities in a system or its surrounding environment. Signals may, by whatever means, be 

coupled into such non-linearities then re-transmitted along with PIM signals which can 
then be captured by sensitive receiver systems and cause interference. 
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2.4.1 Sources, Levels and Effects 

In contrast to intermodulation generated by non-linear active devices, passive compo- 

nents such as resistors, capacitors, cables, connectors, filters etc. are widely considered to 
be linear. Exceptions to this are ferromagnetic cores where non-linear behaviour is 

familiar. In fact, some degree of non-linearity is observed in all of these items and the 

consequences are described as passive intermodulation. In the past this has appeared as 
less of a problem than intermodulation in active devices because the deviation from line- 

arity is (usually) smaller. However, it is components such as cables, waveguide, connec- 
tors and antenna systems that are required to handle multiple signals in multiplexed 

systems, and passive intermodulation is an increasing problem as system requirements 
become more stringent. The RF industry has been slow to pick up on the PIM phenom- 

enon and the problems associated with it. Accordingly, the PIM performance of commer- 

cial components is never specified which makes the design of low-PIM systems all the 

more difficult. 

PIM is a highly unpredictable and erratic phenomenon and the level of transmitted 

PIM signals depends upon several factors; the level of the incident transmitter signals, the 

degree of coupling into the non-linear mechanism, the characteristics of the non-linearity 

and the ability of the non-linear mechanism to re-transmit the generated signals. Particu- 

larly high levels of PIM are associated with simple contacts between metal surfaces. 
Fig. 2.3 on page 17 has already been seen to demonstrate the extent to which even very 

small deviations from linearity can give rise to significant levels of intermodulation. 

Generally speaking, since passive non-linearities are relatively weak, PIM signal 
levels are small; often more than 100 dB below the parent signal power. However, in 

certain cases, the levels can be much higher. A typical example is given in [46] where 

waveguide joints were observed to generate PIM levels as great as -25 dBm when using 

two 30 dBm transmitters. 

2.4.2 Potential Mechanisms. 

The complex mechanisms responsible for the non-linear effects in passive compo- 

nents are little understood. A recent report [1] highlighted over 22 individual mechanisms 

which are likely, given the correct conditions, to exhibit non-linear characteristics. This is 

a large number of candidate mechanisms in itself (and certainly more than had previously 
been considered by researchers in the field), but in general, several of these effects may 
be operative at any one. time. Many potential causes of PIM can arise from the interaction 

of two or more effects and this results in a bewildering number of possible combinations. 
While some effects seem likely to be of much greater consequence than others, there is a 
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lack of experimental evidence to support any organisation in order of relative significance. 
Most of the published studies of the various effects relate to D. C. or low frequency 

currents. It is not readily apparent how applicable the conclusions are at microwave 
frequencies, although previous work on PIM has often relied on theories developed for 
low frequencies. 

It is important to note that in conventional studies of electrical conduction it is often 

possible to identify one or two dominant mechanisms and then to neglect other combina- 
tions. However, such simplification is not valid when considering sources of PIM. A 

mechanism may be responsible for only a small fraction of the total current flow yet be 

the major cause of a PIM product if it contains the appropriate non-linear term. 

Essentially there are two main types of passive non-linearity; those associated with 
disruption to the RF current flow in conductors at metallic contacts or cracks for example, 

and non-linearities associated with the intrinsic, bulk, physical properties of materials, 

e. g. ferromagnetism. It has been suggested that many phenomena of both types exist and 

a thorough review has been given in the literature [1]. Rather than repeat this body of data, 

there follows a brief summary of some of the more commonly cited sources of PIM 

encountered in the literature review. 

First, however, with respect to contact phenomena, the relationship between junction 

pressure and PIM level is introduced, irrespective of which non-linear mechanism is at 

work. 

2.4.2.1 Junction Phenomena 

In a report for the Philco-Ford Corporation, Rootsey, et al. [ 19] proposed a model for 

any current dependant non-linearities at waveguide flanges or similar junctions. Their 

theory states that regardless of the mechanism responsible, if a major non-linearity exists 

at such junctions, and if the contact model is correct, then a well defined behaviour should 
be evident. The principle is depicted in Fig. 2.8 which illustrates the current flow across a 

metallic interface as the pressure, forcing the contact together, is increased. The model is 

based upon non-linear effects which are current dependant: That is to say, if the current 
density is increased or decreased, the PIM level will change accordingly. Considering 

Fig. 2.8(a), if the two sides of the junction are lightly touching, there will be few points of 

physical contact (commonly called `asperities' or `a-spots') and the current density 

through these points will be high. As the pressure on the junction is increased, the number 

of a-spots is increased and the current is distributed more. The PIM level, in theory, can 

therefore be altered by changing the contact pressure. 
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Fig. 2.8 Contact model 

The researchers went on to try the model by performing experiments on waveguide 
flanges. A wide range of junctions were prepared by varying the junction parameters such 
as surface finish, contact pressure etc. Results showed that for a given contact pressure, 
the coarser joints produce more PIM due to their being less points of contact at the flange 
interface. In all cases, when the joints were tightened, the PIM level dropped as more 
points of contact came into being. In the final report, however, the actual contact pressures 
used are unclear and conservative estimates of 60MPa. are stated for the recommended 
pressure. It is also stated that their measurement system was unstable and inconsistent 

therefore the results may not be totally reliable. The researchers also ignored other effects 

such as those due to temperature and therefore the validity of the results must be ques- 
tioned. 

In any case, the contact model does not explain the actual mechanisms which cause 
PIM in the first place. Two of the most commonly cited junction effects will be considered 

next; electron tunnelling and thermionic emission. 
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2.4.2.2 Electron Tunnelling 

Electron tunnelling through dielectric films is an effect which occurs at the junction 

between two metals. All metals will readily react in air to produce a thin layer of the metal 

oxide on its surface. Generally these oxides are insulating but they can also be semi- 

conducting. When two pieces of oxidised metal are brought into contact, a complex sand- 

wich of metal-oxide-oxide-metal is formed. The oxide layers normally act as a barrier to 

the flow of electrons from one metal to the other. However, if the barrier is sufficiently thin 

(less than 10 A or 20A, where 1A=1 x 10-10m) there is a significant probability that an 

electron which impinges on the barrier will pass from one metal to the other; this is known 

as tunnelling. The current across the barrier is heavily dependant on oxide thickness and 
has a non-linear relationship to the voltage across the barrier. The effect is generally well 

understood for certain junctions and has been exploited in devices such as the tunnel diode 

[20]. 

The effect of tunnelling has been used by several researchers to explain the generation 

of PIM at oxidised aluminium contacts [22,23]. However, researchers have disagreed as 

to the correct from of the tunnelling equations used [24]. Other research has indicated PIN4 

levels to be independent of oxide thickness, and more recent studies have concluded that 

tunnelling theory, as it stands, is insufficient to explain the non-linear effects observed at 

metal-metal junctions [25]. The reasoning given is as follows: 

(i) Much research has been done in this area of work but with disagreement as to 

the correct form of the tunnelling equations. 

(ii) Current state-of-the-art tunnelling theory can only predict current-voltage rela- 
tionships at d. c. with no frequency dependence. 

(iii) Measured current-voltage curves on carefully controlled, idealised oxidised 

contacts, even at d. c., are not accurately represented by modern electron tunnel- 
ling models. 

(iv) The oxidised contacts that occur in real engineering situations are much more 

complex than those fabricated in the laboratory and are unlikely to behave 

according to the electron tunnelling models. 

It can be seen therefore that although the tunnelling effect is one of the most 

commonly cited mechanisms thought to be responsible for PIM, there is little hard 

evidence to support it. The electron tunnelling mechanism may be able to explain PIM 

generation at specially fabricated junctions, however, in normal engineering situations, it 

is likely to be only one of a number of different effects in operation. 
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2.4.2.3 Thermionic Emission 

If we again consider the barrier system of metal-insulator-insulator-metal for two 

oxidised pieces of metal brought into contact, another means of electron transport across 

the barrier is explained by thermionic emission. This is also known as the `semiconductor' 

or `Schottky' effect. This relates to the possibility that the statistical distribution of 

thermal energy across the junction will enable some electrons to pass over the potential 
barrier between the two conductors [26,27,28]. Clearly, the probability of crossing a 
barrier, and hence the maximum current density, increases with temperature. The applica- 

tion of an external electric field across the barrier can distort the built-in potential, 
lowering the potential barrier for one polarity and increasing it for the other. A lower 

potential barrier increases the probability of electrons having sufficient thermal energy to 

surmount it and this is described as enhanced thermionic emission. The effect favours 

current flow in one direction over the other and so is distinctly non-linear. In much of the 

published literature concerning PIM, metallic contacts are assumed to behave like metal- 

oxide-metal semiconductor junctions. However, a previous study [19] of non-linear 

mechanisms has pointed out that unless the following characteristics are experimentally 

evident, the semiconductor mechanism does not provide an adequate description: 

(i) The non-linearity should be independent of atmospheric pressure. 

(ii) The PIM level should be somewhat dependent on d. c. bias level for high imped- 

ance contact. 

(iii) The PIM level should be relatively independent of oxide layer thickness after a 

certain threshold thickness is established. 

Various contact non-linearity tests [19] have shown that conditions (i) and (iii) could 

be satisfied but not (ii). Thus, it was concluded by the authors that the classical semi- 

conductor theory of thermionic emission does not entirely explain the non-linear effect at 

metallic contacts. However, theory also predicts a rapid variation in current density with 

temperature and this could provide a method of distinguishing between thermionic emis- 

sion and tunnelling. 

The thermal dependency of thermionic emission means that at low temperatures the 

current due to this effect will be small. Tunnelling is comparatively independent of 

temperature and therefore tends to dominate at low temperatures. At higher temperatures 

the current due to thermionic emission increases to levels well above the current due to 

tunnelling and dominates the current flow across the junction [28]. An example of this is 

shown in Fig. 2.9 on page 30. This dependence on temperature was not considered by the 

researchers at Philco-Ford [19] and this must cast some doubt on. their conclusions. 
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Fig. 2.9 Current as a function of temperature for an aluminium oxide film with 
lead electrodes. At low temperatures, the small temperature coefficient indicates 

a tunnelling mechanism. Schottky emission becomes dominant at higher temper- 

atures as demonstrated by the greatly increased temperature coefficient. From 

reference [28]. 

2.4.2.4 Ferromagnetic Effects 

In a ferromagnetic material, atomic magnetic dipoles tend to align parallel to each 

other [29]. This alignment extends over small regions known as magnetic domains which, 
in an unmagnetised sample, are randomly orientated. The application of an increasing 

external magnetic field can cause rotation of the atomic dipoles and the growth of some 
domains at the expense of others, thus progressively magnetising the sample. As a result, 
ferromagnetic materials have large permeabilities (at least for low frequencies). The 

permeability varies non-linearly with the magnetic field up to some field strength at which 

the process saturates and becomes linear. Plotting magnetic flux density (B) against 

magnetic field (H) produces the familiar hysteresis curve of Fig. 2.10 as the domains tend 

to retain their previous orientation. 
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Fig. 2.10 Non-linear ferromagnetic hysteresis 

Non-linear variation in the permeability ferromagnetic materials with applied field 
has been attributed to PIM generation by causing variation in the current density through 
the surface layer at high frequencies [30]. The skin effect limits high frequency current 
flow in conductors to a surface layer only a few microns deep. This skin depth is defined 
by the equation: 

SS _I n "fß" 
Eq. 2.9 

Where a is the conductivity and µ is the permeability of the material. It is therefore 

evident that variation in g with applied field will vary the skin depth, and hence the current 
density through the material, in a non-linear fashion. Since the passage of an alternating 

electric current creates a fluctuating magnetic field which, in turn, induces an alternating 

electric current, the non-linear behaviour of the permeability is said to act as a source of 
PIM. 

Ferromagnetic materials are known to be responsible for very high levels of intermod- 

ulation in some circumstances, and this is a view shared by almost all PIM researchers 

over the years. Bailey and Ehrlich investigated this mechanism in nickel samples by meas- 

uring intermodulation at VHF as a function of a static magnetic bias field and obtained 

results which confirmed the presence of a magnetic effect [35,30]. Fig. 2.11 shows a 
typical example. 
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Fig. 2.11 Intermodulation levels generated by a nickel-plated 
copper wire as a function of applied DC field. From Ref. [35]. 

Measurements on various nickel-plated RF connectors at VHF/UHF were undertaken 
by Young, who also obtained positive results [30,36,37] whilst Lee [38] obtained the 

highest level of PIM for cold rolled steel at LTHF. However, Arazm and Benson did not 

observe any intermodulation in mild steel or nickel samples in their test arrangement at 
L-band [39]. 

2.4.2.5 Non-linear Effects in Dielectrics 

PIM generation is not solely attributed to non-linear mechanisms in conductors. Very 

little work has been carried out on contributions to PIM interference from effects in 

dielectrics but theory predicts a few ways as to how this may come about, by non-linear 

permittivity for example. 

The linear relationship between polarisation P, and electric field strength, E, in dielec- 

trics (expressed by P=c, "x"E, where x is susceptibility and eo is the permittivity of 
free space) is a consequence of the small mean displacement of bound charges and ceases 

to apply at high fields [40,41,42,43]. In reference [42], a value for the field at which 
deviation from linearity becomes apparent is given as around 1000 V/mm. This implies 

high, but not unreasonable, current densities in the dielectric at microwave frequencies. 

For example, at 1.5 GHz and for a relative permittivity of 2.1 (typical of teflon and similar 

materials) this field strength corresponds to a displacement current density of 17 A/cm2. 
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The non-linear polarisation may be modelled as a power series of susceptibility terms. 
Only odd powers will be present for dielectrics which do not exhibit spontaneous polari- 
sation, since a polarity reversal in the electric field reverses the direction of polarisation 
but does not alter its intensity. The first non-linear term to become significant is cubic in 

the electric field: 

P= Eo " (X E+ß" E3) Eq. 2.10 

Where ý is the third-order susceptibility coefficient. This gives rise to a current term 

which is also proportional to the cube of the electric field and so third order intermodula- 

tion products will be generated. 

Stauss et al. [30] dismiss non-linear permittivity as a source of PIM in dielectrics on 
the grounds that it is less significant than the indirect modulation of permittivity by means 

of electrostriction. It should be noted however, that the examples given in the reference 

are good non-polar dielectrics such as teflon which are selected for their desirable prop- 

erties as insulators at radio frequencies and are of a high purity. Thus only electronic 

polarisation contributes to the relative permittivity and these materials are not represent- 

ative of dielectrics in general. 

Electrostriction refers to dimensional changes produced by electric fields [32], [33]. 

It is more common to consider only the change in volume as this is more simply derived 

although, in general, there will also be a change of shape. 

In dielectrics, the volume change depends on the square of the electric field and may 
be positive or negative depending on the material. This occurs in all dielectrics and is not 
related to piezoelectricity. Kumar [34] attributes PIM generation in coaxial cables to elec- 
trostriction in the PTFE dielectric. A theoretical treatment of this is given in [30]. There 
is an associated thermal effect so that the volume change can also result in a temperature 

variation. 

Recently, more conclusive work has been carried out at UKC [44] into the generation 
of third order harmonic signals due to the non-linearity in commonly used dielectrics. 
High levels of third harmonic signal have been observed for Nylon-66, Polythene and 
cross-linked Polystyrene which have been directly attributed to electrostriction. However 

no effect was observed in PTFE or alumina. 
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2.4.3 Avoidance Measures 

Thus far we have considered the theory behind PIM generation and examined some 

of the mechanisms which may be responsible. The question now arises as to how to avoid 
PIM problems in the design of electronic components and systems. Many researchers 
have published guidelines for minimising passive intermodulation product generation 

which should be followed in order to reduce the likelihood of generating PJM [2,7,53, 

76,891. These are summarised as follows: 

A) The most effective way to reduce PIM interference is to isolate the low-level receive 

signals from the high power transmit signals. If the two signals can be run through 

separate signal paths, separate components and separate antennas, then there will be 

less chance of PIM products becoming a problem. 

B) If a common path for low and high power signals cannot be avoided, then proper 

selection of transmit and receive frequencies is the starting point for PIM reduction. 
The PIM product power decreases as the PIM product order increases although not 

always in a directly calculable way. Thus the transmit and receive bands should be 

as widely separated as possible in the frequency regime so avoiding the stronger 
low-order products and hence lowering the risk of PIM products causing interfer- 

ence. 

C) In the detailed design of a multichannel communications there are a number of 
guidelines to be used in the selection of system components: 

(i) No ferromagnetic materials should be used in the system or in the vicinity of 
the system where they could be exposed to the transmitted signals. This 

includes connectors, cables, waveguide and structural components. Materials 

that should be avoided include steel, nickel and stainless steel. If, for some 

reason these materials have to be included in the system, they should be coated 

or plated in a highly conductive linear material such as gold or copper. 

(ii) Careful attention should be paid to the reduction of the current density in the 

conductors of the system. regions of high current density should be reduced by 

increasing the dimensions of the RF components. 

(iii) Tuning screws should not be used in the system because these can easily 
become loose or pick up dirt and then generate high levels of PIM products. 
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(iv) Where connections are required, these should be kept to an absolute minimum. 
At these interfaces, MIM junctions can form and generate high levels of PIM 
interference. Where possible, contact should be made at points of low current 
density. 

(v) When coaxial cables are used, solid shield cables are the preferred type. When 
braided cables are used, the braid should not be made out of a ferromagnetic 

material. Cable lengths in general should be minimised, especially where flex- 

ible waveguides or cables are being used. 

(vi) Contacts, connectors and components in general should be cleaned thoroughly 

at all stages of assembly. This is essential in order to prevent dirt from causing 

poor contacts and PIM. 

D) The following mechanical design considerations should also be considered: 

(i) Sharp edges should be avoided as these can act to concentrate the current 
flowing through the conductors. 

(ii) Mechanical contacts and especially moving contacts should be avoided as much 

as possible. 

(iii) Joints should be welded if possible as a properly welded joint generates very 

little noise. 

(iv) All junctions should be rigidly mounted to minimise the possibility of vibration 

which can agitate PIM sources and cause interference. 

(v) Good workmanship must be demanded during all operations. It is expensive and 

time consuming to locate and replace a component which is generating PIM 

products, only to find that the problem could have been avoided through better 

workmanship. However, as a precautionary measure, all equipment, compo- 

nents and assemblies should be tested before final integration. 

These rules have been derived from the measurements carried out by researchers thus 
far. However, they cannot be guaranteed to provide a totally PIM free system and a better 

understanding of the causative mechanisms of PIM is required before more accurate 

recommendations can be defined. 
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2.5 Current Interest 

The list of mechanisms which were presented are those more commonly put forward 

by researchers as being responsible for the generation passive intermodulation interfer- 

ence. Even so, it is evident that there is a great deal of disagreement and contradiction in 

the interpretation of the experimental data which exists. 

Additionally, the recommendations for PIM avoidance, which are only basic "rules- 

of-thumb", are based upon the doctrine that if something poses even a small threat of PIM 

generation then it should be avoided completely. 

In both cases there is little evidence to suggest the validity of the claims that are made 

or the confidence with which the results may be used. Also, there is extremely little infor- 

mation indicating which effects or countermeasures are most influential or more domi- 

nant. This presents a great deal of inadequate information to communication systems 
design engineers making it extremely difficult for them to adopt low-PIM techniques and 

practices in which they can be confident. 

Clearly, there is a need for clarification of the present data and a requirement for 

greater understanding of the phenomena responsible for PIM product generation. Pres- 

ently, there is no area in which unquestionable results exist and which would not benefit 

from further scrutiny. Hence, in order to provide a sound scientific basis for the design of 
low-PIM systems, much more experimental work is required. 

The need for additional data on the nature of PIM signals implies that some sort of 

measurement capability is required. Initially, the necessary data will be identified by the 

needs of engineers and should therefore apply directly to practical situations and prob- 
lems. Analysis of this data should then define those areas which will provide useful and 
interesting results in the investigation of the fundamental physical mechanisms of PIM 

generation. The understanding developed from a study of this type should, in turn lead to 

much better guidelines for improving hardware design and system performance. 

2.6 Expanded Objectives 

In Chapter 1, the objectives of the UKC PIM study were set out. In this section these 

will be expanded in order to justify the work carried out on this project. 

Design and build a highly sensitive but stable and consistent PIM measurement 

system. 

The need to build a PIM measurement system was defined in the last section. The 

system must be dedicated solely to PIM measurements due to the significant time and 

effort required to optimise the performance of such a system. 

36 



CHAPTER 2: Passive Intermodulation Interference in Multi-Frequency Systems 

The system must also be highly sensitive to PIM signals generated in a given test 

sample in order to indicate the smallest fluctuations due to changes in test parameters. 
This will obtain the maximum amount of information from the measurements but requires 
maximum suppression of the residual intermodulation levels generated by the system 
itself. 

The level of system residual PIM must also be stable and consistent. This ensures that 

the measurements will be repeatable and not influenced by variation in the system 

performance. Thus, comparisons between measurement results will be valid and will 

reflect the different characteristics between samples or test parameters. 

" Propose a standard methodology to enable the PIM characteristics of materials 
to be measured and compared in a consistent manner. 

In keeping with the repeatable performance of the measurement system, the measure- 

ment techniques and sample configuration must also be consistent from test to test. This 

is the only way to minimise errors and allows direct comparisons to be drawn between 

different parameters. The samples should be able to be formed from a wide range of mate- 

rials so that they may be directly compared. The sample format must remain flexible 

enough to incorporate new features and allow any interesting results to be developed 

further. It should also be possible to vary the parameters of the samples in order to gauge 

their significance on PIM generation. 

" Produce a set of PIM measurements which describe the PIM characteristics of 

selected space qualified materials. 

As the information on PIM mechanisms to date is scant and unreliable, the approach 

taken was to initially acquire data of immediate use to engineers. This would take the form 

of measurements on particular materials and the effects of standard engineering practices 

on these materials. From the data obtained it is possible to highlight areas that will benefit 

from more detailed study and the process of investigating the operation of particular 

mechanisms can begin. This is in contrast to previous programmes where, in some cases, 

particular mechanisms are targeted and investigated but with no substantiated evidence 

that they predominate in real-life situations. 

" To identify the dominant causative mechanisms of PIM behaviour in the mate- 

rials tested. 

Due to the weakness of existing knowledge, and in view of the wide range of materials 

and possible mechanisms, only the initial phases of an experimental programme can be 

considered. The direction taken will depend on the outcome of the work on the engi- 

neering data. 
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(vi) Analysis. 

If the mechanisms responsible for PIM generation are little understood then the 

modelling of these mechanisms is even more ambiguous. It is expected that to accurately 
model the behaviour of PIM mechanisms will be difficult and will call upon many of the 

more subtle aspects of solid-state physics and electromagnetic theory. It is therefore not 
envisaged that exact models will be derived for specific mechanisms. It is intended more 
to establish what would be required of the measurement system and experimental data in 

order to make progress in this area. 

2.7 Review of Previous PIM Research. 

Over the past fifty years, there have been many investigations of passive intermodu- 

lation in multi-frequency radio environments. To appreciate the scope of previous studies 

and the significance of the present project, a brief review of previous investigations is 

presented in the following sections. 

Copies of approximately 88 scientific papers and reports relating directly to PIM were 

obtained. They cover the period from 1937[45] to the present day. It is believed that this 

represents a very nearly comprehensive collection of the publicly available reports and 

scientific literature published in Western Europe and the United States. There is a consid- 

erable degree of overlap between the publications as they represent the work of compar- 

atively few organisations and individuals. Thus it is believed that any literature as yet 

uncovered would not contribute much new information. 

Of the literature collected, around 27 references address the question of fundamental 

causative mechanisms, either theoretically or experimentally. The remainder are 
concerned with measurement techniques for different situations or with tests on particular 
systems. Most investigators have concentrated on one or two mechanisms and this has 

sometimes resulted in the neglect of necessary experimental controls and procedures. Due 

to the many different test samples used, the various techniques for exciting these samples 
and for collecting any intermodulation products, and the wide range of frequencies 

employed, it is impossible to sensibly compare results. This problem is aggravated in 

many cases by insufficient data on the material samples tested. 

The following review is divided into seven sections which deal with either specific 
communications environments or passive components. It mainly covers the experimental 
aspects of PIM research. 
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2.7.1 Waveguide Components and Reflector Antennas 

Microwave engineers often overlook the fact that many passive components can 

generate significant levels of PIMI. One of the papers paying a great deal of attention to 

this matter was published by Cox [46]. In this paper he describes a measurement circuit 

to measure the 3rd, 5th and 7th order intermodulation signals generated in the waveguide 

components of a6 GHz communications system. Tests were conducted on waveguide 
joints, flexible waveguide, isolators and circulators. The measurements revealed that loose 

waveguide joints and waveguide tuning screws can generate 3rd order PIM levels as great 

as -25 dBm when using two 30 dBm transmitters. The sources of mixing products in the 

flexible waveguide were found to be mainly in the transitions between the flanged joints 

and flexible waveguide. In all cases observed, loose metallic joints were found to generate 

erratic and high levels of intermodulation signals. 

Detailed investigations of the generation of PIM in antenna feeds, filters and micro- 

wave components used in a multi-carrier system with high-power transmitters and low- 

noise receivers have been reported by Chapman et al. [47] and Rootsey et al. 119]. They 

developed a measurement setup capable of delivering microwave power up to 10 kW and 
detecting intermodulation signals down to -140 dBm in the 8GHz band. The PIM levels 

were measured as functions of total input power, proportional power between carriers and 

waveguide current densities. The specific problems encountered in fabricating waveguide 

components and their relationships to intermodulation generation were studied. Specific 

emphasis was given to the study of waveguide flanges, tuning devices, seams, materials 

and the degeneration of these components with time. They also studied the physical mech- 

anisms responsible for PIM generation at metallic contacts. The measurements revealed 

no correlation between the PIM levels and materials used in antenna feeds. However, the 
PIM levels were related directly to how the metals were joined together, the quality of the 

mating surface finish, the pressure of the junction contact, and the quality and cleanliness 

of the brazing or soldering process. A simple non-linear model was derived and compared 

with experimental results. Guidelines for designing low PIMP microwave systems were 

also suggested. 

Nuding [48] investigated the non-linearities of flange transitions in standard 

waveguide transmission lines carrying high RF power. a test facility was developed to test 

flanges up to 1 kW in the 2 GHz band. Measurements revealed that with input power up 

to 500 W, the amplitudes of the 3rd order PIM products vary according to the third power 

of the applied signal level. Above 500 W, the relationship between the input signals and 

the intermodulation products does not follow the same relationship. No explanation was 

given for this effect. 
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In the 70's, Matos [49] published a short review paper on PIM generation in 

waveguide joints, coaxial cables and circulators. Mato's paper summarises the investiga- 

tions carried out by Young [36], Cox [46], Rootsey et al. [19], Bayrak and Benson [50], 

and Betts and Ebenezer [71]. 

Large reflector antennas are usually fabricated by assembling a large number of small 
aluminium panels onto a large structure according to a paper by Higa [22]. In NASA Deep 
Space Network antennas, the difference between the transmit and receive signal levels can 
be as large as 250 dB. Under such conditions, the intermodulation signals generated by 

aluminium joints can cause serious PIM. Higa investigated this problem and gave a 
detailed discussion of the mechanisms proposed as responsible for the PIM generation. 
He developed a model based on the electron-tunnelling theory and performed laboratory 

experiments at around 2 GHz to support his model. His paper also describes the electron- 
tunnelling phenomenon in terms of an antenna structure and analyses the antenna as a 

non-linear circuit element. 

Guenzer [24] was critical of both the analysis and the interpretation of Higa's exper- 
imental results. Bond, Guenzer and Carosella [23,30] later published measurements of 
intermodulation levels (attributed to tunnelling), I-V characteristics, and capacitances for 

specially fabricated aluminium-oxide-aluminium junctions. A test facility was developed 

to measure the 3rd order (290 MHz) intermodulation signal. The PIM levels were corre- 
lated with the junction parameters and tunnelling theory. Measurements revealed that 

oxide surfaces with implanted metallic ions are more conductive and linear than ordinary 
oxide surfaces. 

Kellar [51] made similar measurements on contacts between two pieces of aluminium 
and observed that the junction effect was reduced after a DC potential had been applied 
across the junction. greater contact force was also observed to reduce intermodulation. 

Shands and Woody [25] measured PIM (also attributed to tunnelling) generated by 
different forms of riveted joint, for various alloys and surface treatments. they concluded 
that present theories of tunnelling are not adequate to model real junctions at radio 
frequencies. 

The non-linearity of carbon fibre has been studied theoretically by Ghione and 
Orefice [52]. In the 80's Lee [38,53] developed a VHF measurement system to charac- 
terise carbon fibre and other non-linear materials. A half-wavelength long coaxial line was 
designed to accommodate a test sample which forms the inner conductor of the coaxial 
line. he concluded that carbon fibre generates high levels of intermodulation signals. 
Around the same time, Watson [73,74] of Plessey also investigated the non-linearity of 
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carbon fibre composite (CFC). He used an experimental set-up which is different from 

Lee's system and showed that jointless CFC materials are linear, but jointed CFC panels 

generate discernable harmonic products. 

2.7.2 Coaxial Cables, Connectors and RF Components 

In the 60's researchers at UT Research Institute in Chicago studied the non-linearities 

of cables, connectors, dummy loads and metals [54,55]. They discovered that ferromag- 

netic materials such as nickel and stainless steels generate harmonic and intermodulation 

products, and the product levels increase as a function of current density. Distributed loads 

such as long lengths of coaxial cable were found to be more linear than lumped loads. 

In the 70's several researchers studied the non-linear effects of cables, connectors and 

metals in the microwave bands [39,50,58-62]. First Bayrak and Benson [50] made a 
detailed experimental study of the non-linear effects at contacts between similar and 
dissimilar metals. An S-band experimental set-up was designed to measure the 3rd and 
5th order intermodulation signals. Contact materials of commercial copper, brass, mild 

steel, aluminium alloy, stainless steel, nickel and electroplated brass contacts of gold, 

silver, copper and tin, were studied under various test conditions. Test samples were fabri- 

cated in three different forms; surface, spherical and point contacts, with different contact 

areas. they also carried out preliminary measurements on coaxial cables with different 

types of construction and a variety of coaxial and waveguide components. Bayrak's work 

was later continued by Sanli [58]. Sanli improved Bayrak's experimental set-up and tested 

samples with mechanically polished, electropolished and oxidised surfaces. Arazm's 

work [39] is similar to that carried out by Bayrak. He tested a variety of metals including 

some home-made steels at frequencies around 1.5 GHz. The 3rd and 5th order intermod- 

ulation signals were measured as functions of the types of metal, input power levels and 

axial force applied to the metallic contacts. Arazm's work was later extended by Sanli 

159]. 

Amin and Benson [60,61] measured the odd order PIM product levels of commer- 

cially available and specially constructed cables at L-, S- and C-band frequencies. The 

parameters studied include composition of braid materials, lengths of cable, types of inner 

conductor and braid construction, number of braids, braid filling factor, discontinuities 

and corrosion in the braids, fundamental frequencies and ambient temperature. They 

observed that the ambient temperature in the case of polythene dielectric cables and 

oxides on copper-wire braids considerably affects the generation of PIM in a coaxial. 

cable. It was concluded that the composition of the braid materials is by far the most 
important parameter in PIM generation. 
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Martin of ERA [62] studied the PIMP generation in bulk materials, cables and 
connectors in the HF and UHF bands. He developed a simple test bench and investigated 

the effects of surface films, RF power levels, contact pressure, effect of frequency and 
ageing on PIM generation. Problems in cables, connectors and structures were outlined 
and some suggestions were made as to how best to reduce them. Many of the conclusions 
drawn by Martin are similar to those reported by researchers at the University of Sheffield 
[39,50,58-611. 

Young's investigation [36] concentrates on the non-linear effect of ferromagnetic 

materials adaptors and connectors. He developed a low-noise VHF test set to characterise 

a large number of commercially available RF components. The non-linear effects of stain- 
less steel, nickel plating, and hermetic sealing were studied. He also measured the PIM 

levels as functions of the magnetic field strength, RF power and types of metals. 

In 1970, Von Heinz Neubauer at Rhode and Schwartz investigated connections 
between the outer braid of flexible coaxial cable and various connectors [63]. Only badly 

corroded assemblies displayed a distinctive PIM signal. 

In the 80's, the PIM problem in cables and connectors was again addressed. Shands, 
Denny and Woody of Georgia Tech [64,65] tested 83 samples made from various coaxial 
cables, connectors and cable-connector combinations. Samples were measured at 
frequencies from 22 MHz to 450 MHz and at power levels up to 126 W. Empirical models 
were developed as functions of various test parameters and then verified by characterising 
new samples. 

A recent paper by Kellar [51] describes the measurement system, experiments and 
test results of corroded and loose connectors used in cable television systems. The results 
obtained are similar to those reported by Bayrak and Benson [50]. 

The investigations described so far have concentrated on coaxial cables, connectors 

and waveguide components. Gardiner et al. [66] investigated the IM generation in typical 

multicoupler components. Two areas have been identified as possible sources of PIMI: (i) 

the aluminium interfaces at cavity walls. (ii) The bi-metallic interfaces such as the centre 

conductor to cavity wall connection, connectors to outer case, copper sheet to cavity walls 

etc. A VHF measurement system was developed to compare PIM levels generated by 

specially made reference components and standard components. Measurements revealed 
that the standard components generate stronger intermodulation signals and could be the 

potential PIM sources at radio sites. 
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The latest paper to be published on PIM in connectors is by King [67]. The paper 
highlights the increasing problem of PIM in coaxial connectors. The advent of the global 
system for mobile communications (GSM), digital communications systems (DCS) and 
personal communications services (PCS), has resulted in increased power requirements. 
This leads to an increased vulnerability to PIM generation. The author highlights the lack 

of standard approaches to PIM characterisation and recommends measures for mini- 
mising PIM in connector design. No experimental data is presented. 

2.7.3 Shipboard Communications Systems 

One of the earliest papers on PIMI in a ship environment was published by Blake [68]. 

He conducted field experiments in the VHF band on a wooden test tower and a naval 

vessel. Results revealed that the interference signals were generated at the tie plates and 
bolts of the wooden tower. these signals could also be reproduced by touching together 

any two pieces of corroded metal. The effect was found to be very strong if the length of 

metal was approximately a multiple of one half-wavelength. During field trials, the foot- 

ropes, pulley shackles and a loose aerial rod aboard the vessel were identified as principal 
interference sources. 

Mason's paper [69] describes a method for measuring the spurious signals generated 
by a multi-channel HF system radiating from a common antenna aboard a ship. He 

observed that the residual PIM level changed considerably from day to day. He associated 
these variations with the changes in atmospheric conditions and the unstable properties of 

non-linear contacts. 

A large scale project which involved laboratory and field experiments and the devel- 

opment of PIM detection techniques on naval vessels was carried out by the US Navy in 

the late 60's [56.57,70]. It was concerned with the narrowband multiple-transmission 

communications system. Research efforts were directed towards an assessment of the 

relative intermodulation contribution of the two non-linear mechanisms. results revealed 
that using the PIM level to input power relationship is not a reliable way to separate the 

contact non-linearity from the ferromagnetic non-linearity. Laboratory experiments 

showed that loose contacts generate much stronger and less stable NM signals than those 

generated by steel. Field trials indicated that ferromagnetic non-linearity probably 

accounts for a significant proportion of the residual PIM level associated with the clean 

ship. In all cases observed, the most significant PIM sources located are the loose and/or 

corroded metallic joints [57,70]. 
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Papers by Betts and Ebenezer [71,72] describe the set-up and results of a laboratory 
investigation in which steel samples were tested in the HF band with known field strength 
and orientation. Attention has been given to the PIM level dependence upon surface prep- 
aration, which includes machined and polished, electro-deposited cadmium, cold sprayed 
zinc finishes, corroded and clean surfaces. A comparison of PIM levels for various types 
of steel was made, the main purpose of the field trials was to determine whether the ship 
structure is a significant interference source, and the possibility of separating it from the 
contact non-linearity. 

The work of Watson 173,74] concentrates on the measurement of harmonic and inter- 

modulation products generated by metallic and carbon fibre junctions in structures. His 

papers describe a 100 MHz to 8 GHz harmonic backscatter free space measurement 
system and an HF intermodulation detection system to characterise passive non-lineari- 
ties. He also developed a laboratory waveguide test jig to measure the properties of non- 
linear junctions and materials. Measurements revealed that joined metallic objects such as 
lengths of rigging including shackles and eyebolts generate significant harmonic prod- 
ucts, but the bulk and jointless materials generate no measurable harmonic products. 

2.7A Aircraft Communications Systems 

The PIM generated by aircraft passive components and structures have been opera- 
tionally and experimentally shown to be large enough to degrade system performance. In 

a surveillance aircraft where high-power transmitters and sensitive receivers are co- 
located, the problem can be very serious [75,76]. Shands and Woody have investigated 

the non-linearities of coaxial cables and connectors used on aircraft [64,65]. Recently 

they have investigated the PIM generated by aircraft structures [25]. Test samples which 

closely resemble the actual aircraft panel joints were constructed. The 3rd order intermod- 

ulation signals were measured from 20 MHz to 1100 MHz with typical input power of 
44dBm. The relationships between the PIM levels and various parameters such as vibra- 
tion, temperature, pressure, input power, frequency, types of joint and metal, chemical 
treatments and sealants were studied. A model based upon the experimental data was built 

to describe the PIM behaviour as a function of some of these parameters. 

2.7.5 Terrestrial Radio Sites 

PIM problems at land-based radio sites is very well known and have been widely 
reported [3-7], [14-88]. In the mid 70's, Betts [84] explained the significance of PIM in 

mobile radio communications systems. A few years later, Betts and Debney [85] meas- 
ured PMI levels at three VHF land mobile radio sites. Their measurements revealed that 
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with a typical transmitter level of 32 W per channel, the intermodulation signals generated 
due to antennas, tower structures and surrounding metalwork are negligible. However, at 
higher transmitter power, 500 W, PIM signals were measurable up to the 11th order 
product. 

At Bradford University, Mawjoud and Gardiner [81 ] measured the DC I-V character- 
istics of corroded metallic joints and modelled them as two back-to-back diodes and 
without added resistance. They also carried out field measurements of a simulated 
corroded joint and the results agree to those reported by Sturton [82] and Shepherd [83]. 

The recent work at City University [86] concentrates on the development of chemical 
compounds to suppress PIM. A VHF laboratory measurement system and a remote 
control field data acquisition system have been developed to evaluate the performance of 
the chemical compounds. Samples such as gold, platinum, copper, steel and corroded steel 
were fabricated in the form of a small tube for laboratory test. 

The UK Home Office [87,88] also conducted laboratory and field investigations of 
the 'rusty bolt' effect at land mobile radio sites. the field measurement [87] studied the 

relationships between the PIM levels and the polarisation, transmitter configuration and 
audio impairment caused by PIM. In all the laboratory measurements, tests were 
conducted without using any real samples, the passive non-linearity of the measurement 
system was used to simulate the 'rusty bolt' effect. 

More recently, Lui and Rawlins [3-7] at the University of Kent carried out investiga- 

tions into PIM generation by structural components at terrestrial mobile radio sites oper- 
ated by the Home Office. The studies involved both laboratory and field investigations at 
high band VHF. Using a laboratory set-up the relationships between PIM level, input 

power, types of metals and joints, joint pressure, effects of vibration and moisture were all 
studied. The field measurements were conducted under operating conditions similar to 
those experienced at a normal radio site, the aim being to study relationships between P51 
levels, transmitter output power and weather conditions. From the laboratory experiments 
it was established that mild steel produced the most significant levels of PIM but that these 
levels could be reduced considerably by applying a galvanised zinc coating to British 
Standard BS 729. It was found that badly rusted joints proved to be a serious problem only 
if the joints were loose or the area of contact was relatively small. No firm conclusions 
could be drawn from the field experiments however. Additionally, an attempt was made 
to explain the non-linearities in terms of physical mechanisms but again no firm conclu- 
sions were reached. 
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2.7.6 Spaceborne Satellite Payloads 

The recent work of Kumar [34] concentrates on the passive IMI problems in high- 

power satellite systems. Kumar's paper describes the causes of PIM and summarises the 
design guidelines for minimising the generation of PIM in RF components and systems. 
A similar paper by Hoeber et al. [2] also considers the problem in satellite systems but goes 
further and gives a detailed review of the PIM problems encountered on the 
FLTSATCOM, MARISAT, MARECS and INTELSAT V payloads. As a result of the 

review, detailed design considerations are given for the avoidance of PIM and a summary 
of PIM generation theory is provided with a review of previous work. The conclusion is 

that PIM signals appear unpredictable under different test conditions and levels are 
highest for third order. Further conclusions are given on the reasons for PIM problems. 

A great deal of experimental work has been carried out by workers in the satellite 
industry. Staff at the technical centre of the European Space Agency, ESTEC (European 
Space Research and Technology Centre) have carried out numerous tests on antennas at 
L-band, solar arrays at C-band and waveguide components and flanges at Ku-band [8- 

111. However much of the work has been concerned with the qualification of actual space 
flight hardware. Accordingly, tests have only been carried out at frequencies where poten- 
tial problems exist. These tend to involve the higher-order intermodulation products 

which are generally accepted to be weaker than low-order PIM signals and as such no PIM 

signals were observed during any of the tests. This is typical of most of the work carried 

out in the satellite industry to date although MBB of Munich [108] have investigated the 

use of bar-line technology for low-PIM, low volume, high power components. this issue 

has also been covered by A. Mok [109]. 

The latest research to be carried out with respect to satellite systems also has implica- 

tions throughout the field of PIM. At the University of Kent, Khattab and Rawlins [44] 

have conducted preliminary studies into the generation of third harmonic signals by 

dielectric materials which are commonly used in communications systems, satellites in 

particular. By using the high field strength in a coaxial cavity of high Q, they were able to 
demonstrate that samples of Nylon-66, Polystyrene and Polythene all exhibit an obvious 
non-linear relationship, whilst harmonics generated by samples of PTFE and Alumina 
(A1203) were not discernible from the background levels in the system. A theoretical anal- 
ysis was carried out and several likely mechanisms were proposed to be responsible for 

the observations with electrostriction being the most viable. 
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2.8 Summary 

It is evident from the literature review that much of the work carried out to date has 
been centred around the testing of system components. This serves to gauge their suita- 
bility for use in a PIM sensitive environment, but without much consideration as to the 

mechanisms behind their behaviour. 

In fact PIM literature contributes little to the identification of basic mechanisms, apart 
from the observations that high PIM levels are generated at metal-metal contacts and that 

this occurs for a wide range of metals. There are a number of reasons for this lack: Only 

a small proportion of the work was undertaken for the express purpose of determining 

PIM generation mechanisms. Many of the papers consider only one or two of the possible 

causes and, as a result, experimental controls to distinguish between other effects are 

absent. Effort and expertise have been directed at the RF measurement problems and the 

vital, and complex, materials and solid-state physics aspects have largely been neglected 

or oversimplified. 

There are two types of IM in multi-carrier communications environments and 

systems. Active IMI is known to be a more serious problem but can be minimised by well 
developed techniques. However, the equally well known passive IMI problem cannot be 

minimised by the same techniques. From the recent published literature, it can be 

concluded that there is no evidence that this problem is well understood or anywhere near 
to being solved. 
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PIM Measurement System Design 

This chapter deals with the theory and techniques employed 
in designing PIM measurement systems. The chapter includes 
a description of the initial experimental set-up at the 
University of Kent and an analysis of its performance. The 
chapter concludes by considering those areas of the system 
where changes could be made in order to improve the 
performance. 

3.1 Introduction to PIM Measurements 

One of the first articles to report on the phenomenon of PIM was published in 1937 
[45]. Since then many researchers have endeavoured to measure and quantify the effect 
and descriptions of approximately 44 systems for measuring low levels of non-linear 
behaviour at radio frequencies were obtained from the literature. 

The performance of early PIM measurement systems was relatively poor. However 

they were effective at the time for studying PIM in areas like shipboard [56,57,68-74], 

and aircraft [25,64,65,75,76] communications. The specifications of these systems, in 

terms of intrinsic PIM levels, were far less demanding than those of today's high perform- 

ance communications satellites. It is not uncommon for satellite systems to operate with 

a dynamic range of over 200 dB between the levels of transmit and receive signals [47]. 

It is evident therefore that any measurement system used in the qualification of spacecraft 

materials and equipment should be able to demonstrate the absence of PIM over such a 

range. 

Generally, PIM measurement systems can be classified as either conductive or radia- 
tive. These are indicated in Fig. 3.1 and Fig. 3.2. Conducting systems are suitable for testing 
items such as non-linear materials, connectors, cables, filters and waveguide components. 
They are normally housed in a laboratory environment, are terminated in a matched load 
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Fig. 3.1 Non-radiating PIM measurement system. 
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Fig. 3.2 Radiating PIM measurement system. 

and ideally, no energy is radiated. Radiative systems are used for investigating compo- 

nents associated with radiating structures. These include; antennas, feeds and large struc- 
tural components. Radiative systems are normally used in association with anechoic 

chambers. The conducting system is more widely used because the user has better control 

over the test parameters and the test environment. However, the radiative system is essen- 
tial for certain tests, although it can be adversely affected by the local signal environment. 

In either case, the technique which has been most commonly employed in the study 

of IMD is the use of dual-frequency, equal power signals. The dual frequencies are used 
to excite the sample and any intermodulation signals generated are filtered and measured. 
Equal power levels are used in order to simplify the analysis of the results. 
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The principle problem in assembling a PIM measurement system is that the measure- 

ment system itself is vulnerable to intermodulation generation. This system IMD or 
"residual intermodulation" must be eliminated as far as possible otherwise the sensitivity 

of the system will be poor. 

An essential feature of PIM measurement systems is that the level of any residual PIM 

should be as stable and repeatable as possible. This is so that measurements are consistent 
and not dominated by system variability. 

This chapter deals with the design of PIM measurement systems. It includes discus- 

sions on system requirements, design considerations, system hardware, implementation 

and performance. The concluding part of the chapter deals with techniques for locating 

sources of residual PIM and improving the system performance. 

3.2 System Requirements 

The function of a PIM measurement system is to accurately measure and quantify 
PIM generation from a particular source. The source may be any DUT including passive 
RF and microwave components. These are usually tested to determine their suitability for 

use in PIM sensitive systems. 

For diagnostic research work, the system should also provide for the study of various 

parameters which affect PIM generation in the DUT under a controlled environment. By 

studying these parameters it should be possible to characterise the behaviour of the 

nonlinearity and isolate the physical mechanisms responsible. In order to set up such a 

system several key requirements were identified: 

(i) The system should have the capability to excite the nonlinearity in test samples 
and to detect the resulting low level intermodulation signals. 

(ii) The system should have a high degree of linearity and hence a low residual 
intermodulation level. 

(iii) Any residual intermodulation signals should be extremely stable. 

(iv) The system should be flexible enough to carry out a wide variety of tests. 

(v) It should be possible to easily change the test samples without adversely 
affecting the system performance. 

(vi) The system should have a configuration that can be set up using standard equip- 

ment. 
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From these general system requirements we can begin to build up an idea of how the 

system should function and we can start to develop the system specification. Consider 

Fig. 3.1, firstly it is essential that we have two independent signal sources at the desired 

test frequencies. These signals will then have to be amplified to the high levels required 

to produce a detectable PIM signal. Next, the two signals will have to be combined into a 

transmission medium common to the device or sample that is to be excited. During these 

stages it is likely that IMD will be generated due to both active and passive non-linearities. 
This will have to be suppressed before the excitation signal passes through the DUT other- 

wise the level of PIM due solely to the DUT will be obscured. 

Next, the excitation signal must be transmitted to the DUT where it can excite a PIM 

signal. The PIM signal will then have to be isolated from the excitation signals and meas- 

ured. Due to the high power of the excitation signals, they must be heavily attenuated 

before reaching the detection circuit. If not, there will be significant intermodulation 

produced in the active devices, or even irreparable damage, such is the sensitivity of this 

part of the system. The next section considers some of the different aspects to the design 

of such a system 

3.3 Design Considerations 

On closer examination of the system requirements it is evident that there are a number 

of considerations which are particular to the design of a PIM measurement system. One 

of the most important of these is that PIM specifications are not presently published for 

standard components and typical levels are usually too high for measurement applica- 
tions. System design work relies on past experience and the avoidance of certain construc- 
tional techniques and materials which were outlined in Section 2.4.3. Where this is not 

possible with commercial components, custom components must be specially made for 

the system. However, during the initial stages of system development, extensive use of 

commercial components must be made so that a process of refinement can commence. In 

general it has been found that good PIM performance is only achieved by the modification 

and adjustment of existing system components. 

3.3.1 Propagation Direction 

One choice that has to be made is whether to measure forward PIM (i. e. propagating 
in the same direction as the carriers), reverse PIM, or both. Sometimes this is determined 
by the test requirement, for example in the feed to a common transmit/receive antenna it 
is probably the reverse PIM specification that is of interest. 

51 



CHAPTER 3: PIM Measurement System Design 

Dimensionally small PIM sources, would typically be expected to produce more or 
less equal PIM levels in both directions and the more convenient one may be monitored. 
Distributed sources such as cables which are longer than a fraction of a wavelength and 
have significant attenuation, produce PIM levels which vary with the length and are 
dependent on direction. 

In the case of multiple or distributed sources of PIM, the implications of the choice of 
direction are very significant. Where the non-linear properties of a sample are being 

considered with respect to PIM generation, let us assume that these properties are mani- 
fest in a stable and consistent manner. When the sample acts as a conducting medium for 

an electromagnetic wave, it can be reasonably assumed that the majority of non-linear 

sites will produce intermodulation signals which are phase correlated to the stimulus 

signals. Consequently, all PIM sources which have the same fundamental mechanism will 

also be phase correlated. These PIM sites can be regarded as a large number of distributed 

sources which can be summed together to produce a resultant PIM signal. 

Consider the PIM voltage contribution of several elements, dz, along a material with 
its axis in the z direction as depicted in Fig. 3.3. Assume that each element in the material 

generates PIM with the same magnitude, Vp in each direction. 

Reverse PIM Forward PIM 

VpL-6ßdz ----f--f--- -ý , r- -º - VpL-3ßdz 

VpL-4ßdz - -f --- -f -- ý-ý , ýý - -ý - VpL-3ßdz 
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z 

Fig. 3.3 Distributed NM source. 

Ignoring attenuation, as the parent signals propagate along the sample, at any instant 

in time, they are phase-delayed by ßdz at subsequent elements. In the forward direction, 

all of the PIM signals will be in phase and the overall PIM signal will, therefore, have an 

amplitude equal to the sum of the amplitudes of the individual elements dz. The forward 

PIM level will therefore increase as the length of the distributed source increases. 
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In the reverse direction, the relationship is not so straight forward. Since the parent 
signals and PIM signals are travelling in opposite directions, the delay between subse- 
quent PIM signals will add to the delay of the parent signals and the phase shift will be 
doubled. The reverse PIM level will therefore be related to the phasor-sum of the indi- 

vidual PIM signals from elements dz, and hence, to the length of the source. 

Consider two PIM sources at points Pl and P2, separated by a distance 1. At time t, the 
reverse travelling PIM signal from Pl may be described by: 

Vpcos(cot+ 01, ) Eq. 3.1 

Op is an arbitrary constant phase term to account for any phase offset at time, t=0. 

The signal from P2 will then be described by: 

Vpcos(tot+ý -201) Eq. 3.2 

Where 01 = 
wl 

and c is the speed of light. 

Then, for a distributed source of length 1, the signal at P1 will be given by: 

o, 
Vcos(cot + ýp - 26)d6 Eq. 3.3 

0 

Eq. 3.3 simplifies to: 

Vpsin(01) " cos(cot+op-91) Eq. 3.4 

Eq. 3.4 clearly comprises an amplitude term Vpsin (6l) and a phase term 

cos(cot + ýp - 61) . Therefore, the amplitude of the reverse travelling PIM signal is a func- 

tion of 1. The spatial variation of Eq. 3.4 is plotted in Fig. 3.4 as a normalised power func- 

tion indicating the variation of total PIM power as a function of the electrical length of 

material. 

The implication of Eq. 3.4 is that when a distributed PIM sample is being investigated 

it is important to choose the correct electrical length. If the sample is chosen to be an 
integer number of half wavelengths long then the resultant PIM signal will be a minimum, 
therefore, little or no contribution from the sample to the PIM level would be observed. If 

the sample is an odd number of quarter wavelengths then a maximum PIM signal will be 

achieved. These maxima and minima will only be observed if the PIM contribution from 

the sample is significantly above that of the system residual. 
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Fig. 3.4 Amplitude variation of reverse PIM. 

3.3.2 PIM Product Selection 

The sensitivity of a PIM measurement system will generally be limited by one of two 

factors, either the thermal noise floor or residual intermodulation within the system. Typi- 

cally, which of these is the limiting factor will depend on the intermodulation order being 

measured. Intermodulation power normally falls off rapidly with increasing order (as in 

Section 2.2.2), so for higher orders the system sensitivity will be limited by thermal noise 

while at lower orders it is determined by the residual intermodulation. 

Usually, the intermodulation product to be measured is determined by the lowest PIM 

order of significance in the system frequency plan. If PIM performance is a major 

concern, measurements are likely to involve higher order products as the operational 
frequencies will have been chosen to avoid low order products. Under these circumstances 

very high sensitivities, limited only by system thermal noise, can be achieved. This does 

not, however, correspond to a sensitive technique for detecting intermodulation for just as 
intermodulation in the measurement system is reduced at higher orders, so too is that from 

the device or system under test. For scientific investigation of PIM behaviour, the selec- 

tion of a low order product offers certain advantages. One of these is that less carrier 

power is needed to excite a detectable PIM signal. 
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3.3.3 Excitation Method 

Another consideration is whether to excite the test sample by radiation or conduction, 

as in Fig. 3.1 and Fig. 3.2. The choice depends mainly on the nature of the sample to be 

tested. Coupling the excitation signals to the DUT by radiation is usually employed where 
PIM data is required for a large structure or object such as a radio tower or antenna dish. 

The nature of such measurements is that antennas are required to transmit the excitation 

signals and also to detect the PIM which is radiated from the sample. Radiation in free 

space can involve substantial losses and generally requires high power to excite a large 

test sample. Another problem is that the introduction of a large test sample in the excita- 
tion field can change the field pattern and this can complicate the system design. 

For diagnostic work and measurements on system components the more common 

conducted setup of Fig. 3.1 is employed. Here the samples can be kept small and well 
defined which aids analysis and makes it far easier to control the environment in which 
the tests are taking place. Excitation and detection of PIM signals is achieved by straight- 
forward line connections to the DUT resulting in low transmission loss. This in turn 

means that a lower excitation power is required to generate current densities of the same 

order as those in a radiated setup. 

3.3.4 Choice of Transmission Line 

Choice of transmission line type is another important factor in system design. Even 

radiative systems require conductors to transfer power to and from the transmit and 

receive antennas respectively. The choice is directly between coaxial conductors or 

waveguide. 

The benefits of waveguide are its low loss characteristics at high frequency and its 

high power handling capability. The structure is quite simple and connections are made 

via flanges on the end of the guide which can be made to deliver very low return loss 

figures. Waveguide does suffer some serious drawbacks. Probably the most important of 
these is that transmission is band-limited to a fixed range of frequencies. This means that 
if we want to look at a broad range of PIM orders or PIM from excitation signals which 

are considerably spaced in the spectrum, the waveguide may not be able to cope. 
Waveguide is also inherently bulky. At lower frequencies. the size of the waveguide 

section gets very large. This not only makes the waveguide and components very expen- 

sive but also means that waveguide systems can become prohibitively large. The final 

limitation is that almost all instrumentation is designed for coaxial systems and some sort 

of adaptor is invariably required between the two media. 
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Seven systems constructed in waveguide are described in the literature [11,19, 

46,48,95,96,97, ]. The performance of these systems is broadly equivalent to that achieved 
by coaxial systems but the application areas are somewhat different. Waveguide based 

systems are, naturally, intended for tests on waveguide components or devices such as 
antennas which have waveguide feeds. In terms of PIM, most problems with waveguide 
occur at the flange connections. 

The alternative to waveguide is a coaxial system. Coaxial cables are much smaller 
than waveguide and the resulting systems and components are more compact. The cables 

can be shaped to alter the physical path of transmission making layout of the system rela- 

tively straightforward. Connection is made by means of connectors which can be mounted 

and de-mounted quickly to allow simple reconfiguration of a given system. Although 

return loss from the connectors is not generally as good as that of waveguide flanges, the 

performance is more than adequate over a very wide range of frequencies. 

However, there are some drawbacks. The power handling of coaxial line is lower than 

that of waveguide simply due to the smaller dimensional clearances which create higher 

field strengths for the same transmitted voltages. Secondly, the losses on coaxial line 

become appreciable as the frequency is increased. This is mainly due to the skin effect 

which effectively increases the resistivity of the conductors at microwave frequencies. In 

terms of PIM, coaxial cables have the potential to create many problems. Metal contacts 

abound in the braided outer conductors of many flexible cables. Crimped and clamp-on 

connectors also result in poor metal contacts whilst the small geometries of the connector 

centre pins lead to high current densities and high PIM levels. 

Sixteen coaxial systems have been described in the literature and these are summa- 

rised in Table 3.1 on page 58 for comparison. HF is taken to mean roughly 3-30 MHz, 

VIF 30-300 MHz and UHF 300-3000 MHz. Column 3 gives the frequency separation of 

the carriers and the third order PIM signal as a percentage of the centre frequency. In the 

last two columns, "diplexer" denotes an unspecified type of directional filter. 

Coaxial line is effective over a very wide band of frequencies and is limited at the 

upper end by increasing loss, the effective bandwidth of the connectors and higher-order 

mode propagation. The principal mode of propagation in a coaxial line is the TEM mode. 
Most coaxial components (amplifiers, filters, couplers, etc. ) are designed on the basis that 

the input signal will be in the TEM mode. There are, however, other ways in which elec- 

tromagnetic energy can propagate along coaxial lines and these are called higher-order 

propagation modes. These higher modes can only propagate when the signal exceeds a 

certain frequency known as the cutoff frequency of the mode. Higher modes draw their 

energy from the fundamental TEM mode and can cause system malfunction. 

56 



CHAPTER 3: PIM Measurement System Design 

(a) TEM Mode 

Fig. 3.5 Transmission modes of coaxial lines 

The field patterns and cutoff frequencies of these modes can be obtained by solving 
Maxwell's equations and applying the boundary conditions associated with the coaxial 

structure. The mode with the lowest cutoff frequency is called the TE-11 mode and it is 

this mode that invariably limits the bandwidth of the transmission line. The field patterns 

of both modes are shown in Fig. 3.5. and an approximate expression for the cutoff wave- 
length in terms of the coaxial line dimensions is given below: 

fc f_ n(a + b) µRER 
Eq. 3.5 

Where a, is the radius of the inner conductor and b, is the inner radius of the outer 
conductor. For UT-250 semi-rigid cable, with a=0.815mm, b=2.675mm and Er=2.1, the 

cutoff frequency of the TE11 mode is around 18.9GHz. 

3.3.5 Parent Signal Combination 

Further consideration in the design of a PIM measurement system should be given to 
the method by which the two excitation or parent signals will be combined. Most 

researchers have chosen one of three methods. 

The carriers may be simply combined using aT -junction and phasing cables as indi- 

cated in Fig. 3.6 [35,36,60,85]. However, the T -junction is inherently badly matched and 

offers poor isolation between the ports so the performance of the filters is of utmost impor- 

tance to prevent intermodulation generation in the amplifiers. 
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Ref. Band Power Power PIM Sensitivity 
% W Combination Separation dBm/dBc 

62 HF 12 30 X-piece & X-piece & -88 -133 
filters filters 

64 HF 10 13 lumped filters & 20 dB coupler -88 -129 
pi matching net- 
works 

85 VHF 2 15.5 T-piece & cavity T-piece & -70 -112 
filters cavity filters 

36 VHF 8 50 T-piece & cavity Interdigital -140 -187 
filters filter diplexer 

35 VHF 1 5 T-piece & cavity T-piece & -145 -182 
filters cavity filters 

38 VHF 9 25 90° hybrids & Diplexer -120 -164 
b/pass filters 

76 VHF 9 25 90° hybrids & Diplexer -120 -164 
b/pass filters 

6 VHF 3 25 90° hybrid 20 dB coupler -110 -154 

50 S 13 3 Stripline Stripline -90 -125 
ratrace hybrid ratrace hybrid 

62 UHF 3 30 X-piece & X-piece & -95 -140 
filters filters 

60 L 27 20 T-piece & Coupler -87 -130 
interdigital 
filters 

60 S 13 13 T-piece & Coupler -85 -126 
interdigital 
filters 

60 C 20 20 T-piece & Coupler -87 -130 
interdigital 
filters 

39 L 2 2 Stripline Stripline -106 -139 
ratrace hybrid ratrace hybrid 

64 UHF 13 13 Stripline 20 dB coupler -104 -145 
hybrid 

98 UHF 10 10 T-piece & cavity T-piece & -73 -113 
filters cavity filters 

Table 3.1 Summary of coaxial measurement systems 
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Alternatively, a 3dB, 90° hybrid coupler may be used as illustrated in Fig. 3.7 [6,64]. 

This can offer additional isolation between the high power amplifiers and their associated 
filters or isolators and so make up for deficiencies in the intermodulation performance of 

these components. Unfortunately, this technique is inefficient and results in the loss of half 

the carrier power at the unused hybrid port. 

n(/ 
f1 fi fl&f2 f2 

f2 

Fig. 3.6 Carrier c ombination using t-piece, filters and phasing cables 

3dB f1 &f 2 fl fl 30 

N N 
f2 f2 

Fig. 3.7 Carrier combination using one hybrid 
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Fig. 3.8 Directional filter made with reflective filters and hybrids 

In terms of good match and minimum power loss, the optimum method for combining 

the two parent signals is shown in Fig. 3.8. The circuit is a form of directional filter and 

offers excellent isolation between the two feed chains and the only loss in power is due to 

the insertion losses of the constituent components [38,76]. If the bandpass filters are very 

narrowband, the circuit also prevents the propagation of any spurious signals from the 

amplifiers. 
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3.3.6 PIM Signal Extraction 

Similar consideration should be given to the separation of the desired (low power) 
PIM signal from the (high power) carriers used to excite the DUT. This is necessary to 

prevent intermodulation or damage occurring in the active devices of the detection appa- 

ratus. One approach is to sample a fraction of the power using a directional coupler and 
to pass it through filters to give the necessary carrier rejection as in Fig. 3.9 [60,64]. This 

greatly reduces the intermodulation performance required of the filters by reducing the 

carrier powers to which they are exposed, but also reduces the level of the desired PIM 

signal. Unfortunately, if the PIM signal is not sufficiently high enough above the noise 
floor, the sensitivity of the system will be reduced. Again, the best way to tackle the 

problem is to use a directional filter type arrangement and isolate the PIM signal from the 

carriers as in Fig. 3.10. Note, this set-up can also be implemented using band-stop filters 

to redirect the PIM signal to the isolated port of the first hybrid where it can be detected. 

coupler high power load 

DUT 

Fig. 3.9 PIM sampling using a directional coupler 

A/ 

DUT 
3dB 3dB Q" 

high power loa 
f t 

Fig. 3.10 PIM extraction using a directional filter 
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3.4 Initial UKC L-Band System 

3.4.1 Design Strategy 

System configuration depends on the test requirements and which of the design 

considerations are deemed applicable to the particular measurement situation. Most of the 

measurement systems developed by other researchers have suffered limitations in terms 

of measurement flexibility, sensitivity, residual PIM stability and the ability to handle 

various types of test sample. It was the objective of the author at the outset to design a 

system in which those limitations were minimal and which would still meet the require- 

ments stated in Section 3.2. 

For the study of PIM mechanisms at UKC, the system was set up to monitor PIM at 
L-band. This is in line with ESA requirements for the Artemis satellite. The detection of 
3rd order intermodulation products was initially selected as this offers the most sensitive 

means of measuring non-linearity. 

Most DUTs require a conductive setup to provide satisfactory excitation and detection 

of PIM signals, hence, a conductive set-up was chosen. This also makes it easier to control 

the test environment and avoids the inefficient space losses associated with radiative 

setups. The author has also carried out radiative tests whilst working at ESA. This work 
is described in Appendix A. 

At L-band the physical size of waveguide starts to get very large (a cross section of 
165.1 x 82.55 mm for 1.14-1.73 GHz) and therefore, expensive. To this end it was decided 

to use coaxial lines in the system. It was also decided to employ a directional filter of the 

type shown in Fig. 3.8 to combine the parent signals and make the maximum signal power 

available at the DUT. A directional filter was also used to extract the PIM signal, maxim- 
ising the PIM power to the detector and optimising the sensitivity. 

Initially, the system was configured using commercially sourced equipment of 

standard specification. It was not expected that this would deliver the level of performance 

sought, hence, it was not intended to carry out any sample measurements using this 

system. Commercial low-PIM components are not readily available therefore the 

performance of the initial system could not be guaranteed. The purpose of this exercise 

was to provide a starting point for the development of a highly-sensitive, low-PIM, meas- 

urement system. Previous research in the field of PIM measurements has shown that 

considerable time and effort is necessary to reduce residual intermodulation. Accordingly, 

it was decided that custom low-PIM components and techniques would be developed as 

and when the need arose. 
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3.4.2 System Design 

A block diagram of the initial system configuration is shown in Fig. 3.1 1. As far as 
possible, the number of different components in the PIM critical areas of the system has 
been kept to a minimum. This reduces problems of identifying and eliminating sources of 
intermodulation in the system itself. PIM critical areas are identified as those parts of the 

system where both parent signals share the same transmission path at high-power levels 

and where any resulting PIM signals can be directly channelled to the detector. 

The system generates two carrier signals at frequencies of 1530 MHz and 1560 MHz 
(chosen for compatibility of measurements with the Artemis transmit band of 1530 - 
1559 MHz) and monitors the upper 3rd order intermodulation product at 1590 MHz. Such 

close signal spacing (approx. 2% of centre frequency) allows narrow band components to 
be used and tested but places stringent demands on filter performance. 

The parent signals are generated by two separate phase locked oscillators (PLO's) and 
then amplified by two medium power, solid-state amplifiers (SSA's) to provide the drive 

levels to two high power, linear-valve amplifiers. 

The high power carriers are combined using a directional filter assembly consisting 

of two 90 degree, 3dB hybrid couplers and three reflective bandpass filters, each 

consisting of six resonant cavities. Two of the filters are tuned to 1530 MHz and the other 

to 1560 MHz. This type of directional filter is tolerant of small differences in filter char- 

acteristics and coupling factors and so allows good performance using standard compo- 

nents with no need for tuning. Bandpass filters were specified as they were the only 

commercially available filter design offering sufficiently rapid roll-off so as to isolate the 

carriers from each other in the high-power amplifier output stages, thereby avoiding 

active intermodulation generation. The directivity of the hybrids provides additional 
isolation between the feed chains. 

The carrier signals are combined as follows; The 1530MHz signal is divided by 

hybrid No. 1 into two half power components with a phase difference of 90 degrees. These 

components then pass through the 1530MHz filters and recombine at one output of hybrid 

No. 2 whilst cancelling at the port connected to the 1560MHz filter. Meanwhile, the 
1560MHz carrier passes through the 1560MHz filter and into the isolated port of hybrid. 

No. 2. Here it is also divided into two half power components with a 90 degree phase 
difference. These are reflected from the 1530MHz filters and then recombine in phase at 
the output of hybrid. No. 2. Now we have both signals available on a common path at the 

output of the directional filter and free of any spurious harmonics or active intermodula- 

tion products. 
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The combiner load is provided by a 50 metre reel of URM43, lossy coaxial cable 
terminated in a1 Watt load. Under normal operating conditions this load will not be 

subjected to high power, however, should a system malfunction occur it is able to dissipate 

the maximum input power of the system. URM43 also provides a good match ensuring 

optimum performance of the directional filter assembly. 

The total forward and reverse power are monitored via the 40dB sampling coupler and 

power meter. Reverse power is monitored as a check of correct system operation since any 

malfunction will generally result in a significant mis-match and an increase in reflected 

power levels. 

PIM signals generated at the DUT and propagating in the forward direction are sepa- 

rated from the carriers by a second directional filter assembly operating in a similar 

manner to the power combiner. In this case the two parent signals are diverted to an 
isolated port and dissipated in a 250metre length of Belden 9913 coaxial cable. Mean- 

while, the PIM signal is passed through another high Q bandpass filter to further reduce 
the carrier levels and prevent the generation of active intermodulation products in the 
LNA's and spectrum analyser. 

For PIM signal detection, an HP 8561E spectrum analyser was used which offered 

excellent sensitivity, selectivity and dynamic range. Spectrum analysers are frequently 

used for intermodulation measurements as described in the literature [99-101]. 

The majority of cables used to connect the system components were made from 

Belden 9913, a flexible cable with an inner screen of immunised plastic and an outer 

braided conductor. All cables and components were fitted with silver plated, brass, N-type 

connectors. The number of connections was kept to a minimum to reduce the generation 

of PIM signals. Care has been taken to ensure that all current paths are clean and free of 
ferromagnetic materials since dirty contacts and ferromagnetic materials can produce 

strong intermodulation signals. 

3.5 System Hardware 

The following sections provide more detailed descriptions of the more critical compo- 

nents used for setting up the L-band PIM measurement system at UKC. 

3.5.1 Signal Sources and Amplification 

Two crystal controlled, phase locked oscillators (PLO's) manufactured by EMF 

Systems Inc. were used to generate the parent signals. These are fixed frequency devices 

and, when locked-to a common reference derived from the spectrum analyser, they offer 
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excellent stability with very little frequency drift. This permits the use of very narrow 
detection bandwidths resulting in a low level of thermal noise. Which in turn allows the 

maximum dynamic range of the spectrum analyser to be applied and maximises the sensi- 
tivity of the measurements. 

The outputs of the oscillators are 100 mW (30 dBm) each. These levels are increased 

to approximately 10 Watts (40 dBm) by two solid-state power amplifiers (SSPAs). These 

were manufactured by Mutek Ltd. and are modified versions of units produced for 

amateur radio applications and were therefore low in cost. The SSPAs are used to provide 

sufficient drive power for two 100 Watt (50 dBm) linear power amplifiers (also by Mutek 

Ltd. ) which are based on 2C39BA thermionic valves. The output stages of the 100 Watt 

amplifiers have in-built forward and reverse power monitors and these are connected to 

automatic level control inputs on the 10 Watt SSPAs. This serves to maintain stable output 

power levels and to provide protection against high reverse power levels resulting from 

any impedance mis-match. The frequency response of the HPA's is flat from 1.5 to 

1.6 GHz and the nominal gain is 10 dB. In practice, the gain is found to be around 9 dB 

giving a maximum recorded output power of around 80 Watts per channel. The insertion 

loss between the high-power output and the test position is 4.3 dB at 1530 MHz and 
4.6 dB at 1560 MHz, therefore the maximum power into the sample was limited to equal 

signals of around 30 Watts (44.7 dBm) per channel. Throughout the laboratory measure- 

ments, the two signals were used in the continuous wave (C. W. ) mode 

3.5.2 Frequency Combiners 

As mentioned in section 3.3., there are several ways of combining and sampling R. F. 

signals. Ideally a signal combiner or sampler used in a PIM system should satisfy the 
following requirements: 

(i) Low insertion loss (less than 0.5dB is good). 

(ii) High isolation between ports (greater than 20dB) 

(iii) Low VSWR (or high return loss) e. g. less than 1.25 (>25dB) 

(iv) Good linearity 

(v) Sufficient bandwidth to cover the frequencies of interest. 

(vi) High power rating. 

(vii) Low cost. 

In practice however, there are always trade-offs between these factors. 
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3.5.2.1 Filters 

The directional filter set-up used in the UKC system was required to combine two 

signals which are very closely spaced in the frequency spectrum, therefore some very 

narrowband filters were required to obtain a sufficient degree of isolation between each 
feed chain. Practically, this was achieved using commercially available, high-Q, reflective 
band-pass filters each of which consists of six resonant cavities. Band-pass filters were 

specified as they are the only standard filter design to offer sufficiently rapid roll-off thus 

avoiding the situation of having both carriers present at high power levels in the same 

component. The filters, supplied by Trilithic®, use quarter-wavelength resonant struc- 

tures. Each unit is housed in an aluminium case with silver-plated cavities to reduce losses 

and achieve high Q. The cavities are iris coupled and are shielded to minimise R. F. 

leakage. This is important in order to minimise the amount of R. F. energy which is picked 

up by the spectrum analyser due to radiation. If this is too high, intermodulation may be 

generated in the active components of the analyser obscuring the PIM signals which are 
being measured. 

In the combiner, two filters are tuned to have their centre frequencies at 1530 MHz 

and one at 1560 MHz. The rejection provided by these filters at the adjacent parent signal 
frequency, 30 MHz from mid-band, is around 70 dB. The insertion loss at mid-band of 

around 3 dB and is poor. However, the choice of filter was constrained by funds and these 

are the best that could be obtained. The power handling of the filters is around 1200 Watts 

C. W. and is well within the specification of the system. The only deviation from the 

standard specification of the filters was the request that the Nickel plated N-type connec- 

tors be replaced by non-ferrous, silver-plated ones. Nickel is ferromagnetic material, 

therefore its use should be avoided [37], as stated in Section 2.4.2.4. 

3.5.2.2 Hybrid Couplers 

The other components that go to make the directional filter assembly are the3dB, 

quadrature, hybrid couplers. Again, these are standard specification, commercially avail- 

able units manufactured by Radiall Microwave Components Ltd. For the best possible 

performance of the directional filter, the couplers should have a flat 3dB coupling across 

the band, ensuring an even split of power at all frequencies. There should also be a 

constant 900 phase difference at the output coupled ports of the device to ensure the 

optimum phase relationships in the completed assembly. To this end, it is essential that all 

of the connecting cables used in the directional filter are the same length to avoid intro- 

ducing additional phase changes. The directivity of the couplers is also important as this 

determines the isolation provided by the device between the input port and the uncoupled 
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port. The units have a bandwidth of 1-2GHz over which the directivity is greater than 
25 dB. The return loss over the same range is also greater than 25 dB and the coupling is 
3 dB ±0.3 dBm. The couplers are of a quarter-wavelength, overlay coupled stripline 
design and have a C. W. power rating of 200 Watts. 

3.5.2.3 Directional Filter Assemblies 

In the complete directional filter assembly, isolation of the parent signals is provided 
for by the out-of-band rejection of the filters plus the directivity of the couplers. This 

equates to over 90 dB isolation between the parent signals in each feed chain. The reduc- 
tion of these signals by such a degree means that the level of any IM which is generated 
in the high-power amplifiers will be extremely low and pose no threat to the sensitivity of 
the system or to the correct operation of the amplifiers. 

A similar directional filter assembly was used to isolate the PIM signal for amplifica- 

tion and detection. The circuit prevents the two high-power parent signals from causing 
damage to the highly sensitive detection circuitry by greatly reducing their power in this 

part of the circuit. This directional filter should meet the same fundamental requirements 

of the combiner as listed in Section 3.5.2. Isolation of the PIM signal from the parent 

signals is once again provided for by the out-of-band rejection of the band-pass filters and 

the directivity of the hybrid couplers. An additional filter is added at the output of the 

directional filter to further increase the parent signal rejection (as indicated in Fig. 3.11). 

With the filters tuned to pass the 3rd order PIM signal at 1590 MHz, the rejection at 
1560 MHz is around 75dB and at 1530 MHz is about 90 dB. In conjunction with the 

25 dB directivity of the hybrids, the isolation of the PIM signal is over 155 dB at 
1560 MHz and 195 dB at 1530 MHz. The high insertion loss of the circuit of 6.7 dB is 

again governed by the insertion loss of the filters. This can potentially affect the sensi- 

tivity of the measurement system particularly if the residual PIM is at or near the thermal 

noise floor. 

3.5.3 Dummy Loads 

In non-radiating PIM measurement systems, dummy loads are used to absorb the 

transmitted carrier power. It is very important that these loads should generate no signifi- 

cant amount of PIM. Commercially available dummy loads which are adequate for most 

applications, are not normally designed to achieve the high degree of linearity required by 

a PIM measurement system. Research on dummy loads has indicated that distributed 

loads are generally more linear than lumped element loads[54]. Distributed loads take the 

form of a long length of lossy coaxial cable. For a long, lossy, open-ended line, the voltage 
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of the wave reflected from the open circuit and measured at the input, will be small 

compared to the voltage of the incident wave. This is due to the fact that the incident wave 

will have been attenuated over twice the length of the line. 

Factors which govern the selection of a distributed load are its linearity, characteristic 
impedance, power handling capability, attenuation per unit length and cost. The charac- 

teristic impedance of the load determines the match of the load to the system and in this 

case should be 50 S2. A high attenuation constant will result in a shorter length of cable 
for a given amount of attenuation but this will cause the cable to heat up more as the 

energy is dissipated. This in turn can limit the power handling capability of the line and 

so a trade-off must be made to obtain the optimum performance for a given situation. The 

linearity of RF cable is never specified and cannot be guaranteed, hence, extreme care 

should be taken when choosing a suitable cable for the job. Large cross sectional dimen- 

sions are preferred in order to keep current densities low. Certain materials should be 

avoided such as copperweld steel (where the centre conductor is made of copper 

supported on a steel core) or ferromagnetic Nichrome. Care should also be taken to avoid 

cables which have metallic contacts exposed to high current flow such as the outer copper 
braid or the multi-core centre conductor used in many cables. 

In the UKC L-band setup, only one load is required to dissipate the energy in the 

carrier signals. Other loads are required on the isolated ports of the directional filter 

assemblies to provide a good match. In general, however, these loads are exposed to 

signals which have been heavily attenuated and are less likely to generate PIM. Based 

upon the considerations discussed, the high power load was implemented using a 250m 

length of Belden 9913 coaxial cable. This is a flexible cable with an outer conductor 

comprising of an inner screen of aluminised plastic and a double braided, silver plated, 

outer shield. The dielectric is formed from foamed polythene and supports a large, silver 

plated, solid copper centre conductor. This cable attenuates the parent signals by approx- 
imately 2 dB per 10 metres thus providing a total attenuation of 100 dB at the input to the 

load. This level of attenuation results in a reflected wave which is far smaller than the 

reflected wave caused by the finite return loss of the load connector which is typically 

about 25dB down on the incident level. Therefore, the attenuated signal should cause no 

problems in the system. 

3.5.4 Cables and Connectors 

Research work has shown that connectors are very often the major source of PIM in 

cable-connector combinations [30,36,37,50,63,65]. Any connectors with mechanical 
imperfection (such as slightly bent centre pins), or a ferromagnetic material content may 
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generate high levels of intermodulation. The method of construction employed in joining 

the cables to the connectors and the cleanliness of all the surfaces are also very critical. 
Studies concerning the generation of PIM in coaxial cables and connectors have been 

conducted [65] and indicate that it is essential to choose the correct type of cable and 
connector. 

The cables used for connecting the system together were made from Belden 9913 

cable for the same fundamental reasons that this cable was chosen as the dummy load. The 

selection criteria and cable properties are described in the previous section. 

All of the instruments and components used in the system were specified with N-type 

connectors. These offer a good performance up to microwave frequencies in terms of 
insertion loss (<0.05dB at 1.6GHz) and return loss (>35dB up to 5GHz). They also have 

a high power handling capability and therefore make a natural choice for the PIM meas- 
urement system. The connectors were specified to have no ferromagnetic components 
since nickel is commonly used as a plating material. It was also decided that the centre 
pins be soldered to the centre conductor rather than crimped so that a sound mechanical 
and electrical connection would be achieved. Care has been taken to ensure the cable- 
connector combinations were properly constructed and all the contacts were tight and free 

of visible oxides and dirt. Prior to assembly, all connectors and cable ends were ultra-soni- 

cally cleaned in isopropyl alcohol (IPA) to ensure the removal of even the smallest parti- 

cles. 

3.5.5 Low Noise Amplifiers and Spectrum Analyser 

The spectrum analyser is an instrument commonly used for Intermodulation measure- 

ment [99-101]. However in order to detect signals which are close to the thermal noise 
floor of the measurement system, a degree of signal enhancement is necessary. The spec- 

trum analyser which was procured for the system was a Hewlett Packard HP 8561E unit. 
The instrument was chosen due to its excellent dynamic range and sensitivity. In a reso- 
lution bandwidth of 10Hz, the analyser can measure signals less than -135dBm in ampli- 

tude [105]. Such low levels of detection are essential to get the maximum possible 

sensitivity from the measurement system. Even at these low levels however, the sensitivity 

can be considerably improved by pre-amplifying the PIM signal with a low-noise ampli- 
fier. For the UKC set-up a Miteq Inc. AMF-4A-1020-N(F/M) amplifier was chosen with 

a gain of 43.3 dB and noise figure of 1.76 dB at 1600 MHz. The gain must be sufficient 

to amplify the signal from near the absolute thermal noise floor of the system to within the 
detection range of the analyser. The noise figure is a measure of the degradation in signal- 
to-noise ratio as contributed by the amplifier and this should be as small as possible. 
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3.6 Theoretical System Limits 

The absolute performance of the system is gauged in terms of the smallest PIM signal 
that can be detected and attributed to a particular source or location. The smaller the signal 
that can be detected, the more sensitive the system will be to deviations in linearity. 

In practice, the limitations of the measurement can be governed by three separate 
effects: 

(i) The thermal noise floor of the system. 

(ii) Generation of Active Intermodulation in the detector. 

(iii) Passive Intermodulation produced by the system itself (Residual PIM). 

(i) and (ii) can be analysed theoretically[ 103,1041, however, the amount of residual 
PIM in the system can only be measured directly and is more of an unknown quantity. 
Obviously, in the design of a good PIM measurement system, all three of these effects 
must be suppressed as far as possible. 

3.6.1 Thermal Noise Limit of Sensitivity 

The maximum sensitivity that can be obtained in the measurement system is funda- 

mentally limited by the thermal noise of the system. Thermal noise arises from the ther- 

mally induced motion of electrons in conductive media and increases with temperature. 
The noise power, N, from a given conductor at temperature To (K) is obtained from a 
standard formula: 

N= k" To "B Watts Eq. 3.6 

Where k= Boltzmann's Constant (1.38 x 10"23J/K) and B is the bandwidth (in Hz) 

over which the noise is measured. 

At 290K (room temperature) this equates to a thermal noise level of -174dBm/Hz. 
The thermal noise floor of the HP 8561E spectrum analyser, however, was measured at - 
14ldBm over a 10Hz resolution bandwidth and is limited by the amount of thermal noise 

which it produces itself [105]. It is obvious that in order to improve the sensitivity of the 
detector and measure extremely weak signals, some amplification will be required. Unfor- 

tunately, not only do amplifiers amplify the signal and noise levels, but they also add to 

the noise power as well degrading the signal to noise ratio (SNR). 
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The noise figure of an amplifier is a commonly specified parameter and is a measure 
of the degradation of the SNR after amplification. In modem state-of-the-art low noise 
amplifiers this can be specified to be very low and given a suitably high gain, a substantial 
improvement in sensitivity can be obtained. We can express the noise figure as: 

(Si/Ni) 
F (So/Na) 

where F= noise figure as a power ratio, 
Si = input signal power Eq. 3.7 
Ni = true input noise power, 
So = output signal power, 
No = output noise power. 

The detection circuitry is shown in Fig. 3.12. To determine the sensitivity of the 

system, the first step is to calculate the noise figure of the spectrum analyser. If we 

examine Eq. 3.7, we can simplify it for the spectrum analyser. First of all, the output signal 
is the input signal times the gain of the amplifier. Second, the gain of the analyser is unity 
because the signal level at the output (indicated on the display) is the same as the level at 
the input connector[101]. So, substituting in Eq. 3.7 and rearranging we get: 

No 
F=2- Eq. 3.8 

This expression means that all that is required to determine the noise figure is to 

compare the noise level as read on the display to the true noise level at the input connector. 
Noise figure is usually expressed in terms of dB, or: 

NF(dB) = 10log(F) = 10log(No)-10log(N, ) Eq. 3.9 

For the HP 8561E, the average noise power over a 10Hz bandwidth was measured at 

-141 dBm. In the same bandwidth the true noise at the input connector is -164dBm. This 

gives a noise figure of NFSA=23 dB (199.5 linear). 

Now given that the noise figure of the low noise amplifier is FwA=1.76 dB (1.5 

linear) and the gain is GSA=43.3 dB (21379.6 linear), the overall noise figure for the 
detection circuit is found from: 

FSA 1 
NFT (dB) = 10log FLNA + "ý LNA- 

= lolog(1.5 + 
199.5 E3 10 

J 

= 1.76 dB 
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The sensitivity at the input to the LNA can now be determined by knowing that the 

noise figure of the system is the amount of additional noise contributed by the amplifiers 
and the spectrum analyser: 

SLNA =N (dBm) + FT (dB) 

= -164+1.76 
= -162.24 dBm 

Eq. 3.11 

Where SSA is the smallest signal at the input to the LNA which can be detected above 
the noise on the trace of the spectrum analyser. Therefore, the minimum detectable signal 
referred to the spectrum analyser input (for this particular setup) is simply SWAdBm plus 
the gain of the LNA in dB, i. e.: 

Sanalyzer = -162.2 dBm + 43.3 dB 

_ -118.9 dBm 
Eq. 3.12 

In order to determine the smallest signal which can be detected at the DUT, we have 

to take into account the losses between the DUT and the LNA due to the cables, connec- 
tors and directional filter isolation assembly. These have been measured at 6.7dB there- 
fore the signal, SDI, must be 6.7dB above the noise floor at the DUT: 

SDUT =- 162.2 dBm + 6.7 dB 

= -155.5 dBm 
Eq. 3.13 

Hence the minimum detectable signal levels at each point in the detector circuit can 
now be determined and are shown in Fig. 3.12. 

Thermal Noise Losses G=43.3 dB 

= -164 dBm = 6.7 dB F=1.76 dB F=24 dB 

DUT /V LNA 
Q" 

HP 8561E 
minimum detectable 

signal strengths 
' -155.5dBm -162.2dBm -118.9dBm 

Fig. 3.12 Minimum detectable signal levels. 
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3.6.2 Active IMD Contribution 

In addition to passive intermodulation products generated by the DUT in which we 

are solely interested, additional IM products can arise due to non-linearities within the 

components of the detector circuitry. The sources of these non-linearities are the active 
devices that constitute the low-noise preamplifier and the spectrum analyser. These 

components can be subjected to the same excitation signals as the DUT. Although the 

carrier signals are heavily attenuated before the detection circuit, radiation and reflection 
(return loss) can create sufficient signal strength to cause problems. Active nonlinearities 

are generally much stronger than those due to passive mechanisms and as such will 

produce similar levels of intermodulation at much lower levels of excitation. The active 
IMPS naturally occur at the same frequencies of PIMPs therefore, in order for the meas- 

urement system to provide a true indication of the level of passive intermodulation, these 

undesired signals must be minimised. Reducing the effects of active IMD is achieved by 

minimising the level of the carrier signals that impinge upon the active components. The 

degree to which this is necessary can be calculated by a knowledge of the thermal noise 
floor of the system and of the IMD contribution of each component. Since IMD is intrinsic 

to active devices and 3rd order IMD is usually the strongest, most non-linear devices are 

supplied with their 3rd order IMD response as part of the specification. 

3.6.2.1 Spectrum Analyser 

For the particular spectrum analyser used in the UKC L-band experimental setup, the 
3rd order IMD is specified as follows: `If two equal strength signals of -30 dBm and 
spaced greater than 1 kHz apart are applied at the input mixer of the analyser (after the 
input attenuator) then the level of 3rd order intermodulation products produced will be 
less than 78 dB below the level of excitation i. e. -78 dBc or -108 dBm. [105]. 

Active IMD is generally much more well behaved than PIM and lends itself to 

approximate modelling in that for every 1 dB change in the level of the excitation signals, 

there will be an n dB change in the level of the IMD, where n is the order of the intermod- 

ulation product. A plot of third order IMD against carrier power will therefore have a 

slope of 3: 1. It is more common however to express IMD in terms of dynamic range, i. e. 
the difference in dB between the maximum and minimum signal levels. For 3rd order 
IMD, the dynamic range vs the carrier level varies 2 dB for every 1 dB change in carrier 

power [103]. 
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The well defined relationship between 3rd order IMD and excitation level when used 
in conjunction with the specification of the device allows us to plot the 3rd order IMD 

characteristic of the unit over a wider range of carrier levels (as in Fig. 3.13). Note that for 

a spectrum analyser, there is no gain so the output or displayed carrier level is the same as 
the input. 
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Fig. 3.13 HP 8561E spectrum analyser - third order distortion 

The minimum detectable signal at the analyser was calculated in Section 3.6.1 to be 

-118.9 dBm and remains constant in a fixed measurement bandwidth, independent of the 

power applied to the input. If this is illustrated on the same plot as the IMD figures (as in 

Fig. 3.13) then the area above the two lines represents the useful measurement range of the 
instrument. The point where the two graphs cross represents the point at which the carrier 
levels at the input mixer are strong enough to produce a 3rd order IM product which is just 

discernable from the thermal noise floor of the system. If the excitation level is increased 

the active IMD will be clearly visible on the analyser and limit the sensitivity of measure- 

ments at this frequency. Therefore in order to limit the sensitivity of the system to the 

thermal noise floor, the carrier signal levels at the input mixer of the analyser should be 

kept below the level at which the two graphs cross. For this particular analyser this occurs 

at a level of around -34 dBm. Referred back to the input of the LNA this gives a maximum 

allowable carrier level of -34 - 43.3 = -77.3 dBm. 

74 



CHAPTER 3: PIM Measurement System Design 

3.6.2.2 Low Noise Amplifier 

For the low-noise preamplifier, the third order IMD level is expressed in a slightly 
different manner. Specifying IM distortion products by suppression, in dB, from the exci- 
tation level has a major problem in that different manufacturers will specify IMD wrt 
different carrier levels and this makes figures difficult to compare. An accepted method to 

normalise these differences is to specify "third-order intercept points". Intercept points 

are theoretical points at which the excitation signals and the IM products have equal 

amplitude. These points are only ever theoretical because saturation in amplifiers ulti- 

mately limits the output power to less than the intercept point. Intercept calculation is only 

valid when extrapolated from the linear operation range of the device. Again, due to the 

well defined behaviour of IMD in active circuits the intercept point can be used to plot the 

IMD performance of the device over a wider range of excitation levels which allows us to 

determine the maximum dynamic range of the system. 

The particular LNA used in the L-band set-up is specified as having a third order inter- 

cept point approximately 10 dB greater than the 1 dB compression point. This is the point 

where the device begins to saturate and occurs when the output power is exactly 1 dB less 

than the input power plus the gain (in dB). For this device, the 1 dB compression point is 

at +16 dBm at 1.6 GHz, hence the third-order intercept point occurs at +26 dBm. The 

performance of the device is depicted in Fig. 3.14. Again, the thermal noise floor of the 

system is also plotted, referred to the output of the LNA. The crossover point indicates 

that the maximum level of carrier signal which the LNA can bear before affecting the 

sensitivity of the system is -66 dBm at the input of the LNA. Comparing this with the 

performance of the analyser it is clear that the spectrum analyser dictates the maximum 

allowable carrier signal which is allowed to impinge upon the detection circuitry. Accord- 

ingly, the maximum allowable parent signal levels at the input to the LNA are -77.3 dBm 

per carrier and the maximum level displayed on the analyser should be -34 dBm. 

The next step is to measure the level of each carrier signal using the spectrum analyser 

and establish if there is a threat to system sensitivity from third order intermodulation 

generation by the detection circuitry. 

3.6.3 Breakthrough 

Breakthrough is the term used to describe the level of each carrier signal which 

manages to get into the detection circuitry. As mentioned previously this can be as a result 

of the pick-up of radiated emissions or due to insufficient rejection from the system itself. 
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Fig. 3.14 Miteq LNA - third order distortion 

The levels are measured directly from the spectrum analyser when the system is operating 

as it would, at high power, during any PIM test. For this initial set-up the levels of break- 

through observed for 25 Watts of applied carrier power (per channel) were as follows: 

1530 MHz: -33 dBm 1560 MHz: -32 dBm 

These levels when compared with the theoretical limits of active Intermodulation 

generation were clearly too high. 

The breakthrough of the carrier signals was traced to pick-up of radiated emissions by 

the LNA since they were observed to decrease on turning the LNA off. The emissions 

were located using a small dipole antenna connected to a crystal detector and thence to an 

oscilloscope. Variations in the level of signal picked up by the antenna could be observed 

as fluctuations in the displayed voltage. This allowed the radiated emissions to be traced 

and it was found that they were largely associated with radiation from the outer surface of 

the flexible coaxial cable located in the high power sections of the system. Radiation was 

also evident from the high-power valve amplifiers. It was obvious, therefore, that in order 

to minimise the possibility of active intermodulation interfering with PIM measurements 

that the pick-up of these radiated emissions had to be suppressed. 
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3.7 System Performance 

Since the system consists of connectors, cables, filters, couplers and instruments, 

there are inevitably a number of metallic contacts which arise from connecting the system 
together. Even with the careful choice of system components and thorough cleansing of 

components during assembly, some of these contacts and components may generate inter- 

modulation signals. The residual PIM of the system and must be extremely low in order 
to make maximum use of the available sensitivity. 

In order to asses the system performance and residual PIM levels, a straightforward 

test was carried out. The transmit section of the measurement system is connected directly 

to the detection circuit with no sample or test chamber in place. Any PIM which is 

recorded will be entirely generated by the system. Although the basic system described 

was constructed from good quality commercial parts and carefully assembled, a residual 

PIM level of approximately -60dBm at the DUT for carrier powers of 20Watts each, was 

recorded. In comparison with the desired degree of sensitivity of around -150 dBm, this 

was extremely poor. 

Generally, PIM levels associated with contact phenomena are fairly inconsistent and 

somewhat random in nature [ 19,37]. However, in this case the high level of residual inter- 

modulation was observed to be very stable. Such consistency may be expected from 

distributed PIM sources like ferromagnetic materials but since there are no such materials 

in the system, this cannot be the case. One might also expect to see a consistently high 

level of IMD due to nonlinearities in active devices, however, the recorded levels of carrier 

breakthrough would result in much lower levels of intermodulation suggesting that this 

isn't the cause. A reasonable explanation could be that there are a large number of contacts 

which are producing PIM and are distributed through the system such that statistically, 
they tend to average out at a high level. In order to find out more it was decided to embark 

upon a measurement programme to locate the source(s) of the residual intermodulation 

and remove it. 

3.8 System Component Tests 

In order to identify those parts of the system which contributed to the level of residual 
intermodulation, it was decided to perform PIM tests on the various components that go 

to make up the system. However, the performance of most of these components can only 

be investigated at their design frequency and, in the absence of a separate low-PIM L-band 

test facility, this presented a problem. Any measured PIM in the system could be influ- 

enced by several components making it difficult to attribute PIM generation to any one 

device. 
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The difficulty with trying to eliminate sources of PIM is that the level is usually domi- 

nated by one particular mechanism or component. Changes can be made that reduce PIM 

from other mechanisms or components, however, no improvement will be evident until 
the dominant source is removed. It is also worth noting that if changes have been made 

prior to the eradication of the dominant source of PIM, then the improvement which is 

observed may not be entirely due to the removal of that source. 

In the event, a lengthy series of tests was undertaken on different combinations of 

components in order to try and establish those which dominate the residual PIM. The 

results indicated problems in 4 principal areas, namely, couplers, filters, cables and 
connectors. The findings are discussed next. 

3.8.1 3dB Hybrid Couplers 

One of the coupler units was disassembled in order to examine the construction of the 
device. On closer inspection it was discovered that there were several features in the 

construction of the coupler which could be susceptible to PIM generation. The most 

obvious of these was the female, N-type, panel mount connectors. There are four of these 

on each device and each one is fixed to the coupler body using only 2 small diameter screw 
fasteners. This is not generally considered sufficient to provide the high contact pressures 

required to reduce PIM at metal interfaces. Similarly, the enclosure which houses the 

coupler is of a box and lid arrangement, the lid being fixed by eight small diameter screws 

which are also considered to be inappropriate for a low-PIM device. 

Inside the device it was found that the coupling mechanism is facilitated by overlay 
coupled strip transmission lines which had been etched onto either side of an unknown 

substrate material. This too gave cause for concern as it was difficult to determine the 

nature of the materials used in the construction of the unit. The materials used in the 

coupling section will be exposed to the full excitation power of the system during normal 

operation and so should not generate a significant amount of PIM. It is known that Chro- 

mium is often used in the microstrip industry as a base material to provide superior adhe- 

sion to substrate materials. The chromium is then plated to the desired thickness using 

copper or gold. Chromium however, is a known ferromagnetic material hence its presence 
is highly undesirable in any low-KM assembly. The substrate material too is an unknown 

quantity. Little research has been conducted to determine the PIM performance of dielec- 

trics or substrate materials, and as a rule, their use should be limited to situations where 

they are exposed to low field strengths. 
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The transitions between the N-type connectors and the strip-line sections were made 
by soldering the centre-pins of the connectors directly to the copper track. Upon opening 
the device it was discovered that one of the transitions had been poorly soldered and the 

two conductors had become detached. The joint had been maintained only by the pressure 
fit of the enclosure and was very unlikely to deliver low PIM operation. 

The hybrids were tested by applying both carriers to one port at a nominal power level 

of 2Watts per carrier, and then measuring the PIM level at one of the coupled ports. Both 

of the unused ports were terminated with reels of UR M43 cable to act as 50 Ohm loads. 

However, in all cases, no increase in the residual intermodulation level of the test setup 

was observed. This is likely to be due to the presence of more dominant sources of PIM, 

from the filters for example. 

3.8.2 Filters 

The Trilithic® filters which were used in the system were opened up and examined 

thoroughly. Fig. 3.15 shows the internal construction of one filter. From inspection it 

appeared that these filters would be more likely to be a cause of high residual PIM levels. 
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by screws and there are many threaded tuning adjustments. Any PIM problems arising 
from the many areas of metal to metal contact will be exacerbated by the fact that the cavi- 
ties are of very high Q in order to give the narrow bandwidth required. Therefore, in the 

combiner section, one carrier in each chain will be present at very high power densities 
leading to high voltage and current intensity at localised points. 

The filters had to be tested in different ways due to their different resonant frequen- 

cies. It would be unwise to test the forward PIM levels of the 1560MHz filter for example 
because the filter would tend to reflect any PIM signals which it generated. Measurements 

revealed that for carrier levels of 1 Watt per channel, all of the filters generated PIM levels 

around -65dBm. The levels were seen to be constant and insensitive to mechanical distur- 
bances and so clearly indicated a problem with these filters. 

3.8.3 Cable Assemblies 

PIM generation in coaxial cables is normally attributed to contacts in the braid, or at 

cable connector joints. In the case of Belden 9913, concern was expressed about the 

performance of the aluminised screen which was thought to be subject to cracking. In 

general, the larger diameter cables such as Belden 9913 and RG 214/U are found to have 

relatively constant levels of PIM which are not too sensitive to mechanical disturbance, 

while smaller cables such as UR M43 and RG 58C/U can give low PIM levels but are very 

sensitive to disturbances where the cable enters the connector, commonly causing 
increases of 10dB to 30dB. An exception to this is RG 213, a 10.3 mm diameter cable 

similar to UR M67, which was sensitive to handling along its length. 

The results of the cable tests are summarised in Table 3.2. All the cables tested were 
representative of normal laboratory cables in that all were at least a few months old but 

none had been subjected to mechanical damage or exposed to harsh environments. Silver- 

plated, brass, N-type connectors by Greenpar Ltd., were used on all the flexible cable 

assemblies. Connection to the braid is by a clamp-type arrangement whilst the centre pins 

are soldered. The connectors were thoroughly cleaned with IPA before the tests. 

The best results that could be obtained are given and, particularly in the case of the 

small diameter cables and RG 213/U, much worse results were more common. All the 

tests were performed with 2 Watt carriers. PIM levels in the region of better than -100dBm 
should be taken as representing the limitations of the test system; higher levels are indic- 

ative of PIM generation in the test cable and are more precise. 
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PIM levels in cables are known to be a function of length. In the table, S, M, and L 

denote short medium and long cables respectively. The actual lengths depend on the atten- 

uation for each cable type. Short cables are typically 15 cm to 50 cm long, such as would 
be used for interconnections between system components, and where the PIM level is 
likely to be largely determined by the cable-connector interface. Medium cables are 

around 10 metres in length for the lower loss cable, with an attenuation of between 1 dB 

and 3 dB to allow detection of forward PIM generation in the cables themselves. Finally 

long cables are 50 metres or more for the smaller diameter cables, and 250 metres in the 

case of Belden 9913, so that essentially all the carrier power is absorbed and the reverse 
PIM level is representative of that expected for use as a dummy load. 

Cable Type Length Forward PIM 
dBm/dBc 

Reverse PIM 
dBrn/dBc 

Belden 9913 S -100 -133 -100 -133 
Belden 9913 M -93 -126 -87 -120 
Belden 9913 L N/A -62 -95 
Belden 9914 M -95 -128 -95 -128 
RG 213/U M -100 -133 -100 -133 
RG 214/U M -103 -136 -93 -126 
UR M43 S N/A -105 -138 
RG 58C/U S N/A -90 -123 

Table 3.2 PIM generation in coaxial cables 

3.9 Conclusions 

Tests on the individual system components have established that the main contribu- 

tors to the residual intermodulation are the Trilithic® filters and the reel of Belden 9913 

cable used for the dummy load (any PIM generation in the short lengths of 9913 used for 

the interconnections is insignificant in comparison). Although no residual PIM was attrib- 

uted to the hybrid couplers at the modest power levels tested, there was concern over the 

way in which the hybrids were packaged and in particular, the mounting of the N-type 

connectors. The connectors themselves must also come under further scrutiny. One area 
for concern is where the outer conductor braid of the cable is fixed to the connector body. 

Clamping seems to produce mechanically sensitive joints which are not conducive to 

obtaining a repeatable and stable level of residual PIM. The centre pins having small 

geometries are subject to high current densities and these too could prove problematic in 

the quest for a highly sensitive and stable measurement system. 
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3.10 Initial Improvements 

Several steps were taken towards improving the PIM measurement system. These 

short-term actions were carried out in order to reduce the level of system residual PIM and 
the breakthrough of the high power source signals to the detector. 

3.10.1 Shielding 

The breakthrough levels recorded in Section 3.6.3 are potentially threatening to the 

sensitivity of PIM measurements using the system. As previously mentioned the level of 
breakthrough was largely associated with the pick-up of radiated emissions from flexible 

coaxial cables and from the high-power valve amplifiers. To control the level of break- 

through it was deemed necessary to provide electromagnetic shielding between the high 

power part of the system and the detection circuitry. 

Due to impending tests at ESA's site in the Netherlands [13] (described in Appendix 

A) it was felt that the portability of the system should not be compromised. It was there- 

fore decided to integrate each of the two parent signal sources, with attendant preampli- 
fiers and D. C. supplies, in two separate 19 inch racking units, with the combiner circuit in 

a third. These were than mounted in a 19 inch wheeled trolley frame, with the high-power 

linear valve amplifiers mounted below. Additional shielding was added to the rear of the 

high power amplifier unit in order to curb the signal leakage problem that was found there. 

The result was a highly mobile and robust assembly that is laboratory mobile and could 
be readily transported, with minimal disruption, in a small van. 

Fabricated in heavy duty aluminium sheet, the racking units help to reduce emissions 
from coaxial cables and discrete components. Suitably connected, the units also provide 

a sound grounding system on which to mount components, ensuring adequate earth conti- 

nuity throughout the system. The units are shown in Fig. 3.16. 

In addition to preventing radiated emissions from reaching the sensitive detector, it 

was also decided to reduce the susceptibility of the LNA by placing it inside a galvanised 

metal box. The D. C. supply lines were fitted with capacitive feed-throughs to attenuate 

signals entering the box via the leads by over 70 dB. R. F. bulkhead connectors were also 

employed for the same reason. 

The effect of the above measures was to reduce the breakthrough of the high power 

source signals to the levels indicated below: 

1530 MHz: -85 dBm 1560 MHz: -80 dBm 
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i .. 
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Fig. 3.16 19-inch rack assembly 

Although the levels have not been completely suppressed, any active IM produced by 

the LNA or the spectrum analyser will be well below the thermal noise limitations of the 

system and will pose no threat to the sensitivity of PIM measurements. 

3.10.2 Recabling 

As indicated in Section 3.8.3, the flexible cable assemblies in the system which were 

subjected to the high-power source signals, were found to be a dominant source of 

residual PIM as well as providing a significant level of radiated emissions. In order to cure 
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the problems associated with this type of cable construction, the flexible cable assemblies 

were replaced with semi-rigid media. The solid outer conductor used in semi-rigid cable 

gives improved shielding and PIM performance over the braid or foil shields used in flex- 

ible cable. This is primarily due to the absence of metal junctions and more consistent 
dimensional characteristics. This is particularly evident at bends in the cable where the 
field patterns can become distorted, which, in braided cable can cause current to appear 

on the outside of the outer conductor. 

Cables and connections in the PIM critical areas of the system, i. e. where both parent 

signals exist at high power, were replaced with industry standard UT 250-A semi-rigid 

cable. This is a 0.25 inch diameter cable with a seamless solid copper outer conductor, 

solid PTFE dielectric and a silver plated, solid copper inner conductor. This size of cable 
has greater conductor dimensions than the more commonly used UT 141 (0.141 inch 

outer conductor) and therefore delivers lower associated current densities and conse- 

quently a reduced propensity to generate residual PIM. In areas where PIM generation 

was not considered to be a problem (e. g. in the isolated feed chains) but radiated leakage 

was still a possibility, the cables were replaced by the UT 141-A cable which offers the 

same shielding qualities but is less costly and easier to work with. 

In addition to the recabling, the test bed was covered by a large section of aluminium 

sheet which was earthed at several points along its length. The purpose of the sheet is to 

provide sound earth continuity for the components of the system, which rest on top. The 

components, which largely make up the PIM sensitive areas of the system, were arranged 

to have bare metal contact with the ground plane which involved the removal of paint and 

coatings where necessary. This type of ground plane, referred to as a multi-point 

grounding system, is one where each ground connection is made directly to the ground 

plane at the closest possible point to it, thus minimising ground connection path lengths 

[15]. This provides a multiplicity of different paths and avoids the resonance problems 

that can arise in single point earthing. The ground plane is necessary to provide a well 
defined ground reference for the system and to aid in the reduction of EMI in the system 
due to the pick-up of signals from other equipments. 

In addition to reducing emissions, complete semi-rigid cable-connector assemblies 
have a much better overall PIM performance than those using flexible cables. Flexible 

cable is far more susceptible to PIM where it is joined to a connector because the braid or 
foil of the outer conductor is merely clamped into the connector. This results in multiple 

metal-metal junctions, having a loose structure and therefore an unpredictable PIM behav- 
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four. On the other hand, semi-rigid cables tend to be soldered into the connector providing 

a far more consistent connection and a more continuous current path. This leads to lower 

levels of PIM which are far more stable and consistent. 

3.10.3 Improvement of High Power Load 

The high power load, used to dissipate the parent signals, has been shown to be a 

significant source of residual PIM. Any non-linearity associated with the load will 

generate PIM signals which will propagate back into the detector circuit thus raising the 
level of system residual PIM. The best loads, in terms of linearity, have been found to be 

long lengths of coaxial cable. 

Previously, in the UKC system, a long length of Belden 9913 flexible coaxial cable 

was used for this purpose. However, as discussed, this type of cable has been found to be 

a major source of residual PIM and was therefore replaced by two coils of UT . 141 semi- 

rigid cable, each 20 metres long plus an additional 45 metre length of UT. 250. The 

UT . 250 has higher power handling capability but lower attenuation, and is used to reduce 

the parent signal levels before they reach the UT . 141 cable. 

As has been discussed, semi-rigid is less prone to PIM production than flexible cable. 

This load provides approximately 70 dB attenuation of the parent signals, and further 

attenuation may be achieved by adding a length of flexible coaxial cable to the end. Any 

PIM produced in the flexible cable will not be of a significant level since the parent signals 

will have been attenuated by the previous length of semi-rigid cable and the PIM signal 

itself will be similarly attenuated on the return journey up the cable. 

3.11 Improvement in PIM Performance 

To verify the effectiveness of the system in the new configuration with new cables 

and shielding, tests were carried out to measure the residual PIM of the system in the 

configuration of Fig. 3.11. Results for two 25 Watt carriers indicated that the Trilithic® 

filters, in use throughout the system, remained the dominant source of PIM in the system; 

hence, there are no figures for improvement in this area. However, the residual PIM level 

was observed to be far more consistent than before, in that it was no longer observed to 

fluctuate in relation to cable movement. Thus, it is reasonable to suppose that PIM sources 

associated with the cables and connectors are now greatly reduced, although the filters 

remain the principal residual sources. 

As a result of the experimental findings, and upon closer scrutiny of the system 

components, it was evident that the performance of several of the system components was 

unsatisfactory. Improvement of the system shown in Fig. 3.11 was required in the PIM 
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critical areas of power combination and PIM signal isolation. The specific components 
targeted for development were connectors, hybrids and filters. Experience with commer- 
cially manufactured components led to the decision to design and manufacture a range of 
purpose designed, low-PIM devices at UKC. The development of these components and 
the low-PIM techniques employed are the subject of the next chapter. 
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Measurement System Development 

This chapter describes the components which were designed 
to improve the performance of the PIM measurement system. 
This involved the modification of the system in 3 main areas 
namely, connectors, filters and hybrid couplers. Their 
development is reported along with the design and 
implementation of test enclosures for the proposed 
measurement program. The chapter concludes with a 
description of the improved system. 

4.1 Introduction 

The development of a passive intermodulation (PIM) measurement system using 

commercial components was described in Chapter 3. At present it is not possible to obtain 

commercial components which can be configured to deliver the very low levels of residual 
PIM required of modem measurement systems. This has been shown to be the case. 
However, the initial objective of building a working PIM measurement system has been 

achieved. 

In general the residual PIM level of a system or device will be governed by one domi- 

nant mechanism at a time. This will tend to obscure the effects of other, less intense, 

sources of PIM. Accordingly, the only way to observe a reduction in the level of residual 
PIM in a system is to successively cancel the effects of the most dominant mechanism 
leaving the next dominant mechanism to dictate the performance. If measures are taken to 
improve the system which reduce the effect of sub-dominant mechanisms yet do not affect 
the dominant mechanism, little or no improvement will be recorded. This contrives to 

make the improvement of PIM systems a difficult task. Iris also very difficult to give exact 
figures for the improvement in PIM system performance in response to specific counter- 

measures. Measures taken to reduce PIM may be seen to be ineffectual but the effects may 
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be masked by more dominant PIM sources. Hence, the development and improvement of 
PIM measurements involves a lot of cut and try experimentation in order to identify and 

minimise the dominant PIM mechanisms. Every PIM measurement system will inevitably 

require this process of development as it is extremely unlikely that a system will deliver 

state-of-the-art performance at the first time of asking. 

One of the primary objectives of this project was to develop a stable and reliable PIM 

measurement system with a very low level of residual intermodulation. In the last chapter 
it was observed that this was far from being the case owing to PIM generation from most 

of the functional parts of the system i. e. cables, connectors, filters and couplers. Exami- 

nation of these components indicated that each was likely to generate significant levels of 
intrinsic PIM. The next step was to consider each of these elements individually and, by 

applying the experience and knowledge gained, to develop custom low-PIM replace- 

ments. 

This chapter deals with the developments which came about as a result of the effort 

to improve the L-band system. It has already been discussed that the flexible coaxial 

cables used in the critical parts of the system were replaced by semi-rigid media with 

promising results. 

4.1.1 Change of PIM Product 

As the principle sponsor of this project the European Space Agency has had a signif- 
icant amount of input as to the direction of the project. It has been mentioned in Section 

1.2 that the ARTEMIS communications satellite is currently giving cause for concern due 

to its high vulnerability to interference from PIM. In particular, it is the upper 7th order 
PIM product at 1650MHz which poses the greatest threat. 

Due to the early difficulties which were initially encountered in trying to achieve a 

very low level of third order residual PIM, the system was reconfigured to enable meas- 

urements of 7th order products. This allowed a direct comparison to be made between the 

UKC system performance and that of other established systems operating at 7th order. 

The 7th order products are those which relate directly to the ARTEMIS program, there- 

fore ESA contractors (Ericsson and Matra Marconi Space) working on ARTEMIS have 

developed PIM test beds for performing qualification tests on ARTEMIS sub-systems. 

Comparable performance by the UKC system with these systems was taken as an indica- 

tion that satisfactory performance had also been achieved at 3rd order. The switch to 7th 

order also means that any measurement data produced by the system will be directly 

applicable to the ARTEMIS project without the need for extrapolation. 
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The principal effect of the change was that the custom low-PIM components 
described in this chapter should operate at the 7th order product frequency of 1650MHz. 
In practice the broadband components were designed to operate from the low carrier at 
1530 MHz to the upper 7th order product. This equates to a 7.5% bandwidth which should 
not present any difficulty. The narrowband components i. e. the filters, were designed to be 
tuneable over the same range. 

4.2 Development Aids 

During this phase of the project, several development tools were utilised to design and 
test the low-PIM components. These will be described first. 

4.2.1 Software 

Two different software packages were used in the development of the components 
described in this chapter. The packages are used to simulate different structures and 

circuits, allowing their operation to be verified and fine tuned before they are built. 

4.2.1.1 High-Frequency Structure Simulator 

The HP 85108A High-Frequency Structure Simulator (HFSS) from Hewlett Packard 

is a software package that analyses the electrodynamic behaviour of passive structures. It 

computes scattering parameter (S-parameter) responses and electromagnetic field distri- 

butions for passive, three-dimensional structures. 

The package is used to draw the geometry of any multi-port, enclosed structure which 
is to be modelled. The simulator then uses Maxwell's equations to solve for the electro- 
magnetic fields and calculates the S-parameters to user-specified accuracy. The system 
can handle unrestricted geometries that can contain an unlimited number of dielectrics 

and ports and is only limited by the computing power or hardware which is available. 

The traditional, manual, process for solid modelling and analysis consists of two- 
dimensional paper drafting, submitting the design to a workshop for prototyping, building 

the structure, testing it and measuring its properties. 

With HFSS, this `cut and try' process is replaced by modelling and analysis at the 

computer workstation. The software allows the designer to draw and revise a model. A 

number of post-processing capabilities allow the designer to determine and observe the 

electromagnetic properties of the structure as field plots on the computer screen, thereby 

providing much more information about the structure than could ever be delivered using 
traditional methods. 
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4.2.1.2 Microwave Design System 

Hewlett Packard also produce a large suite of software packages collectively known 

as the HP 85200A Microwave Design System (MDS). MDS is a fully integrated, 

computer-aided engineering environment which provides capabilities for taking designs 
from conception through physical representation, and production documentation. 

The main function of MDS is to provide for complete network modelling and anal- 
ysis. Circuit schematics are entered using extensive libraries of individual components, 
including transmission lines, capacitors, transistors etc. These components are connected 
together to form individual circuits. e. g. designs can be formed on multiple layers to allow 
for the design of complete systems. 

The individual responses of the basic building-block components are described math- 

ematically within the software, based on the most up-to-date models available. The 

parameters of each component (e. g. transmission line impedance, length, dielectric 

constant, loss etc. ) are user-definable in order to customise circuits to correspond to the 

specific user application. It is also possible for users to define their own models, incorpo- 

rate real measurement data from network analysers etc. and incorporate output data from 

packages such as HFSS. 

Due to the mathematical representation of the components, simulation is very fast and 

efficient. Much larger circuits can be simulated than with HFSS. Once simulated, the 

circuits may be analysed in numerous different ways. Circuits may be fine-tuned and 

altered in order to gauge trade-offs between parameters and predict manufacturing sensi- 

tivities. The whole system is controlled via a completely integrated graphical user inter- 

face which makes for easy interpretation of results and general ease of use. 

4.2.2 Network Analyser 

The network analyser is a vital piece of equipment to any RF or microwave engineer. 
The instrument is used to provide data on the physical performance of both active and 

passive, high-frequency components. The Wiltron 360 vector network analyser used 

throughout this project provides both amplitude and phase information about the propa- 

gation of signals through a certain device. 

Network analyser systems contain the following elements in one form or another: 

(i) Signal source 

(ii) Test Set 

(iii) Network Analyser 
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The signal source provides the stimulus to the device under test. Frequency stability 
of the source is an important factor in the accuracy (especially the phase accuracy) of the 

network analyser. The test set is a two port instrument that samples the incident, reflected 
and transmitted signals. Finally, the network analyser analyses the I. F. signals from the 
test set for phase and magnitude data which is then presented on the display. The analyser 
also acts as the central controller for all of the individual components, synchronising their 

operation. 

Measurements are made by comparing the relative magnitude and phase variations 
between the signal incident upon the device under test (DUT) and the reflected or trans- 

mitted signal from the DUT. Since the measurements are relative, they accurately define 

the response of the DUT only. Anomalies in the incident signals are removed by cali- 
brating the system before performing any measurements. 

4.3 Low - PIM Connection Principles. 

4.3.1 Introduction 

It is evident from previous studies of PIM and from initial work on the UKC L-band 

measurement system that points of direct metal-metal contact (and their associated mech- 

anisms), are prominent sites of PIM generation. Points of contact are discrete, localised 

and easily identified. PIM generation at these points is, however, very difficult to control. 
Until now, the problem has been dealt with by simple brute force. Junctions are made at 

very high pressures (>60MPa [19])in order to force a large number of microscopic point 

contacts (or a-spots) to support current flow. The effect is merely to reduce the current 
density at any one point of contact which reduces the amount of overall PIM produced (as 

seen in Section 2.4.2.1). However the degree of improvement is not readily predictable 

and is likely to be highly variable. The resulting PIM levels are also liable to be unrepeat- 

able as the microscopic properties of a junction under high pressure are prone to change 
over time or if subjected to even slight mechanical agitation. 

The dominant factor at such junctions is the current density across the junction. In 

general, the effect of any non-linear behaviour in the conduction of current is reduced as 

the current density is reduced, resulting in lower levels of generated PIM. This is the logic 

behind the high pressure approach. 

This section examines a novel approach to the problem and that is to use established 
transmission line techniques [110-113] to greatly reduce the flow of current across points 
of metal-metal contact. It will be seen that these techniques can be readily applied to the 
PIM measurement system situation in order to provide low-PIM connections in all of the 
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critical areas of the system. These techniques will also provide structures that improve the 
PIM performance of the discrete system components such as filters and couplers. It will 
also be seen that the methods minimise the high variability in PIM performance which has 

troubled most systems to date. 

4.3.2 Series Connected, Branch-line Stub. 

A single-stage, series connected, branch-line stub is depicted in Fig. 4.1. When the 
length of the stub, 1, is A/4 long at the design frequency, wo, the open circuit terminating 

the stub is transformed, by the intrinsic nature of transmission lines, to a short circuit at 

the input of the stub at A-A' as follows. 

O/C 

Zo Zoi IS 

11 

g 
Zo Ai A' zo Vin 

/v in ZO ZL"I 
B, 

Fig. 4.1 Single-Stage, Series Connected, Open Ended Stub. 
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Fig. 4.2 Two-Stage, Series Connected, Short Circuited Stub. 

The input impedance to a length of line, 1, of characteristic impedance, ZO, and termi- 

nated in an impedance ZL is defined as: 

ZL + jZo " tan (3l 
Zen = ZQ - Z0 + jZL - tan (3l Eq. 4.1 
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ß=ci/v, where w is the frequency and v is the velocity of propagation. When ZL- i. e. 

open circuit, and l=kl4, i. e. 01=90° then Z;,, equals zero. 

At point A-B, the signal on the main, through, transmission line will see an impedance 

of ZL =Z1, ß (stub)+Z0 (main line). At the design frequency Z, n (stub) is zero and the imped- 

ance seen by the main line is just ZO. The junction is therefore perfectly matched and the 
RF signal in the main line passes unattenuated to the output port of the network. However 

current still flows in the branch line and a large standing wave ratio is present. Note, that 

there is no physical contact between one of the input conductors and the corresponding 

output conductor, therefore there will be no problems associated with PIM at points of 

contact. 

In many practical cases, it is difficult to achieve an ideal open circuit termination. If 

the open circuit is coupled to free space, it will act, to a certain degree, as an antenna and 

will readily transmit and receive signals via the stub. In terms of EMC this is highly unde- 

sirable and therefore, an alternative must be found. The situation may be avoided by 

adding a second length of transmission line to the end of the stub which is terminated in 

a short circuit, as in Fig. 4.2. 

For the single stage stub it was found that an open circuit termination is transformed 
by a quarter wavelength section of transmission line to a short circuit. The converse is also 

true, that is, a quarter-wavelength section of transmission line terminated in a short circuit, 

will have an infinite input impedance, i. e. an open circuit. 

The length of the additional second stage is made ? J4 long at the design frequency so 

that the short circuit is transformed to an open at C-C' by Eq. 4.1. This is further trans- 
formed to a short circuit at A-A' as for the single stage stub, giving the desired, low reflec- 

tion at the design frequency. 

The current flowing in the branch is a maximum and the voltage across the branch is 

zero at the short circuit termination and at the input at A-A'. At C-C', the `effective' open 

circuit, the voltage is a maximum and the current is zero. Since the current is zero, the 

circuit may be broken there and the physical connection made between the two lines. At 

the mid band frequency, any junction impedance or discontinuity effects (represented by 

Zj) will be in series with an open circuit, therefore no current flow will exist across the 

connection and once again, the amount of PIM generation associated with the junction 

will be greatly diminished. 

Since both of these circuits use a resonant configuration, depending on the lengths, 1, 

being A/4 at the frequency of interest, the frequency sensitivity of the impedance at the 

junction must be 'taken into account in order to determine its useful operational band- 
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width. The useful bandwidth is the range of frequencies where the transmission of RF 

signals takes place with minimum attenuation or reflection. For most systems a return loss 

of greater than 25 dB is acceptable. 

4.3.3 Analysis 

To find a useful expression for the bandwidth of the circuit, it is necessary to obtain 
an expression for the return loss in terms of the only variable, frequency. All other param- 
eters for a practical circuit will be constant. The two-stage stub is the more complex 
circuit, hence, only it's analysis will be covered in detail. 

The equivalent circuit of Fig. 4.2 is as shown in Fig. 4.3: 

zo Zin 
A 

vi ^/ ZO 
B 

Fig. 4.3 Equivalent Circuit of Fig. 4.2 

The reflection coefficient at A-B, seen by the generator is given by: 

ZL-ZG 

rZc 
Z`n Eq. 4.2 

Yin 

Consider Fig. 4.2. Using the impedance transformation equation (Eq. 4.1) and working 
back from the short-circuit termination (ZL=O) we have: 

Zinz = jZ02 " tan ßl2 

Given that 12=ß, p/4: 

Eq. 4.3 

_2nonw ßl Eq. 4.4 2 
ý'' 

J_ lý ýJ - 
ýý 

Co", ) 

94 



CHAPTER 4: Measurement System Development 

Near mid-band, co-wo and tanßl2 will be very large, infinite at mid-band. If the junc- 

tion impedance, ZJ (contact resistance and other discontinuity effects), is kept less than 
42, it may be neglected. This suggests the desirability of making Z02 as large as possible, 
which as we shall see later, is desirable for other reasons as well. 

Next we must take account of the second quarter wavelength section of transmission 
line of impedance Z01. Neglecting Zp the impedance terminating this section of line is just 

Z, n2. Once again, using the impedance transformation of Eq. 4.1, this can be referred back 

to the plane of the junction, at A-A' to get: 

_ 

Zin2+jZO1tanßll 
Zin ZO1 ' ZO1 +jZin2tanßll 

ZO2 tan ßl2 + Zol tan ßl1 
= jZO 1 z01 - ZO2 tan ß ll tan ß l2 

Zo l tan ß ll 
1+ 

_1 

Z01 Z02 tan ß l2 

tan ß l1 ZO 11 1-(* 
tan 1" tan 2) 

Additionally, given l1=%0/4, we may write after Eq. 4.4: 

nw ßl1=ßl2=2"w0 

Near mid-band tan 01 - oo therefore we may neglect the term 
in the denominator of Eq. 4.5, hence: 

1 Zol 
Zin jZ0 1" 7ý GJ \1 

+ 02/ 

tan( 
\o 

Eq. 4.5 

Eq. 4.6 

Zo1 1 
Z02 tan ßl1 " tan (312 

Eq. 4.7 

Now co can be expressed as wo-ew where wo is the mid-band frequency at which 
ßl=in/2 and Ao is the difference between co and coo, hence: 

1_1 
rn wl - /lt w0- w 

tan I" woJ tan l7"l wo JJ 
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Eq. 4.8 
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By trigonometric identity: 

tan a- tan (3 
tan(a-(3) _ +tanatan 

I- 
tatan 

Pn 
CX 

Eq. 4.9 

tan a+ tan (3 

IC Ow nA With a=n/2, tan a=-- and (3 =" 15o , Eq. 4.8 becomes tan 
(ý 

" wo) 

Near mid-band is small and for 0 small, tang-0,1, therefore tanl " 
Wol 

is well 
7r ACO 

approximated by (7 
" go 

) 
and Eq. 4.7 may be written: 

Zing` -jz01*(A 
Ir J 

Eq. 4.10 
O/ 

Since losses have been neglected, the impedance Z;,,, is naturally, purely reactive. The 

reflection coefficient may now be determined from Eq. 4.2. Near mid-band, Z;,, will be 

much less than 2Z0, hence: 

Zin 
r= 27, 

n 
zin 

Zol OCO Z01 
Eq. 4.11 

nl (l 
=O lwo 2J ll +ö) 

Zoi Ow n Zoil 
and Iý ="ýao"7)"(1+ öJ 

ACS 
Rearranging to get jo gives us the desired expression in terms of frequency: 

Ac') 4"Zo"Irl 1 
"- Eq. 4.12 wo It. 70-1 Z 

C1 + 702)' 

Now, Ow/coo is known as the half-fractional bandwidth and is representative of the 

separation from the mid-band frequency, wo, to the lower frequency at which the magni- 

tude of the reflection coefficient is Ifl. Due to the symmetry of the response about wo, the 

bandwidth between points of equal Ill is simply twice &o. 
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It will be noted that the bandwidth is proportional to: (a) Z0/Zol and (b) (1 +Zo2JZo1)" 
Therefore, to achieve the highest possible bandwidth for a given return loss, it is desirable, 

in view of (a), to make Zol as small as possible compared with ZO. In view of (b) it is 

desirable to make Z02 as large as possible compared with Z01; the desirability of making 
Z02 large was pointed out in the discussion leading to Eq. 4.5. However, the bandwidth 

will always be limited to 20 o due to the resonant nature of the quarter wavelength 

sections. 

Several plots of return loss against normalised frequency, co/wo, are presented in 

Fig. 4.4 to illustrate the relationships. The plots represent different values of Z0/Zol and 
ZoIIZ02 and were obtained using Eq. 4.5. 

m 
V V. 

w 
Y, 
U) 

C 
J 

7 

1% 

o, 
; 

-10 ._..... .............................................. ....... 

-20 .............................................. ... 

-30 -------; - ------------ ._................ ...... _ _ý............... ' 

-50 .............. :.................................. 

-60 ------------- 

-70 --------------------------- --.. -------- 

-80 

Zo 50, Zo2JZo1=2 .... ........ 
-- -Zo=50, Zo2JZo1=5 
--9-Zo=50, Zo22o1=1 

0 0.5 1 1.5 2 

Frequency (GHz) 

Fig. 4.4 Return loss two stage stub 

2.5 3 

Recalling the single stage stub of Fig. 4.1, a similar analysis yields: 

0w 2 -1 2. Zo ' Irl r1 
coo- n" tan l zol ) Eq. 4.13 

Which also indicates the need to keep Zo»Zol. These impedance relationships are 

important to bear in mind when implementing the circuits. 
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4.3.4 Implementation 

There are several ways of physically implementing the circuits of Fig. 4.1 and Fig. 4.2. 
In this project, the transmission medium was coaxial line, hence, only coaxial versions of 
the circuits were considered. Fig. 4.5 and Fig. 4.6 illustrate cross sections of some of the 

circular waveguide 
below cutoff 
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Zo Zo Zo 
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Fig. 4.5 Inner Conductor Configurations 
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Fig. 4.6 Two Stage Outer Conductor Configurations 

The single stage series branch-line stub can be implemented quite readily in the centre 
conductor of a coaxial transmission line structure as illustrated in Fig. 4.5 (a). Provided 

that the gap in the centre conductor of the through line is small compared with a wave- 
length (<O. 1%), the previous analyses will hold true. 
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The open circuit is formed at the end of the stub by making the receptor hole slightly 
longer than the stub. This leaves a short section of small diameter circular waveguide 

which will not support RF transmission of the coaxial TEM mode. The cutoff frequency, 

f, for the next higher mode is at a frequency whose wavelength is 1.706"rs, where r, is the 

radius of receptor hole. When rs is small, say 3mm, fc is greater than 50 GHz therefore at 
lower frequencies the short section of waveguide acts as a very effective open circuit. 

If enhanced performance is required then the configuration of Fig. 4.5 (b) may be 

used. However, it is more difficult to implement since the centre conductor diameter of 

coaxial lines is usually of the order of a few millimetres, hence, the structure would be 

difficult to fabricate. 

Fig. 4.6 depicts cross sections through the outer conductor of the coaxial transmission 
line. A single stage stub in the outer conductor would be impractical since the open circuit 
termination would provide an electrical interface with the outside world, hence, only two 

stage stubs have been considered. 

The branch impedances are formed by using the outer conductor of the main line as 
the inner conductor of the stub. For the connectors developed at UKC, subsequent discus- 

sions will be limited to the configurations of Fig. 4.5 (a) and Fig. 4.6(a). 

4.4 UKC Low-PIM Coaxial Connector 

The series branch-line stub techniques described above have been used to design and 

manufacture low-PIM connectors for: 

(i) Mating together, two pieces of UT-. 250 semi-rigid coaxial cable. 

(ii) Mating UT-. 250 coaxial cable to custom designed coaxial components in the 
UKC, L-band measurement system. The components consist of filters, couplers 

and test enclosures and will be discussed in subsequent sections. 

To demonstrate the design principles, the UT-. 250-UT-. 250 connector assembly will 
be discussed in detail. A schematic of the assembly is illustrated in Fig. 4.7. The design 

frequency of the device was chosen to be 1.56GHz, at the mid-band of the measurement 

system. 

The series stub is formed in the centre conductor after the arrangement of Fig. 4.5 (a). 

The centre conductor of UT-. 250 cable is only 1.63mm in diameter, therefore it was not 

possible to machine the structure directly from the cable. Accordingly, special pins were 

fabricated from brass which were soldered directly onto the centre conductor of the 

UT-. 250. 
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The male pins were made to be a3=3mm in diameter which was considered large 

enough to be easily machined and provide the desired mechanical rigidity; yet small 

enough so that the female section of the connector (or component) did not have to be 

excessively large to accommodate it. The pin is covered with a heat-shrinkable PTFE 

sleeving which forms a tight fit around the pin and prevents Ohmic contact between the 

two pins. On heating, the sleeving reduces to 0.15 mm in thickness, increasing the effec- 

tive diameter of the pin to 3.3 mm. The male probe then slots into the hole in the female 

pin which has been drilled out to bs=3.3mm. The internal assembly is shielded by the 

female pin and the concentric conductors serve to effect the impedance Z01. 

The characteristic impedance of coaxial line is given as: 

138 (bl 
ZO = logy) 7FEr Eq. 4.14 

Where, b, is the inner diameter (i. d. ) of the outer conductor and, a, is the outer diam- 

eter (o. d. ) of the inner conductor. Hence, the value of Z01 can be made small (as desired) 

by choosing er as large as possible and by making the thickness of the sleeve, and hence 

b/a, as small as possible. In this case ZO1-4f and given that ZO is 5052 the criteria of 
ZO1«Z0, from Eq. 4.12, is satisfied. 

The fit of the connection must be close in order to minimise the effects of air-gaps. 
Air gaps reduce the effective dielectric constant of the section and increase the impedance. 

However, care must be taken to ensure that the inner surfaces of the female pin are smooth 

and free of burrs and sharp edges which can snag or tear the PTFE sleeve, fouling the 

connection. 

Now, the o. d. of the female pin forms the inner conductor of the connector through 

line (section A of Fig. 4.7). For a perfect match at mid-band, the impedance of this section 

should be 5052. Using Eq. 4.14, the ratio of b/a in air to give an impedance of 5052 was 

calculated to be ¢2.3. Accordingly, the through hole size was chosen to be 10.3 mm, 

giving a female pin diameter of 4.4mm. 

The outer conductor branch is formed in the manner of Fig. 4.6(a), using a custom 
designed sleeve which fits over the outside of the UT-250 cable. The sleeve is designed to 

be a quarter wavelength long in air, internally, at the design frequency of 1.56 GHz. One 

end of the sleeve is soldered to the UT-. 250 outer conductor to form the short circuit at 

the end of the stub. The gap between the internal surface of the sleeve and the 

TEMPLEMý 
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surface of the UT-250 outer conductor serves to effect the high impedance second stage 
of the stub (ZO3 of Fig. 4.7). The i. d. of the sleeve is 7.4 mm and the o. d. of the UT-. 250 is 
6.35mm giving an impedance, ZO3, of 9.252, from Eq. 4.14. 

The low impedance first stage is formed by soldering the sleeve, such that a length of 

The outer diameter of UT-. 250 cable is 6.35mm, and is obviously much smaller than 

the 10.3 mm hole in the connector body. To make the gap between cable and connector 

smaller, and Z02 smaller, a brass spacer was soldered to the UT-. 250 as indicated in 

Fig. 4.7. The diameter of the spacer was chosen so that when it is sheathed with PTFE 

tubing, it fits closely into the hole in the connector body and forms the low impedance first 

stage of the outer branch. 

The spacer is 9.1 mm in diameter and the hole is 10.3 mm. Hence, by Eq. 4.14, the low 

impedance section, Z02, is =5.252. The ratio Z03/Z02 is approximately 2. By Eq. 4.12, this 

ratio should be as high as possible. In practice Z03 was limited by the diameter of the 

sleeve. Making the diameter large to increase Z03 would result in a much larger flange 

diameter, making the whole connector very bulky. However, from Fig. 4.4 a ratio of 2 

provides adequate performance over the frequency band of the UKC system. 
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The physical connection between the sleeve and the connector body is made at the low 

current point between the two sections as indicated in Fig. 4.6 (a). The sleeve is screwed 
firmly to the body of the connector using M4 screws to give a strong connection which is 

mechanically sound and ensures a low series impedance across the joint. A good ohmic 
connection is still extremely important in order to produce a highly stable, low PIM signa- 
ture from the joint. 

4.4.1 Bandwidth Performance 

The bandwidth of the individual stubs may be determined from the analyses of 
Section 4.3.3 using the impedance values established in the previous section. The band- 

width was calculated to determine the frequency range where the return loss is greater 

than or equal to 25 dB. In terms of the reflection coefficient, the return loss is given as: 

LR = 20logl )dB 
Eq. 4.15 

For LR=25dB, r'=0.056 and from Eq. 4.12 the useful bandwidth (2-Ow), of the outer, 
two-stage, branch lines was therefore calculated to be 0.88"wo. And from Eq. 4.13 the 
bandwidth, of the inner, single-stage branch line was calculated to be 1.21 "wo. The system 
bandwidth is (1590MHz-153OMHz)/156OMHz=0.04-wo, hence, each stub will provide 

ample bandwidth on an individual basis. 

The bandwidth of the complete assembly, however, must take into account the 

combined mis-match of all three stubs in the connector. At other than the design 

frequency, each stub causes a reflection because it presents a finite reactance in series with 

the main line. 

Prior to building the connector, the whole circuit was simulated using the MDS 

package (described in Section 4.2.1.2) in order to more accurately determine the useable 
bandwidth of the device. Results are presented in Fig. 4.9 and indicate that for a return loss 

of 25 dB the bandwidth is around 950MHz centred on 1.56 GHz or 0.61 "wo, which is more 
than adequate for the present system. However, additional degradation in the actual band- 

width may be incurred due to additional transition discontinuities in the connector. 

4.4.2 Transition Discontinuities 

In addition to reflections from the mis-match of the finite reactances of the out-of- 
band branch-lines, the actual transition between the UT-250 and the centre pins of the 

connector will also present a mis-match to R. F. signals. This is due to changes in the phys- 
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Fig. 4.9 Simulated low-PIM connector performance 

ical dimensions and changes of dielectric on the transmission line. An important design 

consideration for components in general is that reflections associated with transitions are 

minimised. 

If the characteristic impedance of the two lines is equal on either side of the transition, 

one might conclude that no reflection occurs at the junction. This is not the case. The 

effect of the discontinuity is to distort the dominant TEM field in the vicinity of the tran- 

sition. In the paper by Whinnery and Jamieson [114], it is stated that the localised distor- 

tion of the field pattern at the transition may be modelled by the superposition of `higher- 

order' wave types or modes (of the type discussed in Section 3.3.4 on page 55) i. e. the 
transition is seen to generate modes other than the dominant TEM mode. Theory indicates 

that these wave types attenuate exponentially at an extremely rapid rate unless the trans- 

verse dimensions of the transmission line are of the order of ? J2 at the highest frequency 

of interest. The attenuation of these waves is reactive and the effect of the discontinuity 

may be modelled by a lumped discontinuity capacitance shunted between the lines at the 
junction, which causes a reflection. 
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The standard method of dealing with this situation is to extend a short section of the 

smaller inner conductor into the larger coaxial line as in Fig. 4.10. This creates a high 

impedance line section due to the larger ratio between outer and inner conductor dimen- 

sions. If this high impedance section is kept short 1<<X, its behaviour approximates that 

of a series inductance. 

field 

ZO L 

Cl 

T 
C2 

T 
III 

Fig. 4.10 Transition Discontinuity 

ZL+jZ0 tan ßl 
Zl I Zo 

Zo + jZL tan 

n ZL +jZo ßl1 
Given ßl < Zi1 = Zo " Zo1 + jZL (3l1 Eq. 4.16 

ZL +fZo " ßl1 

(01 
Given ZO » ZL Z11 jZo "v 

If C, and C2 are the shunt capacitances due to the steps in the inner and outer conduc- 

tors respectively, an approximate equivalent circuit for the transition is two shunt capaci- 

tors in series with an inductance (as in Fig. 4.10). The voltage-standing-wave-ratio 
(VSWR) can be minimised by choosing the inductance L so that: 

2 
L= Zo1 " (C1 + C2) Eq. 4.17 

Where, Z01 is the characteristic impedance of the short, high impedance section of 
line. C, and C2 will vary from transition to transition depending upon transmission line 

dimensions and the types of dielectric used. For cylindrical coaxial systems the literature 

by Whinnery and Jamieson are an excellent source of data [ 114], [115]. However, most of 

the custom built components for the UKC PIM measurement system utilise a rectangular- 
bar coaxial system for which the data is inaccurate. Nevertheless, the data in the papers 
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can be used for a first approximation by considering a coaxial system with similar dimen- 

sions. The final transition is best modelled on a computer using electromagnetic analysis 

software such as HFSS (discussed in Section 4.2.1.1). This allows the transition to be 

tuned and optimised for the particular application. 

For this project, numerous different transition configurations were required in the 
design of the new components. The transverse transmission line dimensions of the 

components vary quite considerably and each transition must be designed separately. In 

every case, transitions giving greater than 30dB return loss over the frequency band of 
interest, were developed using the HFSS program, and no problems were encountered in 

their implementation. 

4.4.3 Power Handling Capacity 

4.4.3.1 Dimensional Considerations 

The final consideration that was given to the connector design was on the issue of the 

maximum power handling capability of the structure. One would expect that the small 

clearances and small diameters occurring in the branch lines might lead to a serious 
decrease in the power handling capacity of the low-PIM connector. On examination, it is 

found that the small diameters of the inner conductor branch do lead to such a reduction, 
but it is found that the small dimensions of the clearances do not lead to high electric 
fields, since the voltage across the gap goes down quickly as the gap is decreased. 

For a certain voltage, V, on a coaxial transmission line, the electric field, E, at any 

point between the centre conductors is given by: 

_v 
E 

br. 
In 

(a) 
Eq. 4.18 

Where r is the radius to the particular point between the conductors so that a5r: 5 b. 

E and V represent the rms values of the a. c. quantities. 

From Eq. 4.18, the largest value of electric field occurs at r=a, therefore, breakdown 

of the dielectric occurs, initially, near the surface of the inner conductor. To avoid this 

condition, its peak value, F2 
" E, at r=a, must be less than the dielectric strength of the 

insulator, Ed. Thus the maximum allowable rms voltage across the coaxial line becomes: 

a"E 
Vmax = 

D. In 
(a) 

Eq. 4.19 
Nr2 
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Since standing waves are possible on the line, the maximum allowable voltage may 
V(ED) 

be considerably less, namely, V,,, 
ax =1+I, . 

Consider now, the connector detail of Fig. 4.11. The inner stub has the smallest diam- 

eter, al, and a reflection coefficient of r'=1 due to the open circuit termination. Therefore, 
by Eq. 4.19, it is the inner stub which will dictate the maximum power rating of the 

connector. 

The highest voltage in this branch occurs across the line at the open circuit where the 

stub changes from dielectric loaded coaxial line to air-spaced waveguide below cutoff 
(indicated as point `x' in Fig. 4.11). Generally, the breakdown strength of dielectrics is 

much higher than that of air, therefore, the worst case situation would be if the small gap 
at the end of the line was only filled with air. 

ZO2 Z03 
Lo 

ZO 10X a2 ZO 

jo 
Zog ul Qo "I I 

Fig. 4.11 Connector Detail 

The inner branch is excited by a current of amplitude 10 where it joins the main line. 
Consider the situation at mid-band where the line is exactly a quarter wavelength long. 

From Eq. 4.19 the excitation voltage at the input to the line has the amplitude: 

1o' Zoi 6O1 o (a- b ll 

`. 
lnEq. 4.20 Vrms = 

/F` 
_ 

Nr ' r 
1/ 

The line is terminated in an open circuit (YL = co ), therefore the reflection coeffi- 

cient is, I'L =ýL=1, and the rms voltage across the open circuit is: 
YO + YL 
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vO/C = Vrms(1 + I'L) 

= Vrms 

12O"1 o bl 
Eq. 4.21 

_ In (a, 

Equating this with the equation for the maximum allowable voltage on the line 

(Eq. 4.19) we obtain: 

l a l" ED rb ll 120 " Io (hi 
Vmax = J2- 

ln a1 I=" In\a1/ 

Eq. 4.22 
a1 ED 

"I omax = 120 

From Fig. 4.11 it is clear that Io,,, will be the peak current delivered by the generator, 
hence the maximum average power will be given by: 

Pmax 
C2max )2. 

ZO = J2 
Eq. 4.23 

al"ED 2 ZO 

120) "T 

Eq. 4.23 is exact mathematically, however we have neglected the effect of the abrupt 
discontinuity at the end of the conductor in the stub. This will tend to concentrate the field 

at the end of the line. In order to avoid increased fields in this region, the centre conductor 

should be rounded at the end with a radius of curvature no less than its respective, cylin- 
drical radius. Similarly, although no difficulty from breakdown in the outer branch is to 
be expected, it is advisable to ensure that there are no sharp edges where lines Z02 and Z03 

join. 

At room temperature and a pressure of one atmosphere, EDa,,. c3.106 V/m for air. 
However, this value can be considerably reduced in cases where air gaps are present in 

dielectric filled lines. This will be considered next. 

4.4.3.2 Effect Of Air Gaps 

Ideally, the dielectric sleeve in the contactiess series stub is a perfect fit. However, in 

practical situations, this is very rarely the case, and very thin films of air are formed 

between the conductors and the close fitting dielectric (depicted in Fig. 4.12). The air film 

is generally thin enough to cause a negligible deviation in line voltage, characteristic 
impedance and power transmission, but still so thick that it contains enough gas to give 

108 



CHAPTER 4: Measurement System Development 

breakdown trouble. Any thickness which is large compared with the mean distance 

through which an accelerated electron moves, between collisions with the molecules of 

the gas, would be sufficient to cause problems due to voltage breakdown. Since this mean 
distance is of the order of 10-5 cm for air at atmospheric pressure, it is clear that films of 

air, several orders of magnitude greater than this figure could easily occur. 

The breakdown strength of practically all dielectrics is known to exceed that of air by 

a large factor at RF frequencies. Hence, one does not expect any limitation on power due 

to breakdown in the body of the dielectric. Maximum field strengths occur at the inner 

conductors of coaxial lines, therefore, the effect of an air-gap at the outer conductor may 

be neglected. Consider the inner film of Fig. 4.12. Gauss' Law leads to the boundary 

condition that the normal component of electric flux density D is continuous across a 

boundary between two dielectrics. In the case of a coaxial system operating in the TEM 

mode, all of the flux density is normal to the boundary between the air and the dielectric 

so that: 

Dmateriall = Dmaterial2 
Eq. 4.24 

£1 " Emateriall = £2 " Ematerial2 

For very thin films, the electric field strength at the boundary is only very slightly less 

than that at the conductor therefore at r=a, we can write: 

E1" Emateriall = E2 " Ematerial2 Eq. 4.25 

Now, at the end of the series coaxial stub line, the total voltage across the dielectric 

filled section is the same as the voltage across the terminating air-gap (as indicated in 

Fig. 4.13), and by. Eq. 4.18, the field in the dielectric will be almost identical with that in 

the air gap at any given radius. 
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Fig. 4.13 Inner Stub Detail 

The maximum field in the air region will be ED,,;, =3.106 V/m, which, by Fig. 4.13 

must also be the maximum field in the dielectric. However, if a small film of air is present, 
by Eq. 4.25, the field strength in the film will be: 

_ £2 _ Eair - Edielectric 
Lair Eq. 4.26 

For PTFE dielectric E2=2.08, while FI=1 for air, hence the field in the air film will be 

over twice that in the dielectric. To prevent breakdown in the air film, the voltage in the 
line must therefore be reduced by a factor of c2/E1, and the power must be reduced by a 
factor of (E2/E1)2. 

4.4.3.3 Maximum Power Handling 

The maximum power handling of the series branchline has been considered in the 

previous sections, where it was indicated that the standing wave on the inner stub would 
be the limiting factor. The breakdown voltage of air at atmospheric pressure is given as 
ED,,;, =3.106 V/m. However, due to the effect of air-gaps after Section 4.4.3.2 this must be 

reduced by a factor of E2/E1 where E2=2.08, the permittivity of the PTFE sleeve and ej=1, 

the permittivity of air. Hence the maximum electric field strength must be: 

_ 

ED(air) 
Es(max) - C2 C£ 

1) 
Eq. 4.27 

= 1.44 " 106 V/m 

This must be the maximum strength of the electric field which is allowed to exist on 

the centre conductor stub. Given an inner stub diameter of a, =3. Omm and a characteristic 
impedance of 50SZ, by Eq. 4.23 on page 108, the maximum power which can be delivered 

to the connector is given by: 
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al"ED2 Z0 
'max =( 120 

)3. 
T 

_3x 
10-. 1.44-106 2 50 Eq. 4.28 

- 
)T 

120 

= 32.4kW 

This is well above the maximum CW power rating of UT-250 cable which is governed 
by thermal effects. It was not intended to operate the system above more than a hundred 

watts therefore there should be no risk of breakdown in the low-PIM connector. 

4.4.4 Actual Performance 

The finished connector was electrically tested on the Wiltron network analyser 
described in Section 4.2.1.2. The results are presented in Fig. 4.14, and indicate a good 
agreement with the theoretical results from MDS. The return loss is slightly lower than 
25dB across the band but was deemed acceptable. Invariably there will be additional 
reflections during testing caused by the test cables and connector adaptors and this will 
tend to raise the measured return loss. 
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Initially, the low-PIM connector was used to connect the semi-rigid load to the 

system. However, due to the presence of the original filters and N-type connectors, no 
improvement in the system residual was observed. 

The connector was significantly loosened to try and produce a visible degradation in 

residual PIM - none was observed. However, the same exercise on an N-type connector 

clearly produces a significant increase in the system residual. This suggested that the low- 

PIM connector was more robust than the N-type. The low-PIM performance and stability 

of the connector was verified as the new components were introduced incorporating low- 

PIM connections. 

Low-PIM connections were provided on the new components using the same tech- 

niques described in this section. However, instead of having a female pin, the male probe 

slots directly into the centre conductor of the device as shown in Fig. 4.15. 

device 
enclosure male probe air-line 

sleeve 

UT-. 250 

Fig. 4.15 Low-PIM Probe 

4.5 Low-PIM Enclosures 

4.5.1 Theory 

An elementary part of any R. F. component is the enclosure in which it is packaged. 
The enclosure is required to provide EMI shielding of the internal components and in 

most cases is essential to the operation of the device by acting as the ground plane for the 

R. F. signals. Design of the enclosure should form an integral part of the overall component 

design process and the degree of consideration given to the design of enclosures for low- 

PIM performance should be even greater. 

The low current contact methods discussed in the previous sections have been taken 

a stage further and used to design a low-PIM enclosure. The enclosure is indicated in 

Fig. 4.16 and was developed for use in housing the bar-line structures discussed in the 
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subsequent sections of this chapter. These structures were designed to replace components 
in the PIM critical areas of the system and therefore must exhibit intrinsically low levels 

of residual PIM. As with connectors, RF component enclosures can be a frequent source 

of PIM, particularly at closure junctions. Historically, this has been typically dealt with by 

designing for very high closure contact pressures. This is not an entirely satisfactory solu- 

tion since the PIM performance at best is uncertain and tends to degrade with use. During 

the development of low-PIM system components it is desirable to have frequent access to 

the device internals for adjustment, and a repeatable PIM performance from a device 

using high contact pressures could not be guaranteed. Also, in the design of PIM test 

chambers, allowances should be made for the rapid and frequent change of test samples 

without compromising consistency in the PIM performance of the chamber itself. 

The low-PIM box, when used in conjunction with the low-PIM cable entries 
described previously, offers a novel solution to the problem and minimises the depend- 

ency on contact pressures. 

A schematic of the low-PIM enclosure is depicted in Fig. 4.17 and consists of an 
internal box machined from solid material which is surrounded by a narrow trough which 
is a quarter wavelength deep at the design frequency. The trough, in turn, is bounded by 
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an outer wall which provides screening from the outside. The internal box is separated 
from the trough by a wall which is %/4 thick. The setup is designed to behave in a similar 
fashion to the two-stage series branch line. 

The dividing wall is slightly lower than the outer wall of the enclosure so that when 
the flat lid is fixed in place, a small gap is present. This gap is employed to provide a low 
impedance section of transmission line which couples to the A/4 deep trough which in turn 

acts as a section of high-impedance line. The bottom of the trough acts as a short circuit 

which is transformed to an open circuit at the top of the trough. The connection between 

the lid and the box made at this open circuit point. The arrangement forces a current 

minimum at the point of contact so that the likelihood of significant PIM generation at this 

point is considerably reduced. The internal box bounded by the ? /4 wall is presented with 

a short circuit at the top of the internal wall and behaves as a normal shielded enclosure. 
The internal components of the low-PIM device such as a filter or coupler etc., may then 
be put inside. The enclosure will therefore further reduce the amount of PIM contributed 
by that particular component. 

Cable entry is facilitated by making a hole in the end walls of the chamber, through 

the trough and ?. I4 wall into the internal box. The hole is large enough to accommodate 
the UT-250 cable and PTFE sleeve. A collar is soldered to the cable at the appropriate 
distance from the cable end and this is bolted to the side of the box to hold the cable 

securely in place and provide a sound ohmic contact. The X14 wall again acts as an imped- 

ance transformer and provides a virtual short circuit between the cable and internal box to 

ensure a minimal mismatch. 

4.5.2 Performance 

A prototype low-PIM enclosure was designed and fabricated at UKC. The box was 
designed to accommodate a simple 50LI bar-line to link the input and output ports. The 

design is shown in Fig. 4.16. 

The box was made from a solid aluminium alloy block. The troughs were filled with 

solid PTFE slab in order to exploit the size reduction offered by the higher dielectric 

constant than that of air. The final dimensions are indicated in Fig. 4.17. The internal bar- 

line centre conductor was initially soldered onto the UT-250 feed lines. Contactless cable 

entry was avoided at this stage as we wanted to gauge the performance of the enclosure 

only and extra quarter wavelength lines may affect the bandwidth measurements. 
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The impedances of the quarter wavelength coupling sections were designed on the 
basis that the sections would approximate waveguide and that the ratio of their imped- 

ances was equivalent to the ratio of their heights. In this case the ratio of their heights was 
assumed to be ZO= 18.8 mm ZO1=15 mm and ZO2=1 mm hence the bandwidth at 25 dB 

return loss was calculated from Eq. 4.12 to be -2 GHz. 

The box was electrically tested on the Wiltron 360, network analyser and a graph of 
the return loss is presented in Fig. 4.18. The performance is seen once again to be adequate 

with a return loss of better than 23dB at the frequencies of interest. The bandwidth 

compares favourably with that calculated, any difference being attributed to the assump- 

tions made about the impedance ratio. 
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Fig. 4.18 Return Loss of low-PIM enclosure 

Once again, initial PIM tests were inconclusive due to the high residual levels. 

However, once the system had been improved, it was discovered that the PIM perform- 

ance of the prototype was good and, at the time of testing, showed no degradation in the 
7th order residual level of -140dBm for 2x20 Watt carriers. 
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4.6 Low-PIM Bandstop Filter Design and Implementation 

4.6.1 Introduction 

Experimental tests reported in Section 3.8 indicated that the original Trilithic® band- 

pass filters used in the system were responsible for generating very high levels of residual 
PIM. These filters use high Q (Quality factor), coaxial cavity resonators to couple a 

narrow band of frequencies from the input port to the output. The loaded Q of a resonator 
is a measure of the energy stored in the resonator compared with the energy dissipated in 

the rest of the network [112]. 

The high Q cavities used in the Trilithic® filter design suggests that the level of stored 

energy at the pass-band frequencies will be relatively high. The high level of energy is 

manifest by high levels of voltage and current within the resonator which will be many 

times greater than those of the 50LI feed lines. In terms of PIM this is highly undesirable. 
Any points of non-linearity in the cavity construction will be subjected to extremely high 

current densities, much higher than those encountered in the rest of the system. 

In the PIM system, only one carrier is resonant in a given filter. However, in cases 

where the filter is used to reflect the second carrier, it too will be present, albeit at lower 

energy levels. Nevertheless, the increased levels of the one, resonant carrier, will be suffi- 

cient to generate considerably higher levels of PIM than would otherwise be obtained. 

It was not considered prudent to replace all of the bandpass filters in the system at 

once since there was no guarantee of improved performance and would be an expensive 

exercise, In order to improve the sensitivity of the system, it was decided to suppress the 

residual PIM signal before it reached the DUT position, by using additional filtering at the 

output of the combiner circuit. For the reasons given above, it was also decided that for 

consistent low-PIM performance, band-pass filters would be unsuitable for the task. 

It was shown in Section 2.2.2 that the frequencies of PIM signals are well defined. It 

was therefore decided to use a highly selective band-stop filter to heavily attenuate the 

PIM signal. The band-stop filter uses high-Q resonant elements to reflect the resonant 
band of signals, back towards the input port, thus preventing transmission. Using a band- 

stop filter to reflect the PIM frequency means that it is the relatively low-level PIM signal 

which will be resonant, and, as a result, the stored energy in the resonator will also be rela- 

tively low. More importantly, the parent signals will not be resonant and hence will be at 

voltage and current levels no greater than those at other parts of the system. 
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The requirements of a band-stop filter for this application are as follows: 

(i) The filter must exhibit a low level of intrinsic PIM. Although the parent signals 

will not be resonant, they will still have enough power to generate significant 
PIM levels. 

(ii) The filter should be adaptable. It was decided during the development of the 

system to measure different orders of PIM. By making the filter tuneable over 
a reasonable bandwidth it should be possible to reject most of the odd-order 
products up to 7th order (at 1650 MHz in this case). 

(iii) The filter must be highly selective; it must deliver significant attenuation at the 
PIM frequency but must also present little or no attenuation at the two parent 
frequencies. Third order PIM products are closest in frequency to the parent 

signals and therefore dictate the maximum stop-band bandwidth of the filter. 

(iv) Finally, the filter should have as simple a structure as possible. The filter would 
be fabricated at the university using the mechanical workshop, therefore, the 
design must readily lend itself to manufacture in such an environment. Addi- 

tionally, there should be no parts of the design which are highly sensitive to 

mechanical tolerances. 

The remainder of this section is concerned with the design of a filter which meets all 

of the above requirements. 

4.6.2 Bandstop Filter Design 

A thorough search of the existing literature on filters was conducted in order to find 

a structure that could be adapted to satisfy the criteria defined in the previous section 
[123-134]. In the event, a band-stop filter using capacitively coupled, open-circuit, reso- 

nant elements was a natural choice. The structure and its equivalent circuit are illustrated 

in Fig. 4.19. This structure is particularly suited to this application for several reasons: 

(i) Theoretically, the structure can be configured to deliver any value of Q. As a 

result, the filter can be made very narrowband. 

(ii) The non-contacting, capacitively coupled elements result in a very simple 

centre conductor pattern. The structure may be formed using any TEM mode 

transmission media and can be implemented easily. 

(iii) Open-circuit terminations avoid the need for providing short-circuit metal to 

metal joints between the inner and outer conductors. Such joints can act as 

possible sources of PIM. 
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(iv) Tuning is achieved by adjusting the capacitance and element length thus 

removing the need for tuning screws, which again, can act as sources of PIM. 

from generator to load 

Zo Zo 
s 

00z01 

(a) Centre Conductor Pattern 

ZO Zo 

V1 Zo 

ti 

(b) Equivalent Circuit 

Fig. 4.19 Capacitively Coupled Band-stop Filter 

4.6.2.1 External Q of Capacitively Coupled Resonator 

Fig. 4.20 shows an open ended line connected to a matched generator via a shunt 
connected series capacitance C. The following analysis shows that by suitable choice of 
C, one can realize almost any desired value of Q. 

Since the open line and capacitance are connected in series, the total input reactance 
is: 

Xin = -W-C-ZO1COtßl 

wl 
Eq. 4.29 

= -Xc-Zoicot v 

Series resonance occurs when X;,, =O and the resonant condition is given by rear- 
ranging Eq. 4.29: 
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Fig. 4.20 Capacitively Coupled Open-Circuited Resonator 

wol -i 1 
v =0o=tan ll XCR 

-1 1 
Eq. 4.30 

= lt - tan 
'1 = XCR/ 

where XCR=1/(cL)0C), XCR = XCRIZo and wo is the resonant frequency. 

The external Q of a resonator is defined as: 

Energy Stored in the Resonant Circuit 
External Q: QE _ 03R Power Loss in the External Circuit Eq. 4.31 

For series resonance QE may be calculated as follows [112]: 

1AX 1c wo dX I 
QE 2n(ß-+ oZ 

? 
ZO) = 2RGdw (, _ CO R R 
WO 

For a matched generator RG=Zo therefore, substituting Eq. 4.29 into Eq. 4.32: 

Zoi - -2 QE _ý" [XcR + 4R(1 +XcR)] Eq. 4.33 

From Eq. 4.30,4R=1t for high values of QE (i. e. XcR »1). The capacitive value and 
hence XCR may be chosen to obtain any desired value of QE. 
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4.6.3 A 1590 MHz Bandstop Filter Design 

The design of transmission line band-stop filters is thoroughly covered in the litera- 

ture [123,124,127,129] and only a brief synopsis of the theory will be presented here. The 
important aspect of the design is the way in which the filter was implemented and devel- 

oped for a low-PIM application and this will be dealt with in subsequent sections. 

First of all we need to know the desired specification of the filter. The first filter was 
developed before the change in PIM measurement order. Hence, initially, it was desired 

to heavily attenuate the 3rd order residual PIM signals at 1590MHz whilst leaving the 

excitation signals at 1530MHz and 1560MHz largely unaffected. The proximity of the 

upper parent frequency at 1560MHz and the PIM signal at 1590MHz requires that there 
is a high roll-off at the band-edge of the device and determines the stop band as being very 
narrow and the loaded Q as being very high. The filter was planned around a Tschebychev 
filter, since, from classical filter theory, Tschebychev filters deliver a higher degree of 
roll-off than their maximally-flat alternatives [124]. 

The stop-band bandwidth is defined as the frequency spacing between the equi-ripple 

points on a Tschebychev filter, w2-cul in Fig. 4.22. In this case, the bandwidth was chosen 
to be 40MHz, i. e. 20MHz either side of 1590MHz, to avoid attenuation of the 1560MHz 

signal. 

The maximum rejection offered by any ideal bandstop filter is infinite at %. The 

usual manner in which the attenuation is specified is to define a minimum attenuation over 

a certain bandwidth around wo (defined by wU-(L in Fig. 4.22). In this instance, in order 
to significantly reduce the PIM signal, the minimum attenuation was specified as 80dB 

over a 10 MHz bandwidth about wo, i. e. from o)L=1585 MHz to cov=1595 MHz, the atten- 

uation of the filter should be greater than 80dB. Not only does this place demands upon 
the rejection performance of the filter but it also reflects the accuracy to which the filter 

must be tuned. From curves in reference [124] it was established that at least 5 resonant 
elements would be required to deliver the desired performance. 

Finally, the ripple, LR, of the Tschebychev response was chosen to be 0.1 dB to mini- 

mise the out-of-band insertion loss. The next step was to determine the parameters of the 

capacitively coupled resonators that would deliver the specified performance. 

The first stage, using classical filter design theory, is to derive a lumped element, low- 

pass filter prototype circuit of the type shown in Fig. 4.23. The normalised element values 

are obtained from the Tschebychev polynomial using, n=5 (the number of elements), and 
LR (the ripple) =0.1 dB, these are indicated in the figure. 
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Fig. 4.21 Tschebychev Low-Pass Filter Response 
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Fig. 4.22 Tschebychev Band-Stop Filter Response 

A low-pass filter prototype such as that in Fig. 4.23 can be transformed, by a suitable 
frequency translation, into the band-stop configuration of Fig. 4.24. The translation is 

given as: 

w 
w= wwl'. l o wJ 

w2-wl 
Eq. 4.34 

Where: wo = (wl " (02) and: w= (00 

Where w1' is the equi-ripple point of the low-pass prototype and w' is the frequency 

variable (as defined in Fig. 4.21). The terms on the right of the expression are defined in 

Fig. 4.22. 
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Fig. 4.23 Tschebychev Low-Pass Prototype 

Ro 

Fig. 4.24 Tschebychev Band-Stop Prototype 

R6 

Let the parallel lowpass prototype parameters of Fig. 4.23 be denoted g;, and the series 

parameters be denoted gj. For shunt branches, in order to obtain the L; and Cj of Fig. 4.24 

in terms of the gi of Fig. 4.23, we derive the circuit such that series impedances go to other 

series impedances and shunt admittances to other shunt admittances. Multiplying both 

sides of Eq. 4.34 by 1/gi and equating reactances, one obtains the desired relations: 

at coot 

11 
wLi-ý=gw = 

woLi-w - =0= 

1 cu (o 

w iw g`coo wJ 

Eq. 4.35 

Equating terms gives 

1 (w wol 
w ffll 91 lw0 -w) 

11 

wcýul gi wwl gi 

11 
woL; g 

Similarly, for series branches, equating suceptances we get: 

1 
woCj= 

1 
moo =w g Eq. 4.36 
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This results in the parameters of Fig. 4.24 having the same normalised impedance 
levels as the prototype. To change to another level (e. g. 5052), every R&L should be 

multiplied by the impedance scale factor, whilst every G&C should be divided by it. 

The circuit of Fig. 4.24 obviously contains both series and parallel resonant branches. 
In microwave band-stop filters it is difficult to realise both types simultaneously. 
Normally it is more convenient to use only shunt branches, or only series branches. For 
TEM transmission media, series branches of the type discussed in Section 4.6.2.1 are 
much more easily implemented. To convert the circuit of Fig. 4.24 to one utilising all 
series branches, quarter-wavelength impedance inverters are used. 

We have already seen in Section 4.4.1 that a quarter-wavelength section of line will 
transform an open-circuit termination to a short-circuit at the input. Using the impedance 

transformation equation, Eq. 4.1, it can also be shown [124] that a quarter-wavelength 
section of line will also transform the properties of a series connected, parallel resonant 
circuit to those of a shunt connected, series resonant circuit, and vice versa. Hence, by 

placing a length of transmission line, 2/4 long at the resonant frequency, between the reso- 
nant branches, all of the parallel branches can be replaced with series branches without 
altering the electrical properties of the circuit. The circuit of Fig. 4.24 then becomes that 
of Fig. 4.19(b). 

The next step is to implement the series resonant branches using capacitively- 
coupled, open-circuited resonators. As a basis for establishing the resonant properties of 
resonators regardless of their form it is convenient to specify their resonant frequency, wo, 
and their slope parameter, x, where, for series resonance: 

ýodX 
X=T i5 C0 (uo 

Eq. 4.3'7 

The slope parameter defines the rate of change of the input reactance to the resonator 
and is closely linked to the Q of the resonator (compare with Eq. 4.32). 

Implementing the transmission line resonators to deliver the same performance as the 
lumped element equivalent requires that the reactance slope parameter of the different 

resonators is equated. 

The slope parameter of a lumped element, series resonator, reactance X= wL -I 
is given by: 
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wodX 0od1l 

\w C/ 

At co = wo, w0L =1 w 

__1 ýoLi 
1 

-wem=w 1w g 

Eq. 4.38 

The input impedance to the capacitively coupled, open-ended, transmission line reso- 
nator of Fig. 4.20 is given by Eq. 4.29. At resonance, the reactance of the resonator should 
be zero, therefore, when co = toR : 

Zol cotßl =, coo 
Eq. 4.39 

' 

and the reactance slope parameter is therefore: 

(Do dx=- (Zolcot(3l- C) 
0) = W, 

Zoi 2 tool 
_ -2-(9ocsc 00 - cotOo), 00 =v Eq. 4.40 

zol 
_" F(A) 

Where F(A) = (80 csc200 - cot9o) . Given F(9) ,0 is readily found by iterative 

computation on microcomputer. Equating Eq. 4.38 and Eq. 4.40: 

1Z 
ww1 gi = F(e) Eq. 4.41 

To determine the three design parameters Z01, C and 1, of the stub, one of them may 
be selected arbitrarily. In most cases it makes sense and is more practical to select a value 
for Z01. The slope parameter is determined from the lumped element lowpass prototype 

therefore 0 and hence l can be determined from Eq. 4.41. Finally, the value of C is found 

from Eq. 4.39. 
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To aid in the tuning process, the theoretical 3 dB bandwidth of each resonator was also 

calculated. The 3dB bandwidth of the resonator is the separation between the points 

where the insertion loss of the resonator is 3dB (i. e. the half-power points) and is given 
by [129]: 

zo coo 
ui _ o1. F Eq. 4.42 

The design equations pertaining to a5 element Tschebychev bandstop filter were 

programmed on a microcomputer using MathCAD 5.0, (a P. C. based mathematical devel- 

opment tool) which allowed us to quickly gauge the effects of any change to the filter 

specification and to provide a means of designing filters with alternative characteristics. 

Given the same characteristic impedance, the properties of the resonators for a5 

element filter are symmetrical about the centre element. For the first bandstop filter, the 

element impedance was 68.6 il (see next section). Inserting the desired specification into 

the equations, the resonator parameters for the low-PIM filter were found to be: 

Coupling Electrical 3dB Resonator Capacitance Length Bandwidth Number (pF) (radians) (MHz) 

1&5 0.375 86.721 22.937 

2&4 0.4125 86.002 27.424 

3 0.5031 84.306 35.501 

Table 4.1 Resonator Parameters 

4.6.4 Prototype 3rd Order PIM Rejection Filter 

A prototype bandstop filter was designed and built in order to verify the design equa- 

tions and methodology as well as giving the chance to asses the practicalities of 

constructing such a device. 

It was initially decided to manufacture the filter using thick stripline or bar-line tech- 

nology [121J. The bar-line structure and field pattern of the dominant TEM mode are indi- 

cated in Fig. 4.25. The main incentive for using bar-lilie technology was the ease with 

which structures can be manufactured in the average mechanical workshop. The 

geometries of the conductors are well defined therefore machining is straightforward. 

Bar-line is also very compact, low-loss and can support relatively high-power signals. 

Additionally, the mode of propagation is the TEM mode, hence, the low-PIM techniques 

developed at the beginning of the chapter can easily be implemented into the design. 
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Fig. 4.25 Bar-Line Transmission Medium 

The cross sectional dimensions were chosen, based upon standard material sizes 

available from suppliers. The through line consisted of a solid brass conductor 12.7 mm 

wide and 6.35mm high. This gives a good size material to work with and provides the 

thickness necessary to effect the capacitive coupling to the resonators. As the line gets 
thinner, the capacitive gap dimension must get smaller in order to maintain the correct 

capacitance in the gap. This quickly gets to the point where it is not possible to implement 

the desired capacitance. 

Brass was chosen as the principle material in most of the custom made components 
for two main reasons. The first is that brass is very easy to machine using most standard 

workshop processes. The second is that brass has been found by previous researchers to 
deliver excellent PIM performance [38], [53]. 

The branch stubs were each made of square cross section, 6.35mm by 6.35mm. 

Although the choice of stub impedance is arbitrary, approximate calculations based upon 
the parallel capacitance between the main line and the stub indicated that these dimen- 

sions make for sensible capacitive gap spacings of the order of a couple of millimetres. 

Using available design data [116] the centre line was made to be 5052 using air dielec- 

tric and by setting the ground plane spacing, b, equal to 18.8mm. This gave the branch 

line impedances as ZO1=68.652. The impedances were checked using HFSS and were 
found to be in good agreement with the calculated value. 
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What remained to be established was the physical length of the stubs and the gap 
dimensions required to produce the calculated capacitances. The exact electrical length of 

the stubs is given in Table 4.1. However, there are two effects which must be considered 

when calculating the physical length, namely, the presence of line supports and the open- 

end effect. 

4.6.4.1 Length Correction 

Since the bar-line is air spaced, it is necessary to provide a means of mechanically 

supporting the conductors midway between the top and bottom plate. The supporting 

mechanism must be robust, low-PIM and offer a good match to the R. F. signals. Addition- 

ally, the supports must also serve to clamp the inner conductors firmly in place in order 

to maintain the capacitive gap spacings. Failure to provide for this could result in the final 

device becoming easily de-tuned. 

The `bead' support shown in Fig. 4.26 is useful at frequencies below 3GHz [112]. To 

ensure low reflections, its length is typically 0.05"x, or less at the highest frequency of 
interest. The `bead' represents a very short length of low impedance line, therefore, 

Fig. 4.26 Coaxial Line Bead Support 

by Eq. 4.1, it is equivalent to a small shunt capacitance whose VSWR increases as the 

operating frequency is increased. Due to the electrical requirement that the bead be less 

than 0.05"x,, a mechanically rigid support becomes difficult to achieve at the higher micro- 

wave frequencies. 
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For the low-PIM L-band filter, 10mm lengths of PTFE were used to implement line 

supports, one at each end of the main line and two to hold up each of the resonators (as 
indicated in Fig. 4.32 on page 138). An important effect of the PTFE supports is that due 
to the higher dielectric constant of PTFE compared to air, (cR=2.08 for PTFE and 1 for 

air) a given physical length of transmission line will be electrically longer in PTFE than 
in air. Accordingly, the lengths of the supported resonant stubs must be compensated or 
they will resonate at the wrong frequency. The effect of adding two 10mm PTFE sections 
to each resonator can be calculated thus: 

At 1590MHz, 10mm of air spaced transmission line =wl=0.33 radians. 

Now the speed of electromagnetic waves in dielectric media is lower than that for air 

by the factor 1 /(', ) where er is the relative permittivity of the media, therefore 

8 
Vdielecaic =c_3.10 = 2.08 - 108ms 1. Hence, at 1590MHz, 10mm of PTFE 

AI r 
2.08 

w'1' 
supported transmission line ==0.48 radians. 

Comparing the results, the PTFE loaded line is 0.48 - 0.33 = 0.15 radians longer 

than the air spaced line. Hence, in order to maintain the phase length of the resonator, this 

amount must be removed from the air-line section for each PTFE support. With two 

supports on each resonator the phase correction is then 0=2x0.15 = 0.3 radians per 

resonator. At 1590MHz this equates, to 9.01 mm 

The second effect which influences the physical length of the resonators is the open 
end effect [124], [135]. In practice it is impossible to achieve an ideal open circuit. 
Fringing fields at the end of the conductor serve to capacitively load the end of the line 

and contribute to the overall phase length of the line as shown in Fig. 4.27. 

Methods of determining Al, the physical extension of the electrical open circuit at T' 
from T, the location of the physical end of the line, are considered in the literature 
[124], [135]. However, these methods are only valid for infinitely wide centre conductors 
(w=oo in Fig. 4.25) and at best can only give a good approximation to the real situation. 

The HFSS computer program was employed to provide a better calculation of the end 

effect for the particular case in question. By comparing the phase of the reflected incident 

signal with that expected from an ideal termination we can calculate Al. In this case the 

end effect was found to add an apparent 4.34mm to the physical end of the line. 
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Taking account of the PTFE supports and the open-end capacitance, the physical 
lengths of the stubs were calculated to be: 

Resonators 1 &5 = 73.371 mm; 2&4 = 72.652mm; 3= 70.956mm 

In practice, the stubs were made slightly oversize. This allows margins for errors in 

the calculations and for imperfections in setting up the filter. The lengths would be 

trimmed to their final values during the tuning process. 

4.6.5 Capacitive Gap Implementation 

4.6.5.1 Spacing 

Thorough consideration must be given to the implementation of the coupling capaci- 

tance. The first thing is to establish that the conductor dimensions are chosen correctly in 

order to give a practical gap spacing. If the gap is too small, the capacitance will be diffi- 

cult to realise; it will be highly sensitive to small dimensional changes; and can limit the 

power handling of the filter due to potential breakdown problems in the gap. If the gap is 

too large, the field lines from the main line will tend to couple with the ground plates and 

not the resonator. The capacitance between the centre conductors will not be effective so 

the filter will not function properly. 

It is difficult to accurately calculate the capacitance due to the significant effect of 
fringing fields at the edges of the conductors. Consider the fields of Fig. 4.28. It is clear 

that the total capacitance of the system will be given by: 
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CT = Cp+2CFI+2CF2 Eq. 4.43 

Where Cp is the parallel-plate capacitance and the other terms are just the fringing 

capacitances as indicated. 

main line 

CFI CP CFI 

^A^ nnn 

stub 

CF2 

% 

.. 
cP 

stub main line 
CF2 

Fig. 4.28 Fringing Capacitances 

Based solely on the parallel plate capacitance, Cp, and given the stub area as 
6.35mmx6.35mm, the capacitive gap is given by: 

C°£RA cP a 
Eq. 4.44 

For Cp=0.4pF, d, the gap spacing is around 1.0mm. However, in practice it was 
found that the fringing capacitance is approximately equal to C. Therefore, in order to 

give CT=0.4pF, Cp must be halved. This resulted in gap spacings of the order of 2.0mm. 

4.6.5.2 Sensitivity 

The next factor to consider concerning the capacitive gap spacing is how changes in 

the gap dimension affect the tuning of the filter. Obviously, if the resonant frequency 

varies greatly with small variations in the gap spacing then the filter may become easily 
de-tuned from even the slightest knock. However, the gap should be sensitive enough to 

allow the filter to be easily tuned. 

It is quite straightforward to calculate the sensitivity of one system parameter to 

another [136], [137]. In general we want to establish the percentage change in the result 

of a function due to a certain percentage change in one of its variables. The percentage 

change in some variable, say a, can be expressed as: 

Da 
x 100% Eq. 4.45 
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The sensitivity of a function 0 to a is defined as follows: 

Da 

a al 
sß = aR (-ý) Eq. 4.46 

(3 as 

da Aa 
Where is the limiting value of ä as Da tends to zero. Similarly, the inverse 

sensitivity function can be expressed as: 

1ß aß 
Sa=Sa=ý"; Tat Eq. 4.47 

We would like to determine the sensitivity of the resonant frequency to the capacitive 
gap spacing. Or Sd°, where o is the resonant frequency and d is the gap spacing. Now in 

Eq. 4.39 and Eq. 4.44 we have a set of equations relating the two variables. The overall 

sensitivity can be calculated in two stages using the capacitance, C, as a common variable. 
The sensitivity can be expressed as: 

Sdo = 5C 000 
''d Eq. 4.48 

First let us determine the sensitivity of the capacitance, CT, to the spacing, d. Consider 

Eq. 4.43 for the total capacitance. In order to simplify the calculation we will say that over 

a small change in d, the change in the fringing capacitance will be negligible and the total 
fringing capacitance may be approximated by a constant, K. So that: 

CT = Cp+K Eq. 4.49 

From Eq. 4.44, the sensitivity SC is calculated as follows: 

CT d DCT 
Sd W 

d2 a COCRA 
ion Tdl d+ K) 

Eq. 4.50 
1EOE 

EOERQ " 
d2 (-? ) 

= -1 
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Which means that for every percentage increase in d there will be an equivalent 
percentage decrease in C and vice versa. 

Now let us consider the sensitivity of frequency to changes in capacitance. Arranging 
Eq. 4.39 gives: 

C= -w--ý1 " tan(001 Eq. 4.51 

It is clear that to get % in terms of C would be difficult. However we can make use 

of Eq. 4.47 and obtain the sensitivity using Eq. 4.51 as follows: 

Sc =01 dC 
Eq. 4.52 

cool 
Let, or =v, then using the product rule for differentiation: 

dC tanO, 12 
_ -ý- -w+ wOVsec 

er 

O 

1 tanOr 12 
_ -ý -+ wov(1 + tan Ar) Eq. 4.53 

0 

_ -ý 
1V 

tan 2er-T tan Or + wl 0o wo 0 

Substituting Eq. 4.51 and Eq. 4.53 into Eq. 4.52 gives: 

,1o= 
(-wöZoCOtOr) -1 wovtan29, 

wO 
tan or + wöv Sý 

=g 
r(y 

tan 29r 
- 

U- 
tan Or + yý tan Eq. 4.54 

tan Or 1 S Wo 

w0 (tan2Or__tanOr+) 

Now the values of interest can be inserted into Eq. 4.54 to obtain the sensitivity func- 

tion. Given coo=2-m159OMHz, v=3.108 ms-1 and 1=87mm, SC = -0.075. 
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Given the result of Eq. 4.50 the overall sensitivity of the resonant frequency to a small 
change in the capacitive gap is: 

Wo 000 C Sd = SC " Sd 

= -0.075 " -1 
= 0.075 

Eq. 4.55 

Hence, for the system under consideration here, a change of 0.1 mm or 5% in the gap 
will produce a change of 0.375% or around 6 MHz in the resonant frequency. In practice, 
it is not expected that there will be as much as 0.1 mm of `play' in the resonator, hence, 

the filter should be reasonably resistant to de-tuning. However, it does mean that great 
care will be required when tuning the filter in the first place. 

4.6.5.3 Power Handling 

The close proximity of the resonator end to the main line also raises the question of 
the power handling capability of the filter [130]. At resonance, a large voltage will exist 
across the capacitive gap which must not be allowed to exceed the value at which elec- 
trical breakdown in the gap will occur. Only the first resonator will be exposed to the full 

power incident upon the filter therefore its limitation on power handling should be known. 

The Thevenin equivalent circuit of a single resonator is indicated in Fig. 4.29. At reso- 
nance Zi. =O. Assuming conductor losses to be negligible the resonant current is given 
simply by: 

C 
ZO moo 
T Zot, R 

Zin 
EG in 

mmo 

Fig. 4.29 Thevenin Equivalent of Resonator 
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'Res- 
EG/2 
=0 

EG Eq. 4.56 
_z 

Now, the peak voltage across the capacitive part of the resonator, Ec, is given by: 

jtC = 
? Res " XCR 

jtG 
= Zo 'XCR 

Eq. 4.57 

Where tG is the peak generator voltage, XcR is the reactance of the capacitor at reso- 

nance, and ZO is the impedance of the main line. 

'G is related to the forward power delivered by the generator. On considering 
Fig. 4.30, it is obvious that EG is split equally between the generator impedance and the 
load impedance for a matched system. 

EG 
T 

RG=Zo 

R_ 
EG Ec (, c, Zo -ý. 

Fig. 4.30 Power Distribution 

The available power is given as: 

p+ 
(EG/2)2 
Z 

2 Eq. 4.58 
EG 

.4 

Where EG is the rms value of the generator voltage. The peak voltage is given by 

EG = 12-EG hence; 
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p_ 
(LEG/J2-2 

2 Eq. 4.59 
EG 

_g 

Substituting Eq. 4.59 in Eq. 4.57 and rearranging gives the main line power for a given 
value of Pc: 

+ 
tczo 

8XCR 
Eq. 4.60 

The value of XCR is available from the design data for CT. The breakdown field 

strength of air at atmospheric pressure is 3.106 V/m. Given that none of the capacitive gaps 

are smaller than 1 mm, Eq. 4.60 gives the maximum value for & as 3.103 V. With ZO equal 
to 50CI and XCR in the region of 30052 the maximum forward power which the filter can 
safely withstand is 625 Watts which is well above the operating levels of the PIM meas- 

urement system. 

4.6.5.4 Differential Pitch Tuning Screws 

The tuning process involves adjusting the capacitive gap spacing and is quite sensi- 
tive to changes in gap dimensions as shown in Section 4.6.5.2. Some time was spent in 

consideration of the problem and an excellent solution was found in the differential pitch 
tuning rod. 

Every screw, nut and bolt has a thread cut into it which provides a mechanism of 

converting rotational motion into axial motion allowing joints and fastenings to be tight- 

ened under axial pressure. The pitch of a thread is defined as the amount of linear move- 

ment for one complete, 3600, rotation of the thread about its longitudinal axis. For 

example, the thread of a standard M4 bolt (diameter 4mm) has a pitch of 0.8mm so if an 
M4 bolt is inserted into an M4 tapped hole, it will move 0.8mm into the hole for every 

complete rotation. The pitch of a thread tends to increase with thread diameter. For 

example, a 6mm diameter, M6 bolt has a pitch of 1.0mm. It is possible to exploit the 

differences in pitch to construct a tuner which gives a very fine and accurate degree of 
longitudinal adjustment. 

Consider the system of Fig. 4.3 1. A tuning screw was made by using a sharp tool to 

cut two different threads onto a single nylon rod, one M4 and the other M6. An M4 thread 

was then tapped into the end of the resonator and an M6 thread machined into the wall of 
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the filter enclosure. The system was then assembled as shown. If the screw is rotated once, 
it will move 1.0mm into the filter enclosure. As long as the resonator is prevented from 

rotating, the same rotation will cause the resonator to move towards the enclosure wall by 

0.8 mm. The net effect is that the resonator moves into the filter by 0.2 mm. By this method 

a much more refined tuning mechanism is achieved. 

The screw is made from nylon in order to avoid the metal-metal contacts which 

readily cause PIM and to preserve the open circuit condition at the end of the resonator. 
The presence of the nylon has the effect of slightly increasing the capacitive end-effect of 

the resonator open circuit due to it's higher dielectric constant. This effectively increases 

the electrical length of the resonator and can be countered by slightly shortening the phys- 
ical length. 

4.6.6 Construction 

The complete construction of the filter is illustrated in the photograph of Fig. 4.32. The 

inner conductors as mentioned previously, were made from ex. stock brass bar. These 

were polished to remove surface oxides and contaminants. The sharp edges were slightly 

rounded using a fine grade emery paper to reduce the likelihood of breakdown due to field 

concentration at these points. The outer screened box is also made from brass. This first 

prototype filter was built before work on the low-PIM connectors and enclosures had been 

developed therefore a simple box was made consisting of four walls, a floor and a lid. The 

box is held together by over 50 M6 bolts which can sustain a high torque, necessary to 

give a high clamping force between the lid, floor and walls and thereby reduce the amount 

of PIM produced by the filter. 
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These are then fixed into the floor of the filter using nylon screws, one on either side of 
the conductor, then tightened to clamp the line firmly in place. 

Transitions between the N-type connectors and bar-line centre conductor were 
designed using HFSS. The models delivered a return loss of over 30dB from 1-2GHz 

which was considered adequate for the application. 

4.6.6.1 Setup And 'Tuning 

With all details of the filter design finalised, the filter was constructed and assembled 

as in Fig. 4.32. The next step was to finalise the resonator dimensions, tune the filter and 

test its electrical performance before inserting it into the PIM system. The filter was setup 
by monitoring the response using the Wiltron 360 vector network analyser described in 

Section 4.2.2. 

The first task was to check the match of the transitions and 5052 through-line of the 
filter. All resonators and associated PTFE supports were removed and the filter connected 
between the ports of the analyser. Measurements indicated a return loss of over 25 dB from 

1-2GHz verifying the design of the transitions and the 5052 through-line dimensions. 
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Next, the resonant elements had to be set up to deliver the specified performance. This 
is indicated when the resonator delivers the correct 3 dB bandwidth (as calculated in 
Section 4.6.3) at the desired resonant frequency. The resonators are tuned one at a time 

with the other resonators removed so that they do not influence the results. 

The individual response of each resonator is wholly dependant upon the capacitive 
coupling gap spacing and the length of each resonator. It was mentioned in Section 4.6.5 

that it is often difficult to compute the appropriate capacitive gap size with as much accu- 
racy as desired. As such it is frequently easier and more convenient to experimentally 
adjust the coupling to its proper value. 

Initially, the adjustments were made by slightly loosening the clamping pressure of 
the PTFE supports, allowing the resonator to slide in and out. Each resonator was tuned 
by extending the capacitive gap to over its nominal size. This decreases the capacitance, 
increases the resonant frequency and decreases the 3dB bandwidth for a given resonator 
length. The differential pitch tuning mechanism was used to progressively close the gap 
and gradually reduce the resonant frequency. 

The capacitive gap of the stub was adjusted to give peak attenuation at the desired 

1590 MHz then the 3 dB bandwidths of the individual stubs were measured. The measured 
3 dB bandwidth for each stub was compared with the theoretical 3 dB bandwidth. The 

resonators were originally made to be slightly over length (as described in Section 

4.6.4.1). When the resonator is over length, the 3 dB bandwidth is too narrow, therefore, 

the resonators were gradually shortened until the computed 3dB bandwidth was obtained 

at the desired resonant frequency. 

Since the resonator configurations are symmetrical about the centre element, it is only 

necessary to tune half of the resonators. Once the proper element lengths have been 

obtained, they can simply be duplicated for the remaining resonators. 

Once they were machined to their final lengths and their individual performance was 

re-checked, the five stubs were secured along the line as shown in Fig. 4.32. They should 
be set A/4 apart, between centres, at 1590MHz. However, due to the extremely narrow 

stop-band, the spacing is not overly critical, and they were simply placed 47mm apart and 

not further adjusted. 

The next step was to tune all five resonators to the centre stop-band frequency. This 

is a more difficult task since, when one or two resonators have been tuned to the same 

resonant frequency, it becomes difficult to tell whether the resonant frequencies of addi- 
tional elements coincide at exactly the same point. The null becomes less well defined. 
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The dynamic range of the network analyser is at best, 80dB, therefore, a stop-band null of 

around 80dB from the filter will not be readily observed as the thermal noise of the 

analyser becomes dominant. 

The difficulty was overcome by providing a means to short each resonator to ground 
near the end which forms the capacitive gap. This greatly alters the electrical response of 
the individual resonator without altering its physical settings. The effect is to remove the 

resonant null of the element from the vicinity of the frequency to which the filter is being 

tuned. All of the resonators are inserted into the filter and roughly set up according to the 
data obtained during the individual tuning stage. All but one resonator is then shorted to 

ground to electrically `remove' them. The remaining resonator is then tuned to the desired 

resonant frequency. The resonator supports are tightened to fix it in place, then it too is 

shorted out and the next resonator tuned. This process is continued until all of the resona- 
tors are set up correctly. The shorting mechanisms are then removed and all of the reso- 

nators are seen to be tuned at the correct frequency. The overall response of the filter can 
then be properly measured. 

The shorting mechanism was facilitated by drilling small diameter holes in the lid of 
the filter, directly above the resonator positions. In order to short the resonators to the 

ground plate or lid, several stiff pieces of wire were inserted into the hole and lowered to 

make a light contact between the top of the resonator and the lid. This proved to be suffi- 

cient to disrupt the response of the resonator as desired. 

4.6.7 Electrical Performance 

Once all of the resonators had been tuned, the shorting wires were removed and the 

overall filter response was measured. Fig. 4.33 indicates that far from achieving the 

desired symmetrical response of +80dB rejection over a 6% bandwidth, the filter deliv- 

ered only around 50dB rejection. Additionally, the profile of the response was very irreg- 

ular and non-symmetric. Further attempts to re-tune the filter proved fruitless with similar 

results being recorded each time. 

It was subsequently discovered, however, that the internal dimensions of the filter 

enclosure were sufficient to support the next higher order mode of propagation of R. F. 

energy, the TE11 or waveguide mode. 

Higher order modes of propagation have been mentioned in Section 3.3.4 and Section 

4.4.2. A mode is a single discrete solution of Maxwell's equations to which the boundary 

conditions of the transmission line have been applied. The boundary conditions are 

defined by the physical dimensions of the line and each solution of Maxwell's equations 
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Fig. 4.33 Prototype band-stop filter response. 

must satisfy these conditions. It can be shown [43] that for a given transmission lines cross 

section, there exists an infinite number of solutions to Maxwell's equations and hence, an 
infinite number of modes. 

A given mode, however, will propagate as a wave only if its frequency, f, is above a 

critical cut-off value, f, Below this frequency, the mode is not supported by the guide and 
is heavily attenuated in the direction of transmission. The mode that will propagate at the 
lowest frequency is called the dominant mode of the medium, other modes are called 
higher-order modes. Modes are characterised by their electromagnetic field patterns 
which differ from mode to mode and determine the propagation characteristics of the 

energy in a particular mode. 

Consider a section of standard bar-line depicted in Fig. 4.25. In order to ensure only 
TEM mode propagation in the frequency range of interest, the transverse dimensions of 

the line must be chosen so that the cut-off frequencies of the higher-order modes are 

greater than the highest frequency of interest. The two most problematic modes, since 

their cut-off frequencies are the lowest of the higher-order modes, are depicted in 

Fig. 4.34. The mode of Fig. 4.34(a) is known as the TE11 mode has as a cut-off frequency 

determined by Eq. 4.61 [112]: 

----- ------- 

1 I1 
1 

1 

1 
04 1 
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C 
fmax = Eq. 4.61 

2a µrEr 

The cut-off frequency of the other mode in Fig. 4.34(b) is given by: 

C 
fmax = 4b 

Eq. 4.62 
µr£r 

Propagation of both modes is obviously governed by the internal enclosure dimen- 

sions. From Eq. 4.61, the maximum width, a,,,, of the enclosure before TE11 mode prop- 

agation will be supported was calculated to be 93.44mm at f=1.6GHz. Similarly, bmax, 

the maximum height of the enclosure governed by Eq. 4.62 was found to be 46.88 mm in 

air. 

This effect was not considered when designing the filter and on examining the 
internal cross-sectional dimensions of the filter enclosure, it was seen that the a&b 
dimensions were 220mm & 18.8 mm respectively, therefore, the enclosure will readily 

support TE 11 mode propagation. 

Most components and devices are designed on the basis that the input signal will be 

in a particular mode. In most cases, this will be the dominant mode of the transmission 

structure, and indeed, the bandstop filter was designed for the TEM mode of propagation. 
If a mode other than the desired mode is allowed to propagate in the filter, the fields of 

this mode will not respond to the internal filter elements in the same manner as the domi- 

nant mode. Any signals in the TE11 mode will not be reflected by the resonators. 
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Given that the input signal on the coaxial line to the filter is in the TEM mode, the 
question then arises as to how the TEIL mode is excited in the filter enclosure. If we again 

consider Section 4.4.2 on the transitions between different TEM line configurations, it is 

recalled that the localised distortion of the field at a discontinuity is, fundamentally, a 

superposition of higher-order modes. In most cases these modes are not supported and 
become heavily attenuated over a very short distance from the location of the disconti- 

nuity. In the case of the bandstop filter however, the TEIL mode is supported and will 

propagate to the output port of the filter. We can say that the transition has acted as a mode 

converter in that some of the energy from the TEM mode has been converted to the TEIL 

mode. 

The idea of mode conversion at the transitions would explain the spurious response 
observed for the bandstop filter. It is assumed that mode conversion at the transition is 

reciprocal (to a certain degree) so that energy in the TEII mode will be readily converted 
back to the TEM mode at a transition. Therefore, at the output transition of the filter, an 

amount of the TEl t energy which has been transmitted through the filter, will be 

converted to the TEM mode and registered at the output of the device. The majority of the 

energy at the input of the device remains in the TEM mode but this is reflected by the 

action of the resonators. In this way, the filter appears to deliver less attenuation than 

expected, just as in Fig. 4.33. Hence it can be said that the filter response has been impaired 

due to over-moding. 

In order to verify that over-moding was indeed responsible for the poor electrical 
response of the filter, the two side-walls of the filter were replaced by adjustable copper 

walls. Each wall can slide into the filter enclosure and its position altered to vary the box 

width `a' as shown in Fig. 4.35. 

With the bandstop filter connected to the network analyser, the side walls were inter- 

actively adjusted to obtain the best response. It was observed that by sliding the walls 

closer together, the moding effect could be reduced by a significant amount, but not elim- 
inated. However, as the walls began to approach the centre conductors the filter response 
was seen to degrade rapidly. On the one side, as the wall approaches the 50Q through line, 

the electric field lines linking with the side wall are increased and the characteristic 
impedance of the line changes. The line is no longer properly matched and significant 

reflected waves are produced at all frequencies, thus degrading the response of the filter. 

On the other side, as the wall approaches the end of the resonators, the field linkage 

to the wall is once again increased. This affects the behaviour of the open circuit and the 

electrical length of the resonator, which cause the filter to become de-tuned. 
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Fig. 4.35 Adjustable Copper Side Walls 

As a first step, it was decided that the original side plates be replaced in the filter but 

at the new position determined by the optimum position of the sliding copper walls. 
However, as the moding remained in evidence (albeit at a lower level) it was clear that 
further mode suppressing techniques had to be found. The main problem was that due to 
the physical length of the resonant elements it simply was not possible to reduce the width 
of the box to less than 93.44mm as determined by Eq. 4.61 to prevent overmoding. 

An alternative means of suppressing the TEIL mode is to short the top and bottom 

ground plates at discrete points along the longitudinal length of the filter at intervals of ?/ 

8 at the highest frequency of interest[112]. The transverse separation between shorting 

points should be less than the amp calculated from Eq. 4.61. This technique suppresses the 
longitudinal or `z' component of the TEIL magnetic field and hence prevents this mode 
from propagating. 

On further consideration, however, it became apparent that higher order mode prop- 

agation will not be limited to the longitudinal axis of the filter. Since the resonators are 

orthogonal to the main line, the TEM fields on which they operate will also be orthogonal 

to the main line. From the point of view of the resonators, their transverse dimension, `a' 

of Fig. 4.34, will be equal to the length of the filter and the TE, I mode will, again, be easily 

supported. It is therefore necessary to provide for additional mode suppression along the 
length of the resonators. 

Unfortunately, due to the X14 spacing of the resonators, it is not possible to facilitate 

shorting points at intervals of X/8 along the longitudinal axis without seriously disrupting 

the performance of the filter. It is only possible to create shorting points between the reso- 
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nators resulting in a a/4 spacing. However, it was decided that it would be a worthwhile 

exercise to try a/4 spaced points in order to establish whether any improvement was 

possible. 

The next step was to consider the method by which the ground plates would be 

shorted together. Using metal posts, for example, to provide direct contact between the 

plates would defeat the principle objective of developing a low-PIM structure. Numerous 

metal-metal contacts would significantly increase the likelihood of PIM generation and 

are highly undesirable. Although this filter was a prototype model, it was intended to 

accommodate the device in a low-PIM enclosure of the type discussed in Section 4.5 and 

contacting posts would not be in keeping with a low-PIM design. 

As a result, an alternative shorting mechanism was developed. Once again, the imped- 

ance transformation properties of transmission lines (Section 4.3.2) were exploited by 

using open-circuit terminated a/4 sections to effect short-circuits between the ground 

plates. The principle can best be explained with reference to the diagram of Fig. 4.36. 

The `I' shaped section is made from aluminium, the top and bottom have strips of 
PTFE tape applied to them and the whole unit is a tight fit between the two earth plates 

when the filter lid is in place. The section is A/4 long (in PTFE) at the resonant frequency 

of the filter. It is placed in the filter, parallel with the direction of propagation of the mode 

which is to be suppressed. In the TE11 mode, impedances are directly related to the height 

between the two ground planes so that the small-clearance PTFE section has a much 

smaller characteristic impedance than that of the remainder of the enclosure. The section, 

therefore, acts as a quarter-wave transformer and by Eq. 4.1 converts the relatively high 

impedance at one end of the section to a very low impedance at the other end. The 
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mismatch at the input to the mode-suppressor is virtually the same as would be offered by 

a short circuit. However, as opposed to short circuiting posts, there are is no mechanical 

contact and hence a much reduced probability that PIM will be generated. 

Several `I' section mode suppressors were inserted in the main body of the filter. 

Many different configurations were tested. The setup giving the best performance is illus- 

trated in Fig. 4.37. 

Once again, the response of the filter was checked on the network analyser and a 

significant improvement in the absolute rejection was recorded. The response of the filter 

is indicated in Fig. 4.38 showing the overall rejection to be excellent and far greater than 

the original levels which were dictated by the higher order modes. 

4.6.8 PIM Performance 

The next step was to test the filter at high-power for PIM. The first stage was to 

dismantle the filter and thoroughly clean each of its constituent parts. Cleanliness is an 

essential part of a good PIM measurement system as even the smallest particles of dirt or 
dust can cause untold problems in trying to reduce the residual PIM of a system. 

Next the filter was reassembled, tuned and the bolts which clamp the filter together 

were thoroughly torqued up. 

The filter was then tested at high power, however, initial results were not promising. 

The transmitted PIM was checked using 20 Watts per channel. Prior to inserting the filter, 

the system indicated a residual PIM level of -105 dBm. After inserting the filter, the level 
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Fig. 4.3 8 Improved filter response. 

had only dropped to -117 dBm. Measurements of the reverse PIM actually indicated an 
increase in the PIM level. However, this could be a result of PIM signals from other 

components being reflected off the filter. 

After the results were confirmed, the filters were dismantled. It was discovered that 
during the tests, the nylon tuning rod on the first resonator had overheated and melted at 

the end of the resonator. The first resonator is exposed to the highest levels of incident 

power and as such will develop the highest voltages at the open end. The loss tangent of 
Nylon is not insignificant and in conjunction with the high field strength was enough to 

cause overheating. It was thought that the failure of this mechanism had led to the filter 

becoming de-tuned and therefore the PIM which was observed was due to insufficient 

rejection of the residual PIM. The tuning elements were thus removed, the filter was 

cleaned once more, reassembled and tuned without the tuning elements. However on 

testing it was found that there was little improvement in the PIM performance. Subse- 

quent tests revealed that a high degree of variability in the PIM level was evident from 

adjusting the clamping pressure of the lid (particularly near the cable entry points where 

the current density will be greatest) and by adjusting the mating torque of the connectors. 

It was decided at this point to review the filter design and develop a second prototype 
for the following reasons: 
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" Likelihood of significant PIM generation from lid & N-type connectors. 

" Failure of the tuning mechanism which clearly required further development. 

" Undesirable presence of mode suppressors which were prone to becoming dis- 
lodged inside the enclosure. 

4.7 Second Prototype Bandstop Filter 

A second prototype bandstop filter was developed based on the original design 
described in the previous sections. Several changes were made to the original design and 
these are discussed in this section. 

4.7.1 Contactless Filter Enclosure 

The first major change was to design the new filter structure around the low-PIM 

enclosure techniques discussed in Section 4.5. This involved making a much larger box 

so that it could accommodate the internal components of the filter. The enclosure was 
made from solid aluminium alloy with no metal-metal contacts except at the forced low 

current points where the lid is attached. 

Given that the enclosure was made from solid material, the mode suppressors were 
machined as part of the structure. The suppressors take the form of thin dividing walls 
between the resonators. The walls were again made to be a quarter wavelength long and 
topped with PTFE strips to prevent contact with the lid. The structure can clearly be seen 
in the photograph of Fig. 4.39. 

4.7.2 Self-Shorting Quarter Wavelength Resonator 

The second major change was in the resonator configuration. It was adjudged that the 

original resonator configuration was not satisfactory. The resonator supports had to be 
loosened in order to tune the filter and on tightening could knock the filter out of tune. 
More significantly however, is that these same dielectric supports create discontinuities 

on the resonator (albeit relatively small), causing reflections which will serve to disrupt 

the wave patterns on the resonator and adversely affect the Q of the filter. 

A more effective type of non-contacting resonator was developed to avoid having 

supports on the resonator at any point along its length. The design is illustrated in Fig. 4.40 

The new configuration comprises a cylindrical section resonant element (-A/4) and a 

quarter wavelength shorting block. The resonator and block are fabricated in one piece. 
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impedance of a circular section centre conductor between two ground planes is given in 

ref. [ 119]. as: 

Zo = 
138. log4b 

no 
Eq. 4.63 

The cylindrical section behaves just as a capacitively coupled short-circuited reso- 

nator as described in ref. [124]. In reality there is little difference between this type of 

resonator and the open circuit resonator of the original design apart from a quarter wave- 

length difference in length, therefore, only a minor adjustment is required to be made to 

the design equations. 

The short circuit is provided for by the quarter wavelength block on the end of the 

resonant element. This works on much the same principle to the mode suppressor except 

that in this case the mode in question is the dominant TEM mode. The block has PTFE 

tape applied to both top and bottom to prevent contact with the ground planes. The PTFE 

sections also act as lengths of low impedance line. The block is ended abruptly inside the 

enclosure at point `B', so that the TEM mode will not be supported and will regard the 

block as being terminated in an open circuit. This will be transformed back to the front of 
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Fig. 4.40 Self-Shorting Resonator 

the block at point `A', to give the desired short circuit termination to the resonant element. 
The resonator is supported by the shorting block and eliminates the need for dielectrics, 

resulting in a better performance. 

The quality of the short circuit at `A' is obviously frequency dependant. Recalling the 

analysis of Section 4.3.3 it is clear that as long as the impedance of the A14 section is much 
lower than that of the resonator, the effective bandwidth of the short circuit will be far 

greater than the bandwidth of the high-Q resonant element, hence this should not be a 

problem. 

4.7.3 External Differential Pitch Tuner 

The final change to be made for the new filter was the development of a new tuning 

mechanism. The previous mechanism utilised threaded sections of nylon dielectric rod to 

avoid forming metal to metal contacts in areas of significant current flow. It has been 

discussed how the rod failed due to losses. A new tuning device was developed based on 

the same differential pitch mechanism of Section 4.6.5.4 but located outside the filter 

enclosure. Hence, the components of the mechanism will not be exposed to RF fields and 

are not likely to generate PIM or yield to any other RF related anomaly. 

The new tuning mechanism is illustrated in Fig. 4.41. The resonator is connected 

through two narrow elongated holes in the floor of the filter enclosure to a brass traveller. 

It is fixed in place using specially manufactured cross-linked polystyrene screws. These 

have mechanical rigidity, a dielectric constant similar to PTFE and a low loss tangent. The 

brass traveller sits in a channel which has been machined into the base of the filter and is 

free to travel in the direction of the longitudinal axis of the resonator. A differential pitch 

tuning rod was made using M4 and M6 brass studding. An M4 thread was tapped into the 
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brass traveller and an M6 hole tapped into the end of the filter body. The tuning rod was 
then screwed into both sections to provide tuning at a rate of 0.2 mm per complete rotation 
of the rod as described in Section 4.6.5.4. 

through PTFE 
line reso ator tape 

1I 

M4/M6 
traveller tuning screw 

- 

9-Z 

Polystyrene 
screws 

Fig. 4.41 External Tuning Mechanism 

4.7.4 Electrical Performance 

The new filter was designed on the basis of capacitively coupled, shorted stubs to the 

same specification as that discussed in Section 4.6.3. The design parameters were calcu- 
lated by slightly modifying the original computer program. The resonator cross section 

was given a diameter of 6.35 mm the same as the thickness of the bar-line used for the 

main conductor of the filter. This was to preserve the cross sectional area of the end of the 

resonator and deliver similar capacitive gap dimensions to the original prototype filter. 
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For b=18.8mm (to maintain the main line impedance as 50Q), and 0=6.35mm, 
ZO=79Q. The remaining parameters are listed in Table 4.2. 

Resonator Coupling Electrical 3dB 

Number Capacitance Length Bandwidth 
(pF) (mm) (MHz) 

1&5 0.238 41.539 21.945 

2&4 0.269 40.817 27.911 

3 0.243 41.412 22.94 

Table 4.2 Resonator Parameters 

The filter was set up and tuned on the Wiltron Network analyser once more. Each 

resonator was tuned individually in order to establish the correct resonant length which 
delivered the desired 3 dB bandwidth performance. The resonators were made over length 

and gradually shortened to approach the correct value. During this stage, the loaded Q of 
the individual resonators was seen to be greater than those in the first prototype filter, indi- 

cating that the quarter-wavelength shorting mechanism was successful. 

However, on tuning the filter with all five resonators active, the performance was 
poor and it was evident that the filter was once again over-moding. 

The `I' sections from the original prototype filter were used to try and establish the 

cause of the over-moding but this time they were observed to have little effect no matter 
what their position inside the internal enclosure. 

It was observed however that loosening the lid caused the moding problem to get 
much worse. Copper tape was used to try and improve the contact between the lid and the 
box but once again this had little effect. 

The next step was to short the J4 dividing wall of the low-PIM enclosure to the lid. 

Narrow slits were cut in the PTFE tape on top of the quarter wavelength walls. This bared 

the metal underneath. Next a short length of soft solder wire was placed in the slit in 

contact with the wall. Initially this was performed at two points in the filter, one on either 

side of the of the broad wall as shown as points (a), in Fig. 4.42. When the lid was tight- 

ened onto the filter enclosure it came into contact with the solder wire which deformed to 

give a good ohmic contact. Immediately, a significant drop in the level of over-moding 

was registered. Further pieces of solder were inserted at the points, (b), indicated in 

Fig. 4.42, and the rejection of the filter became so great that it could not be measured due 
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to the finite dynamic range of the network analyser (i. e. rejection >90dB). The solder was 

removed and the moding problem returned. This suggested that energy was being coupled 
between the ports via the quarter wavelength dividing walls. 

A cross section of the low-PIM enclosure was simulated using the HFSS package. An 

analysis was performed on the higher order modes supported by this structure which 

showed that an enclosure of this cross sectional configuration will readily support modes 

other than TEM, TE11 being of the highest intensity. Further simulation concluded that 

mode conversion readily takes place at the transitions and that the TE11 mode will be 

about 30dBm down on the TEM mode for each transition. This was consistent with the 

measured data which indicated the rejection of the filter to be no greater than about -60/- 
65 dB m. when the overmoding was present. i. e. Energy is converted to the TE 1 mode at 

the input transition, it passes unattenuated to the output transition where some of it is 

converted back into the TEM mode. A drop of =30dB per transition equates to an insertion 

loss of =60dB for the whole filter. 

To the TE11 mode, the A/4 walls simply give the enclosure a much greater transverse 

width. By Eq. 4.61 it is evident that for this configuration, the cut off frequency of the TE I1 

mode will be well-below the operating frequency of the filter and so will not be attenuated. 
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It was considered at this point that the insertion of soft solder wire to form a connec- 
tion between the lid and the filter body was not consistent with the goal of achieving a 

stable, low-PIM filter. However, the design was used in the radiative setup described in 

Chapter7 complete with solder wire mode suppression. In terms of PIM performance, the 

demands placed on the filter in the radiative configuration were not great and the filter 

performed adequately. In the conductive set up the filter will be exposed to much higher 

current levels and it was felt that there would be no benefit to using this design. It was 
therefore decided to develop a more robust band-stop filter. 

4.8 Solid Block Filter 

In order to overcome the moding problems which beset the first two prototype filters 

a third filter was designed using the experience gained from the first two designs. Over- 

moding in the low-PIM box meant that the design of the enclosure would have to depart 

from the box and lid type construction. It was also decided that, as far as possible, the filter 

should be free of any metal to metal contact to ensure repeatable, low-PIM performance. 

4.8.1 Enclosure 

It was decided that the filter enclosure would be machined from a solid block of mate- 

rial. Cylindrical holes were drilled in the block to accommodate the centre conductors. 
One hole, down the length of the block, forms the outer conductor of the main line. Five 

other holes were machined at right-angles to the main hole as shown in Fig. 4.43 to take 

the resonators. 
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The cylindrical holes meant that the new filter would depart from bar-line technology 

and use a coaxial system of conductors. This was not regarded as a disadvantage. In 

coaxial conductors, the currents and voltages are evenly spaced and symmetrical. In bar- 
line, the same fields tend to be concentrated at the comers resulting in slightly higher 
losses, less Q and less power handling capacity than a similar coaxial system 
[121], [124], [130]. The design of the coaxial lines was not a problem as the design 
formulae for coaxial transmission lines are well established. 

The body of the filter was made from aluminium alloy. This was chosen principally 
because it is cheaper than the alternative of brass. It is also relatively lightweight and easy 
to machine. Additionally, there was no evidence to suggest that it's PIM performance was 
any worse than that of brass. 

The through line was made of solid brass and designed to accept a low-PIM connector 
(see Section 4.3) at one end. A low-PIM connection was only deemed necessary at one 

end because the PIM rejection provided by the filter will heavily attenuate any PIM gener- 

ated by the connector on the other end. It was also the case that it would have been difficult 

to implement a low-PIM connection at the other end due to the large diameter of the 

through hole. Instead, the other end of the line was fitted with a plain N-type connector. 
It should be emphasised that the filter must be connected in the correct manner with the 
low-PIM connector nearest to the test position. Otherwise, PIM generated by the N-type 

connector will interfere with measurements. 

4.8.2 Resonators 

The resonators were also machined from solid brass. The resonator design is indicated 

in Fig. 4.44. The design is based jointly upon the quarter wavelength shorting block 

method of the second filter and on the design of non-contacting waveguide short circuits 
[1101. The shorting mechanism is again facilitated by quarter-wavelength sections, 
however, in this design, extra sections have been added in order to reinforce the short 

circuit. More importantly however is that the extra sections heavily attenuate signals from 

the resonator propagating down the tube. This allows the tuning mechanism to be attached 

to the rear of the resonator without the worry that PIM will be developed in the tuning 

screws. The attenuation offered by the quarter wavelength sections is of the region of 
60dB (established from modelling on HFSS). Hence, any parent signal energy will be 

attenuated by this amount before it reaches the tuning mechanism. Any PIM generated 
here will, therefore, be much lower than PIM developed elsewhere. Additionally, PIM 

signals which are developed will undergo a further 60dB attenuation on the return journey 

rendering them even less significant. 
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4.8.3 Tuning Mechanism 

Tuning is once again performed using the differential pitch tuning mechanism. The 

mechanism has been altered in this case and is indicated in Fig. 4.45. A short length of M6 

brass studding has an M4 hole cut straight through its centre. A length of M4 studding is 

screwed through the M6 studding and into the end of the resonator where it is fixed in 

place. A bush was made to fit over the hole on the side of the filter. The bush has an M6 

threaded hole cut into it to take the section of M6 studding. The whole arrangement is 

fitted together as in the diagram. Two nuts are glued onto the exposed ends of the M4 and 
M6 sections. Fine linear tuning can now be effected by rotating the section of M6 studding 

The system was designed so that the length of M4 studding inside the resonator was 

approximately A/4 long at the resonant frequency. The studding acts like another section 

of high impedance transmission line and helps to reinforce the short circuit at the end of 
the resonator. 
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4.8.4 Performance 

The filter was designed by the same method as the previous prototype except that the 

characteristic impedance of the resonant elements was slightly different. The impedance 

was chosen for the resonators to be 77 S2 as this has been shown [ 110] [112] to deliver the 
lowest loss in coaxial systems and will, therefore, improve the unloaded Q of the filter. 

The filter was set up on the Wiltron network analyser and the correct resonant lengths 

were established. The tuning mechanism was found to be very smooth and precise. The 

final tuning settings were maintained by using lock-nuts to fix the tuning rods in position. 
The overall electrical performance of the device was seen to be excellent. Fig. 4.46 indi- 

cates the rejection offered by the device to be superior than any of the previous units. 
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Fig. 4.46 Solid block band-stop filter response. 

The next step was to test the PIM performance of the device. Initial measurements 
indicated a decrease in the residual PIM of the system. However, the couplers used in the 

system began to dominate the PIM level and the true performance of the filter could not 
be determined. Eventually, however, when the final system was assembled, the filters 

were at least as good as the -154dBm residual level obtained for 2x25 Watt carriers. 

157 



CHAPTER 4: Measurement System Development 

4.9 Low PIM Coupler Implementation 

4.9.1 Introduction 

It has been mentioned in Section 3.5.2.2 that the commercial 3dB hybrid couplers 
used in the initial system configuration gave cause for concern over their PIM perform- 
ance. Initial tests failed to indicate PIM generation from these devices, however, during 
the course of system development, the system sensitivity improved and the couplers were 
observed to increasingly dominate the levels of residual PIM. 

Given the poor construction of the couplers in terms of PIM, it was decided to 
research alternative ways of implementing a low-PIM 3 dB quadrature hybrid coupler. 
Like the filter, standard off-the-shelf components are not available with guaranteed low- 
PIM performance therefore the new couplers would have to be manufactured in-house. 

4.9.1.1 Requirements of New Couplers 

The requirements of any coupler employed in a PIM measurement system were iden- 

tified and are listed below: 

(i) The device should be low-PIM and not contribute significantly to the system 
residual level. 

(ii) The coupler should have a well defined electrical response with minimal devi- 

ation from the nominal 3 dB coupling and a 90° phase shift between output 
ports. 

(iii) TEM line technology should be used in order to exploit the low-PIM techniques 

which have been developed. 

(iv) The coupler must be capable of handling high power, at least 100Watts 

(v) It must provide EMC integrity. 

(vi) The design should be robust and be easily manufactured in a standard machine 
shop environment. 

From a search of the literature, two very different structures were selected for inves- 

tigation; the re-entrant cross section coupler and the branchline coupler [138 - 151]. Both 

couplers have a TEM mode structure and readily lend themselves to low-PIM implemen- 

tation. Both are described in the following sections. 
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4.9.2 The Re-entrant, Broad Band, 3dB Coupler 

4.9.2.1 Design 

The re-entrant coupler uses a novel TEM-mode coupling cross section which has been 

patented by it's inventor, S. BCohn [1381. A completely shielded version is shown in 
Fig. 4.47. 

D 
jZoi 

AB 
C 

Zoe Z02 

Fig. 4.47 Re-entrant Coupled Cross Section 

The attraction of the re-entrant coupling mechanism is that none of the inner conduc- 
tors of the cross section are in contact with one another. This immediately rules out the 
likelihood of PIM problems due to junction phenomenon. The device also operates in the 
TEM mode and can be configured to take low-PIM connectors. Additionally, compared 
with other couplers, the structure is much more tolerant of manufacturing errors[138]. 

Consider two coaxial transmission lines placed side-by-side. Their inner conductors 

are entirely separate but their outer conductors touch and become conductor C. Conductor 

C is made a quarter-wavelength long and it's potential "floats" between that of the two 

conductors, A&B, and that of the metal case D. The characteristic impedance of C within 
D is denoted Zo j and the two concentric lines within C each have the characteristic imped- 

ance Z02. An analysis by the classical even and odd-mode impedance method [139,140) 

indicates that the coupling can be quite easily controlled by a judicious choice of Zog and 
Z02. The boundary conditions for the analysis are indicated in Fig. 4.48. 

For the odd mode, A&B, are at equal and opposite potentials and C, is at ground 
potential therefore the odd mode impedance, Zoo, is: 

Zoo = Zoe Eq. 4.64 
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Electric wall for Zoo 
Magnetic wall for ZOE 

Fig. 4.48 Boundary Conditions for Even- and Odd-modes 

For the even mode, each inner coaxial line (A or B to C) is in series with half the outer 
line (C to D) because the floating conductor C, passes the currents flowing from its inner 

surface to its outer surface which is therefore in series with it hence: 

ZOE = Z02+2Zoi Eq. 4.65 

The coupling factor is given by the ratio of coupled voltage to incident voltage: 

VO () coupling 

k=V=lOI 
J 

i 
Eq. 4.66 

For -3dB coupling Eq. 4.66 gives k=0.708. Isolation and input match will be perfect 

when: 

ZO = ZOOZOE Eq. 4.67 

Where ZO is the impedance of the terminating lines. 

k is given as [138]: 

k= 
ZOE-Zoo Zo1 

Eq. 4.68 
oE o 

therefore, ZOE and Zoo may be determined by: 

ZOE = ZO 
1 

Zoo = Zo Eq. 4.69 

The necessary values of Zol and Z02 are therefore: 

I 
Z01 = 2(ZOe '" ZOO Z02 = ZOO 

kl --k Eq. 4.70 
= Zo = Zo 7+ c J1-k2 

160 



CHAPTER 4: Measurement System Development 

For the low-PIM coupler, a coupling factor of -2.8dB was specified to account for 

conductor losses so that k=0.724, ZO1=52.54552 and Z02=19.98752. 

4.9.2.2 Implementation 

A schematic of the final device is shown in Fig. 4.49. The impedances Zog & Z02 were 

calculated using standard formulae with air dielectric. The inner conductors were 

supported by thin (<0.1 ?, at f,,, ), close-fitting, PTFE beads (see Section 4.6.4.1). The 

conductors A&B were extended out from the ends of conductor C in order to accommo- 
date X/4, low-PIM, male connectors at either end. The extensions were designed to have 

an impedance of 5011 in the PTFE dielectric and were also used to support the re-entrant 
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Input and output lines were made low-PIM by using the connectors described in 
Section 4.3, and the whole device was housed in a low-PIM box to minimise PIM gener- 
ation at the lid junction. 

A slightly different approach was taken in implementing the contactless enclosure 
compared with that of the second band-stop filter prototype. Rather than have the channels 
arranged around the periphery of the enclosure, the double-choke section was folded back 

on itself as indicated in Fig. 4.49 to effect the point of minimum current flow at the junc- 

tion between the lid and the box. Impedance Zol is formed by applying PTFE tape to the 
top surface of the lid and forming a compression fit when the lid is tightened. 

The configuration still remains vulnerable to over-moding, however, for the coupler, 

the levels of over-moding observed in the filter of Section 4.7.4 will pose little threat to 
its correct operation. The TE11 mode is at least 30dB down on the TEM mode, which is 

much lower than the desired 3 dB coupling. The main reason for the change in design was 

to avoid having the semi-rigid cable entry passing through the Z02 section as in the orig- 
inal design. It was felt that such an arrangement may disrupt the field patterns in the 

branch-line section and promote current flow across the lid junction. 

4.9.2.3 Performance 

The re-entrant coupler was characterised on the network analyser. The results are 

shown in Fig. 4.50. As with most forms of quarter-wavelength directional couplers, the re- 

entrant arrangement is a backward directional coupler. That is, if port 1 in Fig. 4.49 is the 
input port, port 3 will be the coupled port, and port 4 the isolated port. 

The results indicated that the coupler performs well electrically, delivering over 25 dB 

match at the frequencies of interest. The phase difference between the through and 

coupled ports is 90° at all points in the useable bandwidth, again to specification. 

The coupler was inserted into the PIM measurement system and tested at 25 watts per 

channel. An immediate improvement in the level of residual PIM was recorded, down 

some 40dB to -154dBm for 7th order. This level of residual marked a significant 
improvement over the previous coaxial systems described in Table 3.1. Additionally, the 

level was extremely stable and repeatable and clearly justified the effort which was put in 

to improving the system. 
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Fig. 4.50 Re-entrant low-PIM coupler performance 
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4.9.3 The Branch-Line Hybrid Coupler 

Whilst the design of the re-entrant coupler was in progress, a parallel study was made 

of the branchline coupler structure illustrated in Fig. 4.5 1. 

Branchline couplers are directional couplers consisting of two parallel transmission 
lines coupled by a number of orthogonal branch lines. The lengths of the branch lines and 

their spacings are all one quarter-wavelength at the centre frequency. The characteristic 
impedances of the two parallel main lines may be changed from section to section and the 

branch impedances may also be adjusted, in order to define the electrical performance. 

The branchline coupler is suitable for low PIM applications because the centre 

conductor can be made in a one-piece bar-line construction with no metal-metal junctions. 

This structure is also appealing as it exhibits forward coupling. i. e. if port 1 of Fig. 4.51 is 

the input port, the coupled port will be port4 and the isolated port will be port3. This leads 

to more compact circuit layout and reduces cabling requirements. 

Initially, it was also thought that the design of such couplers was relatively simple. 
However, it will be shown in this section that this is far from being the case. 

Numerous literature has been published on the design of branchline couplers 
[140-151] and many tables have been produced for determining the correct line imped- 

ances to implement a wide range of generalized coupler responses. 

There are essentially two main types of branchline coupler; the periodic coupler and 

the synchronous coupler. Transmission lines that are periodically loaded with identical 

obstacles are referred to as periodic structures. In the case of branchline couplers the 

obstacles are the branchline junctions. A periodic branchline coupler has uniform imped- 
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ance through-lines and all the interior branchlines are the same. Such couplers have some 
of the advantages and disadvantages of periodic structures; they are simpler to construct 
than less regular structures, but they have no clearly defined pass-band in which optimum 
performance is sought or realised. 

Synchronous structures on the other hand are designed such that at some fixed 
frequency (called the synchronous frequency) the reflections from any pair of successive 
discontinuities, are phased to give the maximum cancellation. In this state the structure is 

said to be synchronously tuned. The branchline coupler can be so phased by adjusting the 

through line impedances. A synchronous quarter-wave transformer can be used as a proto- 
type circuit resulting in a clearly defined pass-band, in which the VSWR and directivity 

are optimised. For this reason, only synchronous branchline couplers were considered for 

this application. An additional advantage over the periodic design is that to meet a speci- 
fied electrical performance over a given bandwidth, fewer branches are required. 
However, the different branches will vary considerably in impedance and, as a result, the 

physical branchline junctions will tend to deviate increasingly from ideal behaviour. 

The design formulas presented in the literature were used as the starting point in the 
design of an L-band coupler for use in the PIM system. The data presented in the literature 

is optimised for only a limited number of bandwidths and coupling factors. As such, a 
design based on this data is not necessarily optimised for a particular application. 

In accordance with the system specification, the device should deliver 3 dB coupling 

over an effective bandwidth of 1.55 GHz to 1.65 GHz, centred on 1.6 GHz, or 6.25% of fo. 

This covers the parent signals of the L-band measurement system and up to the 7th order 
PIM product. The return loss was specified to be better than 30dB across the band. It was 
decided to fully optimise the coupler design to deliver the exact specification. This was 

carried out using the MDS microwave circuit simulator, described in Section 4.2.1.2. 

As a first approximation, a coupler was designed using the data in the paper by Levy 

and Lind [142]. Table II in the paper indicates that the desired response could be met by 

a coupler with three branchlines. However, the minimum bandwidth that can be achieved 

using the given data is 20% of the centre frequency, fo. This is clearly much more than 

required. The design was entered into the MDS program and the impedance values were 

adjusted to give a response which more closely matched the desired specification. The 

final impedance values and the simulated response are indicated in Fig. 4.52. 

The network simulation results from the program give precise results for idealized 

components only. This assumes that the junctions between transmission lines are perfect 

and that the only mis-match at these junctions is due to the different impedances of the 
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adjoining lines. However, it has been well documented that, far from exhibiting ideal 

behaviour, physical junctions in transmission lines are highly influenced by localised field 

distortion and can behave very different to the ideal case[152-168]. 
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Fig. 4.52 L-band Branchline Coupler Design 
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By the same reasoning that led Whinnery and Robbins to postulate the existence of 
higher-order modes at the discontinuities in coaxial lines (see Section 4.4.2 and refs. [ 114, 
115]), it is accepted, that in the close vicinity of a transmission line "T" junction, there 

also exists field distortion which can be considered as a superposition of higher-order 

modes. The effect is particularly pronounced in bar-line structures where the significant 
centre conductor thicknesses readily lend themselves to the establishment of fringing 
fields at junctions as illustrated in Fig. 4.53. 

fringing 
'ield lines 

Fig. 4.53 T-Junction Fringing Fields 

Another factor in the design of practical junctions is the path length of a signal passing 

through the junction. Fig. 4.54 indicates the position of the reference planes of an ideal 

junction from where ideal ? 14 joining lines are measured. It is obvious, however, that 

physical signals will not trace such a regular path but will tend to take a shorter route 
through the junction, as indicated. The physical reference panes are therefore seen to be 

displaced from the ideal planes by a small distance. 

Fig. 4.54 Reference Plane Location 

These physical effects must be included in the design of any component or device 

having such junctions in order for the device to behave as desired. To this end, a great deal 

of material has been published on the modelling of these physical effects with the object 

of providing hard-data for use in improving design accuracy [152-168]. The results are, 
however, rather limited in their use. The vast majority of research has been conducted into 
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thin strip-line and microstrip structures where it is assumed that the centre conductor is 

thin enough to be of little or no significance. For these structures, junction dimensions at 
frequencies below 1 or 2GHz are generally very small compared to a wavelength and the 
discontinuity effects are negligible. Data also exists for waveguide junctions [169] where 
it is shown that if the if the waveguide heights are small compared with a wavelength then, 

again, junction effects are negligible. It has also been shown that in cases where stripline 
or waveguide discontinuities are significant then the published data can be used to predict 
the behaviour of the junction, therefore, components containing such junctions can be 
designed more accurately. 

In bar-line, any impedance (within reason) may be implemented in an almost infinite 

number of ways depending upon line thickness, line width and ground plane spacing. 
Such versatility is a key feature of bar-line technology but makes the modelling problem 

much more complex. Since each impedance can be implemented in a large number of 
different physical configurations, it is evident that junctions in bar-line and their associ- 

ated parameters can also take on a large number of different implementations. Bearing this 
in mind, it is not surprising to find that most of the work published on bar-line `T' junc- 

tions deals with the techniques used to calculate discontinuity parameters rather than 

providing data on the actual parameters of particular junction implementations[160-168]. 

A large amount of the published work is theoretical and describes complex field analysis 

techniques which are outwith the scope of this project. It was therefore decided to look 

more closely at the modelling process and determine an alternative method of solving the 

problem. 

4.9.3.1 `T' Junction Modelling 

In general, the properties of a three-port network can be characterised by an imped- 

ance matrix of order 3x3 [170]. The nine complex numbers relate the amplitude and phase 

of the input and output signals of a given pair of ports. However, for reciprocal, lossless 

networks, Z; ý=Zj; and only six complex numbers are required to define a three-port 

network. Accordingly, in order to completely and accurately define a three-port `T' junc- 

tion at any given frequency, a model must contain six independent parameters. A standard 

model for a `T' junction is illustrated in Fig. 4.55 where the six variables are 11, j, nl, 

n2 and C. The impedances Zl, Z2 and Z3 are the same as the respective port impedances to 

which the `T' is connected. 
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Zt nl: l n2: 1 Z2 

12 

Fig. 4.55 Ideal, six parameter, ̀T' junction model 

It is often the case that Z1=Z2. This allows the model of Fig. 4.55 to be simplified to 
that of Fig. 4.56. Such junctions are called symmetrical `T' junctions for obvious reasons 
and require that only 5 parameters be defined. Where all of the arms of the `T' have 
different impedances the junction is said to be asymmetric. 
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12 
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A, 

Port 3 

Fig. 4.56 Five parameter, symmetrical ̀ T' junction model 

The problem with branchline couplers is that there are potentially many different 
`T' junction configurations. In the three-branch synchronous coupler, there are two 
different junction configurations. Two identical symmetric junctions and four identical 

asymmetric junctions as indicated in Fig. 4.52(a). In order for the coupler to function prop- 
erly, there must be a degree of consistency in the electrical performance of the junctions, 

and their models. 
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For instance, consider the length 13 in the models which represents the reference plane 

offset of the branchline. In a physical coupler it would be very difficult to make the lengths 

of the of the branches different from each other due to the mechanical constraints in 

machining the device. This suggests that the physical branchline lengths should be the 

same. Also, given that the electrical lengths of all lines in the coupler are J4 at the centre 
frequency, then the electrical length of the branch lines should also be the same. Hence, 
if there is a significant difference in 13 between the two junction models, the response of 
the final coupler will be compromised. 

In addition, consider the model of Fig. 4.55. If this model were to be used for all of the 
junctions, then the turns ratios of the ideal transformers in the through lines would have 

to be consistent. If the transformer ratios for successive junctions were different, then each 
junction would `see' a different value of impedance for the through lines. For the coupler 
to function properly, the impedance seen by each junction should be the same. Addition- 

ally, having a transformer in the 5012 feed arms of the network would mean that the phys- 
ical impedance of the feed lines would have to deviate from the nominal 5052 in order for 

the junction and its transformer to `see' 5091. This would require additional impedance 

transformers in all four feed lines to maintain compatibility with the rest of the system. 

The discontinuity capacitances also have to be identical at each junction in order to 

give a perfect match. In the branchline coupler junctions are spaced a quarter wavelength 

apart electrically. Thus when the two capacitances are equal the resulting reflected signals 

will cancel each other out. Failing this, the capacitances should be made as small as 

possible so that their effects are minimised. 

In order to promote consistency between the two different junctions, it was decided 

to model both junctions using the circuit of Fig. 4.56. This model is accurate for the 

symmetric 'T' junction but not so for the asymmetric `T' junction. 

The transformer turns ratio in the branchline represents the high frequency effect of a 
load connected to the shunt branch arm. At very low frequencies any such load will appear 
directly connected across the through line, i. e. when f-40, n--* 1. 

At microwave frequencies a load connected at some point along the shunt branch will 

appear transformed by the ration 1/n2. For an asymmetric `T' junction the different 

through line impedances will not be related to the branchline impedance by the same ratio. 
However, in this particular case, the branchline impedance is very high, hence, its cross- 

sectional centre conductor dimensions are small compared with the mid-band wavelength. 
Consequently, it was thought that the field perturbation would be small and that the model 

would be a good approximation. However, some compromise in accuracy was expected. 
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The question now arises of how to determine the parameters of a specific junction in 

order that they may be optimised and taken into account in the final design. The two 
methods generally used to determine the junction parameters are by physical measure- 
ment of actual prototype junctions or by field analysis computation. 

The physical measurement technique yields relatively accurate results because there 
are no approximations involved, although some degree of experimental error must be 

assumed. There are however some more serious drawbacks to the experimental approach. 

a) The design process for establishing the correct junction configuration is iterative. 
After each test, the junctions will have to be compared with each other, modifications 
made and more tests carried out. The test procedure will have to be repeated many times 

until the combination of physical structure and model parameters yields a junction which 
delivers the desired performance. Each iteration will involve the manufacture of new tees 

and this can make the whole process time consuming and laborious. 

b) The measurement procedure is not straight forward. Many measurements have to 
be made on each junction in order to characterize it completely. Use of the results is 

complicated further by the fact that the junctions involve transmission lines whose imped- 

ance can deviate significantly from 5052. Most measurement systems and equipment use 

a 50KI impedance standard therefore the mismatch due to the different impedances must 

also be taken into account during calculations. 

On the other hand, data on theoretical field analysis is sparse and the subject matter 
complex. The methods described in the literature have taken teams of researchers years to 
develop and could not be repeated within the time-scale of this project [160-168]. 

In the end it was decided to use the HFSS program described in Section 4.2.1.1. First 

the physical junction structures are drawn on HFSS which then performs a computation- 

ally intensive analysis of the structure and delivers the results in the form of S-parameters. 

These results can then be imported into a standard linear network simulator such as the 
MDS package mentioned in Section 4.2.1.2. Here, ideal lengths of line and ideal termina- 

tions may be added to the ports of the tee. Simulated experiments can then be performed, 

using the HFSS results, to determine the junction model parameters. 
N(N+ 1) 

The experimental determination of the 2 network parameters, that charac- 
terise an N terminal junction, involves the placement of known impedances at N-1 

"output" terminals and measurement of the resulting impedance at the remainin) input 

terminal [170]. Input impedance measurements must be performed for 
N(N+ 12 

arbi- 
trary but independent sets of output terminations. The determination of the network 
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parameters from these measurements can be considerably simplified by a judicious choice 
and placement of the output impedances. A variable length of short circuited line provides 
a convenient way of setting the output impedance. 

For example, consider the equivalent circuit of Fig. 4.56 which has been chosen to 

represent the ̀ T' junctions. The first step is to determine the reference plane offset length 

at each port. This is necessary so that these lengths may be taken into account when setting 
the length of the ideal short circuited lines to provide known terminating impedances. The 
lengths can easily be determined if we consider that the input impedance of a transmission 
line repeats itself every half-wavelength, therefore, the input impedance to a )J2 shorted 
line is zero. If this is connected across a junction, the junction is shorted and no transmis- 

sion will take place between the remaining lines. Therefore, if we place an ideal short on 
each port in turn, transmission between the other two ports will be observed to be a 
minimum when the line is electrically A/2 long from the junction reference plane. The 
length of the short is varied until the minimum coincides with the centre frequency of the 
band of interest. Comparing this length with the physical length of a A/2 line will give the 

reference plane offset for the port which is terminated in the short circuit. 

The reference plane information can then be used to calculate the shunt capacitance. 
Short circuited lines are placed on two branches of the junction and set to be electrically 
7�4 from the junction reference plane. The short circuits will then be transformed to open 

circuits at the plane of the junction and will be in parallel with the shunt suceptance at the 
junction. Hence, the remaining line only sees the shunt suceptance. If the remaining line 

is made X12 long (remembering to take the offset length into account) the shunt suceptance 

will be transformed to the input port and can simply be read off there. 

All that remains is the calculation of n, the transformer turns ratio. This is obtained 
from a knowledge of the other parameter values and by using them to effect known imped- 

ances at the reference plane of the junction. Consider the ̀ T' model of Fig. 4.56. The trans- 
formed impedance of the orthogonal branch-line, at the plane AA' is determined by: 

Nl 2 
Zin = 

(N; ) 
ZL Eq. 4.71 

Where NI and N2 are the primary and secondary turns ratios respectively. In this case 
N1=1 and N2=n, hence: 

in = Or; Yin = n2 YL 
n 

Eq. 4.72 

172 



CHAPTER 4: Measurement System Development 

Now, the input is nominated as being at one of the other ports, say port 1 for example. 
With known loads at plane AA' (taking 11,12,13 and C into account), we can readily obtain 
an expression for n as follows: 

(i) First make the feed line from port 1 to the junction X12 long electrically, i. e. 
taking the offset 11 into consideration. Due to impedance transformation, the 
input impedance registered at port I will be exactly the same as the impedance 

at the plane of the junction AA'. 

(ii) To effect a "known" impedance at plane AA' from port 2, a 3a/8 long (electri- 

cally), shorted transmission line of impedance Z2 is added. Now the input 
impedance to a 3? J8 length of shorted line is given from Eq. 4.1 as: 

Zin = .l 
Zo2 " tan 0l Eq. 4.73 

Now, P=T 
21c 34 31c 

and 1=$, therefore ßl =7 and: 

Zin = -jZ02 and Yin = JYo2 Eq. 4.74 

(iii) Similarly, if a 57J8 long length of shorted line were attached to port 3 with an 
impedance of Z03, the input impedance would be: 

I 
Zin = 

(). JZo3. tan ßl 

2 

_n 
Eq. 4.75 j703 

and Yin = jn2Y03 

(iv) Now if we remember to take the discontinuity capacitance into account we can 
write an equation for the now simple parallel network in terms of only one 
unknown variable, n: 

Yin = J(BD + YO2 -n2 Yo3) Eq. 4.76 

Hence we can establish all of the required junction parameters in order to be able 

model the physical `Tee' junctions and design an optimised branch-line coupler. 
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4.9.3.2 Practical Branchline Coupler Design 

The specification and ideal impedance levels for the 3 dB coupler were established in 
Section 4.9.3. The next step is to determine the physical dimensions of the coupler which 
will deliver the specification. 

The coupler was cut from one piece of metal to form a bar-line structure. The first 

stage was to determine the cross section of the bar-line which would be used. The main 
problem with the design of tightly coupled synchronous couplers is the range of imped- 

ances which have to be realised. The outer branches are 12091 whilst the inner branches 

are 35 Q. This means that for a given ground plate separation and conductor thickness, the 

width of the lines will be hugely different. The high impedance lines will be very narrow 
whilst the low impedance line will be very wide. A balance must be struck between 

making the low impedance line narrow enough to avoid over-moding and large disconti- 

nuities (which it may not be possible to compensate effectively), and making the high 
impedance line wide enough to be practically fabricated in a workshop environment. 

One way around this problem is to have lines of different thickness. For a fixed imped- 

ance and ground plane spacing, the width of a bar-line will get narrower if the thickness 
is increased whilst the width will get larger if the thickness is reduced. 

In this case, the centre conductor thickness for all but the high impedance lines was 
specified as being 6.35mm (1/4") thick as this size material is readily available from 

suppliers and minimises machining. 

The ground plane spacing was then calculated to give practical widths for the low- 
impedance lines using data from the literature [116]. In this case a spacing of 14mm was 
chosen to give line widths of 6.84mm (50 Q), and 13.06mm (3552). The next step was to 

establish a width and thickness for the high impedance lines so that they could be easily 
fabricated. With the ground spacing maintained at 14mm the dimensions required for a 
12012 line were chosen to be a width of 2.0mm and a thickness of 2.0 mm. Obviously, 

these dimensions are still relatively small and great care is required during machining. 

Having established the physical dimensions of the bar-line the next step was to model 
the tee junctions in 1-FSS. In the first instance, the tees were modelled as though they were 
ideal i. e. 11=12=13=C=0, and n= 1. On modelling the tees the junction parameters can be 

calculated using the methods of Section 4.9.3.1. These parameters can then be used to 

develop a new junction configuration which will better approximate the desired junction 

behaviour. This is an iterative process because each new tee model is based upon the junc- 
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tion parameters of the previous design and the parameters for the new junction will not be 

exactly the same. In practice however, the error becomes very small after only a few iter- 

ations. 

The objective of this modelling stage is to establish the physical dimensions of the 
junctions and transmission lines in the branchline coupler design which will make the 

coupler perform as designed. 

4.9.3.3 Simulation Results 

Each ̀ T' junction was tested in numerous different configurations, each varying only 

slightly from previous tests. In this manner it was possible to determine the effects of the 

physical changes, on the different junction parameters. Each `T' was subjected to minor 

adjustments until both sets of parameters began to satisfy the criteria laid out above and 
the parameters were consistent between junctions. 

Once the individual `T' junctions had begun to converge to the desired specification, 

a full branchline coupler was modelled on MDS using ideal transmission lines. Each ̀ T' 

junction was replaced by its lumped equivalent model, after Section 4.56. In this way it 

was possible to determine whether a satisfactory coupler could be 'configured using the 
junctions or whether it was necessary to carry out further modelling. 

The initial and final junctions, and their parameters are illustrated in Fig. 4.57. 

Comparing parameters it is observed that the final junctions are much more compatible 

and should therefore yield a better coupler. 

The two finalised junctions were then used to model a full size branchline coupler 

using the HFSS program. Simulating the whole coupler on HFSS can take up to eight 
hours to complete, hence, this was simply used as a method of checking the results from 

MDS. It also gives a more accurate indication of how the final device will perform. 

The offset reference plane lengths were used to calculate the correct lengths of all the 

adjoining lines and the final model was set up according to the dimensions of Fig. 4.58. 

The results from the HFSS simulation were excellent and are repeated in Fig. 4.59. It 

can be seen that the design bandwidth, coupling, return loss and directivity are almost the 

same as those in the ideal design. 
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Fig. 4.59 HFSS simulation results of whole coupler 

4.9.3.4 Actual Performance 

The final step was to have the coupler manufactured in the mechanical workshop to 

the dimensions which were established form the modelling process. The centre conductor 

of the coupler was machined in one-piece from ex-stock brass plate and the 50 ohm feed 

lines of the coupler were drilled to accommodate the contactless UT-250 probe. 

Scattering Matrix vs. Frequency 
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Fig. 4.58 Final coupler dimensions 
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The finished branchline coupler is indicated in the photograph of Fig. 4.6 1. The unit 

On comparing the results with those of the simulations it can be seen that there are 

some discrepancies. These are attributed to: 

(i) Dimensional errors due to manufacturing tolerances. 

(ii) Measurement errors from the network analyser. 

(iii) Simulations were based on the assumption of lossless conductors. 

(iv) Cable entry transitions not included in simulations. 

However, even with these errors, the plots taken from the network analyser show that 

the performance of the device is acceptable. 

The project to design a branchline coupler has proved successful. However, due to 

time constraints and the excellent performance of the re-entrant coupler, the branchline 

device was not tested in terms of its PIM performance. The coupler was tested electrically 

using only a simple test enclosure and was not packaged for low-PIM performance. 
However, it is not anticipated that the coupler would give any problems as couplers of this 

type have already been designed for use in aerospace applications [ 159,160,165-168] 

where they have had to conform to rigid PIM specifications. The dominant factor is likely 

to be the effectiveness of the low PIM enclosure. 
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4.10 Test Jigs 

4.10.1 Introduction 

In order to study the non-linearities of passive materials, test samples of a well defined 

nature need to be excited under controlled environmental conditions. If they cannot be 
directly connected into the laboratory measurement system, then some kind of test fixture 
is required. In this section, the main requirements of test fixture design are considered. 
There then follows a full description of several, novel, low-PIM test jigs developed for 

this project. 

4.10.2 Requirements 

The principal requirement for a low-PIM test fixture (and for that matter a low-PIM 

test system) is a low and consistent level of non-linearity. If a test chamber is made using 
non-linear materials or has non-linear junctions at points of significant current density, the 
intermodulation signals that could be generated will mask the PIM signals produced by 

any test sample. This effectively reduces the useful dynamic range of the system and 
lowers the sensitivity of the system to effects from the sample under test. It is also 

extremely important that the chamber exhibits consistent and repeatable PIM behaviour. 

Many different samples have to be tested in order to provide enough data to be able to 

characterise PIM behaviour. Therefore, it is imperative that the test jig shows consistently 
low PIM levels so that the measured data can confidently be attributed to the test samples 

and not some spurious response in the performance of the fixture. A consistently low level 

of residual PIM also means that the test results between different samples can be directly 

compared with the confidence that the results reflect the influence of the different test 

parameters. 

In addition to good linearity, the test fixture must also allow for good impedance 

matching of the sample to the rest of the system. If the sample is not properly matched, 

the full potential of the system will not be realized because the maximum available power 

will not be conducted across the sample. The reflected power from a bad match could also 
damage the sensitive test equipment. Additionally, a poor impedance match will result in 

a significant VSWR (voltage standing wave ratio) which will increase the field strength 

and current density at other points of the system and could lead to the generation of higher 

levels of residual PIM. 

The test fixture must also have a sufficient bandwidth to satisfactorily propagate the 

two parent signal frequencies plus any PIM frequencies which are being measured or once 

again the potential sensitivity of the system may be compromised. 
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Other important requirements are that the fixture should have the flexibility to incor- 

porate a variety of test samples, it should allow for quick and easy access to the sample to 

promote a fast turnover of tests and the jig should be shielded to minimise external EMI 

In practise it can be very difficult to design a single test fixture which satisfies all of 
these requirements and there will generally be a trade-off between them. In the UKC 

system for example a degree of flexibility in the variety of the test samples was sacrificed 
and two different jigs were made to test two different sample formats. 

Several types of jig are described in the literature which have been used in conductive 
measurement systems to test chemical compounds [86], jointed-plate samples [25] ferro- 

magnetic materials [38] and 1m long structural components [7]. However, all of the jigs 
described use standard connectors to couple RF energy into the sample. The samples were 
soldered or even screwed in place. These characteristics are highly likely to increase the 
PIM levels of the jig itself and make it difficult to distinguish PIM signals due solely to 
the sample. Therefore, it was decided that for the UKC system, the contactless techniques 

which have been developed and exploited in the rest of the system, should be utilised in 

the design of low-PIM test enclosures. This should provide the desired low-PIM integrity 

and continuity in the sensitive areas of the system and should optimise PIM sensitivity and 

consistency. 

4.10.3 Prototype Engineering Sample Jig 

The first jig which was designed is shown in Fig. 4.62. The jig was designed to take 

solid metal rod samples 9 mm in diameter and 166 mm long. The large diameter and 

circular cross section format of the samples was chosen in order that a range of standard 

engineering type finishes and coatings could easily be applied to the samples. It was 

considered that this would provide data which is directly indicative of practical situations 

and applicable to the engineering world. 

The sample was made to be SOS1 inside a rectangular section outer conductor using 

the data of reference [119]. The cross sectional configuration is as shown in Fig. 4.62. A 

rectangular outer conductor was selected as this would be easy to machine and would also 
lend itself to implementation using the low-PIM enclosure of Section 4.5. The cylindrical 
inner conductor meanwhile, was considered to be suitable for the implementation of the 

contactless principles of Section 4.3 and it would also allow for easier sample fabrication. 

RF energy is coupled to and from the sample using quarter-wavelength series stubs as 
illustrated in Fig. 4.62. The coupling sleeves are free to slide back over the feed lines to 
facilitate quick and easy changing of the sample. When assembled as shown, the sleeve 
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also forms a section of 5052 transmission line. This was achieved by machining extra 
depth into the base and lid to maintain the b/a ratio for 500, thus allowing for the 
increased diameter. The sleeves were also made to be X12 long in air at the mid-band 
frequency in order to cancel any mismatch at the ends of the sleeve. 

The feed lines are fitted with a quarter wavelength sheath of PTFE which is then 
inserted into the sleeve. The sample has a similar PTFE sheath and this is inserted from 

the other end. Owing to the higher dielectric constant of PTFE compared to air, a half 

wavelength in PTFE is shorter than that in air. This results in a gap between the end of the 
feed line and the sample of some 20mm, inside the brass sleeve. This is sufficient to effect 
an open circuit at the end of both lines which will be transformed to a short circuit at the 

ends of the sleeve thus providing a continuous flow of power over the sample. 

The feed lines themselves are contactlessly coupled to the semi-rigid input lines at 

each end of the jig leaving the whole structure free of any metal junctions which are at 
points of significant current density. This in turn should mean reduced levels of residual 
PIM. However, the centre conductors, being contactless, must be supported and held 
firmly in place to maintain the correct dimensional relationships. In this way, compensa- 
tion lengths at the transitions will not be liable to change and the characteristic impedance 

will remain stable. A clamping mechanism was formed using two short blocks of PTFE. 

These blocks were split through the middle in a similar fashion to those used to support 
the resonators of the 1st bandstop filter prototype (see Section 4.6.4.1). They were fitted 

around the centre conductor and then fixed to the floor of the jig using cross-linked poly- 
styrene screws. 

The outer enclosure of the jig was designed to be a low-PIM enclosure after Section 

4.5. The bandstop filter of Section 4.7 indicated an overmoding problem with this type of 
enclosure, however the level of the next higher order mode was found to be around 30 dB 
down on the TEM mode inside the cavity and most of the energy remained in the dominant 

TEM mode. For the engineering sample jig, the width of the internal enclosure did not 
have to be as great as that used in the filter. Hence, it was expected that the level of over- 
moding would be less. However, even at 30 dB down on the TEM mode, any overmoding 
in this instance would be insignificant. 

The engineering sample jig enclosure was machined from solid brass, the external 
dimensions of which are approximately 66 x 21 x6 cm. The centre conductor is manufac- 
tured from brass in several sections. The contactless connection is realised by a brass 

sleeve which slides over the input/output line and each end of the sample rod. Quarter 

wavelength PTFE, sleeves cover the ends of the input/output lines and the sample rod, thus 

avoiding any metal to metal contact but allowing RF transmission with minimum loss. 
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The electrical performance of the ESJ was found to be reasonable. Fig. 4.63 indicates a 
return loss of better than -18 dB over the frequencies of interest and the insertion loss was 
measured at about 0.3 dB over the test band. 
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P-MARKER 1 LOG MAG. oREF-O. 000d9 S. 000dB/DIV 1.5500 GHz 
-25.372 dB 

MARKER TO MAX 
MARKER TO MIN 

2 1.5320 GHz 
I -31.445 dB 

3 1.5920 GHz 
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4 
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0.4000 GHz 2.4000 

Fig. 4.63 Engineering sample jig return loss 

The one major difference between the sample jig and the prototype low-PIM box was 
in the lid fixing mechanism. On the prototype box, the lid was fixed in place by a number 
of M6 bolts which were screwed into the body of the box. For the Engineering sample jig, 

this was considered to be too cumbersome. The large size of the lid meant that a large 

number of bolts would have to be used to fix it in place. For each sample test, all of the 
bolts would have to be removed, the sample exchanged and the bolts replaced and tight- 

ened. The time taken to change a sample would then be far in excess of the time taken to 

perform PIM tests on the sample making the system very inefficient. It was therefore 
decided to look for an alternative solution. 

The problem was how to provide sufficient clamping pressure between the lid and the 
enclosure body in order to keep the system residual consistently low yet allow the lid to 
be raised quickly in order to be able to change the sample. Another area for concern was 
the size and weight of the lid. It would require 2 people to safely and accurately lift the lid 
into position thus using valuable manpower. 
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In the end a complex gantry was developed which facilitated both manoeuvring of the 

lid and clamping it in place on top of the jig. The arrangement is shown in the photograph 

of Fig. 4.63. The lid can be raised and lowered using a winch mechanism which has been 

fitted over the lid. The lid is attached to linear guide rails in order to ensure that it is located 

correctly when lowered onto the jig. Clamping of the lid is facilitated by eight toggle 

clamps which are attached to the steel surround. The surround is bolted to a steel plate 

which provides a rigid mounting against which the clamps can exert a considerable force. 

been cited as exhibiting some of the lowest PIM levels for any conductor [53]. The system 

PIM residual with ESJ in the system was initially found to be very variable at around 

-120 dBm, the level being notably dependant upon slight differences in lid clamping pres- 

sure. The residual was improved to about -136 dBm +/- 2 dB (7th order PIM with 

2x 25 W carriers) by machining a new, thicker, lid with improved surface flatness 

resulting in an improved contact area. This allowed preliminary measurements to be made 

on the sample materials (see Chapter 5). However, the PIM level of the jig was still above 

the system residual (-154 dBm) and most of the samples caused no discernable change in 

this level. Hence, it was clear that an improved measurement jig was required. 
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4.10.3.1 Coaxial Sample Jig 

In order to overcome the difficulties encountered in achieving a consistent level of 

residual PIM from the engineering sample jig, a coaxial sample jig (CSJ) was designed 
incorporating the principal of forced minimum current density points at all metal-metal 
junctions (as used in the UKC contactless connectors described in Section 4.3). The jig is 
illustrated in Section 4.65 and was designed to mount the same samples as were used in 

the engineering sample jig discussed above. 

The body of the jig is made entirely from brass and has solid PTFE inserts. The 

connection between the two halves of the jig is clamped together using 4xM6 bolts. This 

was far less than used on the prototype low-PIM box and could always be increased if 

required. However, the contact area on the new jig is a great deal smaller than that of the 

prototype. Given the low current density at the joint, and the proven low-PIM performance 
of the contactless connector, the 4 bolts were expected to deliver sufficient contact pres- 
sure to minimise PIM from the jig itself. 

The operation of the jig is synonymous with the operation of the low-PIM connector 
of Section 4.4. As in the engineering sample jig, the sample is contactlessly coupled to the 
feed lines by a close-fitting, low impedance, X114, PTFE sleeved section. However, 

inserting samples is less straightforward and requires careful alignment of the sample and 
feed line. 

The frequency response of the jig is illustrated in and Fig. 4.66. It is evident from the 

return loss plot that the optimum mid-band performance of the jig, just fails to coincide 

with the centre frequency of the PIM system at 1.59GHz. This is likely to be as a result 

of the cumulative effects of having so many ? /4 sections operating in close proximity and 
the errors involved in calculating the physical a/4 lengths to the desired accuracy. 
However, it was decided that the performance of the jig was adequate for the intended 

tests. 

On inserting the jig into the system and once again using a polished beryllium copper 

sample, it was found that this jig has an excellent PIM performance. No degradation in the 

overall system PIM residual of -151 dBm (7th order) from 2x 25 W carriers was 

observed. 
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Fig. 4.66 Coaxial sample jig return loss 

4.10.4 Small Geometry Sample Jig 

In addition to performing tests upon engineering scale samples it was decided that it 

would also be beneficial to carry out tests on samples having small physical dimensions. 

The reasoning was that smaller geometries would lead to much higher current densities in 

the samples. The higher current densities were expected to produce higher levels of PIM 

which would more readily respond to changes in the test environment and reveal more 
information bout the intrinsic properties of PIM in solid materials. 

It was decided to use 1.0mm diameter wires for the sample format. The main reasons 
for this choice were: 

" The sample jig design would be very straightforward, again allowing the easy 
implementation of the low-PIM techniques developed in Section 4.3. 

" High purity, 1.0mm, wires were readily available to buy from specialist suppliers 
(Goodfellow Ltd. ). 

"A wide range of materials for the wire samples was available and could be chosen 
to closely match those of the engineering samples for comparison. 
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A diagram of the jig design is illustrated in Fig. 4.67. Again, extensive use is made of 
J4 coupling sections to avoid making any metallic contacts. The alumina tube which is 

indicated in the drawing was necessary in order to increase the dielectric constant of the 

central section of the jig where the sample is located. This allows a 5052 impedance to be 

implemented using a larger outer conductor diameter. Due to the small diameter of the 

wires, a low dielectric constant would have required a small outer diameter which would 
have been difficult to machine. 
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Fig. 4.68 Small geometry sample jig return loss 

The frequency response of the assembled jig is illustrated in Fig. 4.68. In this case it 

will be observed that the optimum performance of the jig is very close to the design 

frequency. Again, the performance was considered satisfactory for the measurement 

program discussed in the next chapter. The PJM performance of the small geometry 

sample jig is considered in relation to the rest of the system in Section 4.11.1. 
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4.11 Reconfigured System Performance 

The development of low-PIM components has been described in this chapter. The 

components were systematically inserted into the system and were observed to improve 
the residual PIM level in terms of achieving low-level, repeatable and stable performance. 
For the measurement programme the system was configured according to Fig. 4.69. 

After combining the parent signals using the directional filter set up of the original 
system, they are transmitted through a second directional filter assembly. The directional 
filter is comprises two low-PIM Bandstop filters, tuned to the PIM frequency of interest, 

and two 3 dB hybrids. The first hybrid is a commercial unit as discussed in Section 3.5.2.2. 
This device is not required to have an exceptional PIM performance since PIM generated 
before the bandstop filters will be reflected into a load. The first hybrid serves to split the 

power between the two filters which then heavily attenuate any PIM which has been 

generated in the earlier stages. The signals are then recombined by the second hybrid. The 
PIM performance of this coupler is important hence the re-entrant low-PIM hybrid as 
described in Section 4.9.2 was used. The combined excitation signals are then propagated 
through the test jig and directly into the high power load. 

The generation of PIM is assumed to be an isotropic process after the discussion of 
Section 3.3.1 so that any generated signals will propagate equally in both directions from 

the source. In this case, the reverse transmitted PIM signals were measured. This simpli- 
fies the system a great deal because, for forward PIM detection, the PIM signal must be 

separated from the high power carrier signals and this would require another high-power, 
low-PIM directional filter. In the reverse direction this isolation is still necessary but the 
parent signals are much weaker (at least 25dB down on the forward travelling signals due 

to the return loss from the load connector). 

Isolation of the PIM signal is achieved via the same bandstop directional filter as was 
used to clean the parent signals. The PIM signals travelling back from the DUT are 
reflected by the bandstop filters and recombined at the isolated port of the low-PIM 
hybrid. Signals at the parent frequencies however, are passed by the filters and combine 
at the isolated port of the first hybrid where they are dissipated. 

The PIM signal is further isolated from any breakthrough of the carrier signals by 

additional filtering. This is performed by a low-PIM bandstop filter tuned to attenuate the 

parent frequencies and one of the original Trilithic® bandpass filters. The attenuation 

provided by the bandstop filter ensures that no significant PIM is generated in the 
Trilithic® filter. The Trilithic® filter has been included to ensure that there is no possi- 
bility of active intermodulation products being generated in the detection circuitry. The 

PIM signal itself is then amplified by the LNA and displayed on the spectrum analyser. 
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4.11.1 Residual PIM Levels 

The system was carefully cleaned and initially set up with no DUT or test jig in place. 
The low-PIM, semi-rigid load was connected directly to the output of the re-entrant 
coupler by means of the low-PIM connector described in Section 4.4. At an input power 
of 25 Watts (or 44dBm) per carrier at the DUT position (i. e. at the low-PIM load 

connector), the 1650MHz, 7th order residual PIM level, at the same point, at was recorded 
as -154dBm or -195dBc. In comparison with Table 3.1, this represents a significant 
increase over previous coaxial PIM measurement systems. However, as well as the 

extremely low level of residual PIM, the signal was also very stable, and insensitive to 

physical agitation of the system. The level could also be repeated with a high degree of 

consistency, even after de-mounting and re-mounting some of the system components. 

Even after the whole system had been transported to ESTEC in Holland and back to 

carry out the tests discussed in Chapter7, the residual PIM signal was within 1 dB of its 

original level. This provided an excellent indication of the robustness of the system and 

of the new low-PIM components. 

The low-PIM, load connector was then replaced by the coaxial sample jig. A sample 

of beryllium copper was used to determine the residual level of the jig. Beryllium copper 
has been suggested in the literature to have the one of the lowest intrinsic PIM levels of 

any conductor and this was confirmed in the experiments for the materials tested [53]. At 
25 Watts per channel the presence of the jig indicated no degradation in the level of system 

residual PIM of -154dBm. Once again the level was both stable and repeatable indicating 

the excellent performance of the jig and the low-PIM contact mechanism. This also 

proved the worth of the sample format and excitation method which was seen to deliver a 
hitherto unheard of level of consistency. 

The residual levels with the small geometry sample jig (SGJ) were also measured. In 

this case a wire sample of beryllium copper was used to give an indication of the perform- 

ance of the jig. The jig was tested at 25Watts per channel once again and PIM level of 

-142dBm was recorded. A second sample produced a PIM level of -144dBm. The indi- 

cations were that the PIM level in the system was being limited by the performance of the 

jig or the wire samples. However, given the much higher current densities present in the 

wire samples it is not surprising to find that the PIM level increases accordingly. The PIM 

level was observed to be just as stable as that from the other residual tests, however, it was 

slightly less repeatable, with variations of as much as ±2dB observed between tests. This 

slight variability must be taken into account when comparing the results of the tests 

described in the next chapter. 
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The tests on the residual PIM in the system indicate that the first main objective has 

been achieved, namely that of developing a low-PIM measurement system with a very 
low, stable and repeatable level of residual PIM. This then provides an excellent starting 

point from which to begin a study of PIM generation in aerospace materials, knowing that 

the results can confidently be attributed to the sample under test. 
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CHAPTER 5 

Measurement Programme 

This chapter describes the experimental programme which was 
carried out in the investigation of passive intermodulation 
generation by commonly used aerospace materials. The 
experimental techniques are described followed by a detailed 
account of the measurements and observations made during the 
programme. 

5.1 Introduction 

This section of the project takes the form of an experimental study into PIM occurring 
in space qualified materials. The objectives of the study were set out as follows: 

To produce a set of PIM measurements which describe the characteristics of 
selected materials for Passive Intermodulation Product generation 

To propose a standard methodology to enable the PIM characteristics of mate- 
rials to be measured and compared in a consistent manner 

0 To identify the dominant causative mechanisms of PIM behaviour. 

This investigation has been principally research orientated although most of the meas- 
urement data presented will be of use to R. F. engineers. 

The lack of reliable and consistent measurement data was highlighted in Chapter 2. It 

was also shown that the best approach to gaining a better understanding of PIM generation 
in practical engineering situations was to perform measurements on carefully selected 

engineering materials and junctions. From the results it is a matter of isolating those areas 

which exhibit interesting PIM behaviour and merit further investigation. This formed the 
basis of the UKC measurement program which is described in the following sections. 
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5.2 Measurement Technique 

Measurements on different aerospace materials were carried out using the test jigs 

described in Section 4.10. The RF power is conducted through the sample in order to 

produce a detectable PIM signal from any non-linear mechanisms which are present. 

For each experiment a sample must be placed in the jig and the jig assembled 

correctly. The sample is part of the jig and is essential for the jig and the measurement 

system to operate in the proper manner. Accordingly, the RF power must be turned off 

each time the sample is changed. 

Initially, the high voltage supply to the power amplifiers has to be allowed to warm 

up for a few minutes. The RF power was monitored in the system using a Marconi power 

meter. The two carrier signals are set to equal powers by operating each one individually 

and adjusting the output to the desired level. Again, when each amplifier is operating at 
high RF power the output must be given time to settle. 

Once the carrier powers have been set, both sources are turned on and the combined 

power and system match are checked. Provided that the LNA is on and functioning 

correctly, the PIM signal can then be observed on the spectrum analyser and recorded. 

The two parent signal sources are locked to the 10MHz reference of the spectrum 

analyser to prevent the PIM signal from drifting in frequency allowing very low resolution 
bandwidth and span settings. 

5.2.1 System Performance Considerations 

Two basic configurations were used on the spectrum analyser whilst making measure- 

ments. One used the spectrum analyser with a 10 Hz resolution bandwidth employing 

video averaging to record the magnitude of stable PIM signals, reducing the variability 

introduced by noise signals of a similar order. The other configuration used zero 

frequency span (without video averaging) to monitor the dependence of the PIM signal in 

the time domain, whilst specific test parameters were adjusted. Table 5.1 summarises 

configuration differences at the analyser.: 

Configuration 1: Configuration 2: 

frequency span - 500 Hz frequency span 500 Hz 

resolution bandwidth - 10 Hz resolution bandwidth O Hz 

centre frequency - 1650 MHz centre frequency - 1650 MHz 

noise floor (with 
video averaging) 

-130 dBm noise floor (no video 
averaging) 

-110 dBm 
max. 

Table 5.1 System performance figures 
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It can be seen from the table that when a signal of interest approaches -100 dBm on 
the spectrum analyser, interference from system noise starts to become more noticeable. 

The current system PIM residual for 2x25W carriers is about -154dBm and the gain 
of the receiver is 39dB in total, hence, a PIM signal level of -115dBm from the DUT 

would be displayed on the spectrum analyser. Without the use of video averaging this 

residual signal can fluctuate between -105.4dBm and -oo dBm. With video averaging the 

variation is reduced to approximately ±1.1 dB. The actual variation observed for a given 
measurement was of this order although the absolute magnitude of the system residual 
was seen to vary on occasions by about ±2dB. This was normally due either to extensive 

use of the system without occasional cleaning of un-mated connectors, or prolonged oper- 

ation of the system causing high temperatures in the quiet load and consequent variability 
in its PIM performance. 

The consequence of such variations means that PIM levels measured close to the 

system residual (i. e. within ±2dB of it) need to be viewed more cautiously when conclu- 

sions are being drawn. In most cases, conclusions can only be tentative when they are 
based on changes of a few dB's occurring within several dB's of the system residual. 
Consequently, behaviour displaying deviations of greater than 10dB have been high- 

lighted as being noteworthy and, in many cases, have merited further investigation. 

5.3 Engineering Sample Measurement Program 

The interests of the collaborating body, ESA, have been continually borne in mind 
throughout this project and especially during the measurement campaign. The intention 

of this part of the investigation was to take specific materials which are typically used in 

space hardware and to quantify their performance in relation to PIM generation such that 

a qualitative list could be drawn up indicating their relative PIM behaviour. Such data is 

not readily available therefore, it was considered highly relevant information for the aero- 

space community and would also highlight materials requiring further investigation. 

Table 5.2 lists the materials which have been selected for test and the relevant ESA 

standards which they meet. All of these items have been received with a detailed break- 

down of chemical composition so that full information on the materials involved would 
be readily available if required. 

Two test methods were proposed to measure the PIM performance of the samples. 
The initial intention was to establish the bulk properties of the various materials in relation 
to PIM generation. The second was to monitor the performance of a more limited number 

of materials in relation to their PIM performance when used in a junction format. The test 

samples were designed and manufactured with these methods in mind. 
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Material Composition Supplier 

Aluminium 99.5%: A-1 in PSS-01-701 Goodfellow 

Aluminium alloy 4.5% Cu, 1.5% Mg, 0.6% Mn, 0.5% Fe, Aerospace Metals 
0.5% Si, 0.3% Zn, 0.2% Ti, 0.1% Cr, rem Al: 
AA 2024, A-2 in PSS-01-701 

Aluminium alloy 1% Mg, 0.7% Fe, 0.6% Si, 0.25% Cu, Aerospace Metals 
0.25% Zn, 0.2% Cr, 0.15% Mn, 0.15% Ti, rem 
Al: AA 6061 

Aluminium alloy 5.6% Zn, 2.5% Mg, 1.6% Cu, 0.5% Fe, Aerospace Metals 
0.4% Si, 0.3% Mn, 0.3% Cr, 0.2% Ti, rem Al: 
AA 7075, A-5 in PSS-01-701 

Copper (oxygen 99.95%: C-5 in PSS-01-701 Goodfellow 
free) 

Beryllium copper 1.85% Be, 0.36% Co+Ni+Fe, rem Cu: B-1 in Aerospace Metals 
PSS-01-701 

Nickel 99.7% Ni Aerospace Metals 

Silver loaded Eccobond solder 56 C: E-1 in PSS-01-701 RS Components 
epoxy 

Solder 60% Sn, 40% Pb: S-12 in PSS-01-701 RS Components 

Solder 62% Sn, 36% Pb, 2% Ag: S-14 in PSS-01-701 RS Components 

Indium solder 50.6% In, 49.4% Pb Indium Corpora- 
tion 

Stainless steel 303 17.2% Cr, 8.7% Ni, 1.8% Mn, 0.4% Mo, Aerospace Metals 
0.4% Si, 0.3% S, 0.3% Cu, rem Fe: AISI 303 

Stainless steel 25% Ni, 14.7% Cr, 2.2% Ti, 1.1% Mn, Aerospace Metals 
A286 1.3% Mo, 0.4% Si, 0.3% At, 0.3% Cu, 0.2% V. 

rem Fe: A286, S-17 in PSS-01-701 

Stainless steel 15.1% Cr, 4.8% Ni, 3.3% Cu, 0.4% Si, Aerospace Metals 
15-5PH 0.4% Mn, 0.3% Mo, rem Fe: 15-5PH 

Table 5.2 Material selection for solid and jointed sample rods 

5.3.1 Engineering Sample Rods 

Two sample designs were produced for PIM testing the listed materials, with the 
purpose of comparing PIM characteristics in relation to both bulk surface and junction 

properties under engineering conditions. No attempt was made during these measure- 
ments to isolate specific mechanisms which may be operating. This is intended to be of 
direct use to the engineer in relation to low-PIM material selection during system and 
component design. 
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One of the main objectives of the project was to develop a standard methodology for 

the measurement and comparison of PIM generated by different materials under identical 

but variable environmental conditions. The sample design must reflect this objective. 
Only in this way can direct comparisons be confidently made between their respective 

results. 

The basic sample design is depicted in Fig. 5.1 and consists of a simple rod of circular 

cross section which is machined to a carefully controlled diameter, i. e. solid sample rods. 
The length of the rod is such that the central section is a half-wavelength in air and the 

ends are quarter wavelength long for a PTFE dielectric medium. PTFE sleeves slide over 

the ends enabling contactless connection with the contactless sockets in both sample jig 

designs (refer to Fig. 5.1). All of the sample rods were machined to a surface finish of 
0.1 microns and were then polished to have a good optically reflective surface. At least 

three rods were prepared for each material type to allow testing of consistency during 

reference measurements and for different surface treatments to be applied independently 

of one another. Each three identical rods constitute a specific material set. The PIM char- 

acteristics of the solid sample rods would be expected to be dominated by surface effects 
due to the skin effect. At high frequencies 98% of the current flow is limited to four skin 
depths from the surface of the material. At 1.6GHz, the skin depth of copper is only 
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The second design involved jointed sample rods. These were formed by mounting a 
specially fabricated range of `washers' onto a mandrill. The mandrill consists of two 

sections of beryllium copper which screw together as indicated in Fig. 5.2. The washers 
are mounted over the reduced diameter section and the two sections are tightened. Bolts 

were fixed into the ends of the rods to allow the complete assembly to be torqued up to a 

predetermined value. Beryllium copper was chosen as the base material of the mandrill 
because of its cited low-PIM performance [53]. The surface finish of the mandrill is the 

same polished finish as used for the solid sample rods. It was expected that the PIM char- 
acteristics of the jointed sample rods would be dominated by the junctions with a less 

significant contribution due to the surface properties. Three different sizes of washers 
were tested for each material in order to observe the effects of sample size, the number of 
junctions present and junction repeatability. A 50mm single sleeve of material gives a 

system of two junctions, one at each end between the sleeve and the beryllium copper 

mandrill. 10 x5 mm washers give 11 junctions whilst 51 junctions can be formed using 
50 x1 mm washers. Improved consistency was anticipated in the measurements where a 

statistically larger number of junctions are present, i. e. when using the thinnest washers, 

as compared to using a single tube of material. 

iss 

M6 cap head 
screw 

-------------- 

g? a 

Dimengfons In mm (cpprox) 

MEET 
Washer sets 

Fig. 5.2 Jointed Sample Washer Set 

5.4 Engineering Sample Measurements 

All of the measurements were performed at ambient temperature and pressure to 

avoid introducing additional parameters into the evaluation of the PIM behaviour of the 

material in question. 
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5.4.1 Solid Sample Rods 

Measurements were initially made on each test material sample in their `as-machined' 

state, but polished and degreased, in order to obtain a series of reference levels for each 
sample set. Various surface treatments were then applied to selected material samples and 
PIM measurements repeated for the new conditions. The treatments are described as 
follows: 

Oxidation: The sample was heated to +400°C for 30 minutes then allowed to cool 
naturally. It is known that the presence of oxides at junctions can cause significant non- 
linearities, however, no data exists on the effects of oxides on normal conducting surfaces. 

Abrasion: Each sample was abraded circumferentially (i. e. transverse to the direction 

of current flow with graded abrasive paper (150-FF). This was carried out in order to 

gauge the effect of disrupting the current flow in the surface layer of the material. It was 
also thought that the small voids created by abrading may create microscopic metal junc- 

tions and alter the PIM signature of the sample. Abraded samples were tested ̀ clean' and 
`dirty'. Samples were ultrasonically cleansed in an isopropyl alcohol bath after abrasion, 
tested, then dirtied with general grime from the workshop bench and re-tested. The was 
to assess the effects of surface contaminants 

Thermal Stressing: The samples were heated to +400°C then plunged into cold water 

- the number of cycles is indicated in Table 5.3. In the space environment, materials will 
undergo extreme thermal cycling hence the relevance of this test. The test was designed 

to induce a degree of thermal stress in the samples and to examine its effects. It was 
thought that treatment of this sort would produce cracks and voids in the surface oxide 
layer and in the metal itself which could lead to microscopic metal-insulator-metal junc- 

tions at points of high current flow. 

Magnetization: Samples were initially placed in the centre of a solenoid coil of DC 

field strength -240Oersteds for 5 minutes. The magnetization was applied to the samples 

of steels and nickel before insertion in the test jig. The test was carried out to determine 

whether the residual magnetization or `memory' effects of ferromagnetic materials had 

any bearing on PIM generation. 

Alocrom 1200: Alocrom is a chromate/phosphate, coating which is applied to 

aluminium surfaces to improve corrosion protection and to establish a base for paint 
primers [171]. It is also being increasingly used in high-power radar systems to suppress 

another anomalous effect called `multipactor'[173], [1741. The coating is used exten- 
sively in the aerospace industry and to date there have been no measurements on its PIM 

performance, hence, its inclusion in these tests. 
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Silver Plating: Silver plating is applied to many materials in communications systems. 
Primarily this is because silver the least lossy conductive material which exists after gold 
and can be applied to cheaper and lighter base materials to improve their conductivity. In 
high power systems silver plating also helps to increase the multipactor threshold of 
components. Silver plating has always been considered as exhibiting low-PIM perform- 
ance therfore it was included in these tests. 

Surface treatments were applied to those materials where considered appropriate, i. e. 
oxidation was not applied to aluminium as it always has an oxide layer present. and 
magnetisation was applied only to the samples containing ferromagnetic materials. 

The measured PIM levels of solid samples with the above surface treatments are indi- 

cated in Table 5.3. Note that these values have been obtained using the coaxial sample jig 

as this produced no measurable PIM signature above that of the system residual itself. 

Observations: 

Only three of the solid sample materials exhibited a PIM signature significantly above 
the system residual, two of which were found to clearly display magnetic properties 
(remnant magnetisation). It is relevant to note that both stainless steel A286 and 303 

showed no measurable magnetization whilst within the activated solenoid, yet the steel 
303 samples did display a high PIM signature. These materials may be hard ferromagnets 

and would not clearly display external magnetization effects until subjected to a very high 
field. The mechanism responsible for PIM generation in the steel 303 may still be a 
magnetic one due to the presence of internal magnetic domains. 

Of the two materials which did clearly display ferromagnetism (steel 15-5PH and 
nickel), it could be casually assumed that the causative mechanism for their PIM signature 
is related to their magnetic properties, even though no change was observed in the PIM 
level after magnetising the samples. This effect was more clearly demonstrated by 

applying a stronger magnetic field whilst the sample was in the test jig, (refer to Section 
5.4.1.1). 

The reason for the lack of PIM signatures from the other samples is assumed to be due 

to insufficient current densities being present on the sample surfaces. The diameter of the 
sample rods is 9.2mm compared to a diameter of 1.63mm for the centre conductor of the 
UT250 semi-rigid cables. Consequently, there is a drop of surface current density in the 

samples in the ratio of approximately 5.6: 1 relative to the semi-rigid cables (the ratio of 
the surface areas). 
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5.4.1.1 Effect of Transverse D. C. Magnetic Field 

As initial tests on the effect of magnetisation of sample rods was inconclusive, further 
investigations were made using a larger, variable, electromagnet. This time the electro- 
magnet was arranged so that a field could be applied across the sample whilst the PIM was 
being measured. The brass sample jig, being non-magnetic, is transparent to the applied 
field. The field was applied across the sample at right angles to the flow of power. As well 
as the steels and nickel, a sample of copper was tested as a control. The results are summa- 

rised in Table 5.4, Table 5.5 and Table 5.6. 

The magnitude of the magnetic field strength is given throughout this report in 

Oersteds (Oe) in order to allow direct comparison with other papers considering magnetic 

effects on materials. (In SI units 79.58Am71=1 Oe). 

In several experiments the direction of the magnetic field was reversed (by changing 
the direction of drive current) to determine whether this had any influence on the results. 
The direction of the field is indicated by a positive or negative sign before the field values. 

5.4.1.2 Nickel 

Transverse magnetic field (reversed) Transverse magnetic field 

Field Strength 
(kOe) 

PIM level 
(dBm) run 1 

PIM level 
(dBm) run 3 

Field Strength 
(kOe) 

PIM level 
(dBm) run 2 

0.05 -127.5 -128.5 -0.05 -128.5 

-1.0 -126.7 -128.5 1.0 -128.5 

-1.4 -121.0 -128.5 1.4 -128.5 

-1.9 -122.2 -129.3 1.9 -128.8 

-2.2 -123.7 -130.0 2.2 -129.5 

-2.4 -124.0 -130.2 2.4 -130.0 

-2.7 -124.0 -131.0 2.7 -130.3 

-0.05 -128.5 -128.3 0.05 -128.3 
Table 5.4 7th order PIM level variation of solid nickel sample rod (S2) with 

transverse magnetic field (25W per carrier) 

Observations: 

Three test runs were made as shown in the columns of the above table, their order 
being indicated by the run number. It can be seen that the levels of PIM observed for runs 
2 and 3 are very similar to each other, whereas those in run 1 differ markedly both in 

magnitude and behaviour. Run 1 indicates a maximum PIM level achieved with about 
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-1.4 kOe. Runs 2 and 3 however, show a small drop in PIM signal to a minimum level 

when 2.7 kOe is applied. The difference between these runs is assumed to be due to the 
initial (unknown) magnetic state of the nickel rod. If, after run I the magnetic state of the 

rod has been moved to a well defined point on its hysteresis curve, the two following runs 
should then move the magnetic field strength of the rod along paths on the hysteresis curve 
which are also well defined and symmetrical about the axis thus manifesting as repeatable 
results with reversal of field. 

5.4.1.3 Stainless Steel 303. 

Transverse magnetic field Transverse magnetic field 
(reversed) 

Field Strength 
(kOe) 

PIM level 
(dBm) run 1 

PIM level 
(dBm) run 3 

Field Strength 
(kOe) 

PIM level 
(dBm) run 2 

0.05 -125.5 -130.0 0.05 -130.0 
0.5 -130.3 -131.0 -0.5 -131.2 
1.0 -131.5 -131.0 -1.0 -132.0 
1.4 -132.0 -131.7 -1.4 -132.0 
1.9 -133.0 -132.5 -1.9 -132.5 
2.2 -133.5 -133.0 -2.2 -133.3 
2.4 -134.0 -133.5 -2.4 -134.0 
2.7 -134.3 -134.2 -2.7 -134.2 

0.05 -130.0 -130.0 -0.05 -130.0 

Table 5.5 7th order PIM level variation of solid stainless steel 303 sample rod 
(S2) with transverse magnetic field (25W per carrier) 

Observations: 

As with the nickel sample, the initial test run shows some differences in PIM level 

compared to the two following runs. This can again be explained in terms of the path 
followed on the hysteresis curve. Run 1 probably moves from the origin to a well defined 

point. Runs 2 and 3 move along paths which are symmetrical about the field strength axis, 
indicating that, as suspected, the material is ferromagnetic. 

Similarly to the nickel, the PIM level reduced as the field was increased, once magnet- 
isation of the material had been initially effected. This would suggest that the material was 

approaching magnetic saturation. 
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5.4.1.4 Stainless steel A286 (S2) 

No change in PIM level was observed in material sample S2, with application of 
transverse magnetic field up to 2.7 kOe in either direction. 

5.4.1.5 Stainless steel 15-5PH 

No noticeable change in PIM level was observed in material sample S2, with applica- 
tion of transverse magnetic field up to 2.7 kOe. Very small changes appeared to occur 
when the field was changed, i. e. during field collapse. 

5.4.1.6 Oxygen Free Copper 

Field Strength 
(kOe) Comments 

0.05 PIM level -152 dBm ±3 dB 

2.4 Average PIM level -156 dBm 

0.05 As field turned off, PIM level rises to -140 dBm for 2 seconds then falls 
to -154 dBm. Above procedure was repeated but then no increase in 
PIM level was observed 

0.05 Sample left in residual magnetic field overnight 

0.05 Average PIM level -163 dBm. 

2.7 Average PIM level -160 dBm for 2 minutes 

0.05 PIM level fluctuates about -160 dBm average value to -140 dBm maxi- 
mum. 

Table 5.6 7th order PIM level variation of solid copper (OFHC) sample rod (Si) 
with transverse magnetic field (25W per carrier) 

Observations: 

A small reduction in PIM level was initially observed with applied magnetic field. 

This increased significantly however, when the sample was left in the residual magnetic 
field overnight. Further application of higher magnetic fields appeared to degrade this 
improvement. This phenomenon was studied more closely during the small geometry 

programme and is covered in Section 5.5.2. 
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5.4.2 Jointed Sample Rods 

A range of materials was selected from those used as solid samples in order to 
produce washer sets for the jointed samples. A washer set consisted of one 50mm sleeve, 
ten 5 mm thick washers and fifty 1 mm thick washers (as in Fig. 5.2). In the same manner 
as the solid samples were treated, a number of finishes were applied to the jointed 

samples. The materials used and the surface treatments are summarised in Table 5.7. 

Surface 
Material Comments 

treatment 

Abrasion Aluminium (pure) Samples first tested `as-machined', then mating 
Aluminium alloy 7075 surfaces ground to reduce asperities and 
Beryllium copper improve repeatability using fine abrasive paper 
Brass (CZ121) (grade P600A). The samples were then re-tested 
Copper 
Nickel 
Stainless Steel 303 

Oxidation Brass (CZ121) Brass samples heated to +400° C then allowed 
Copper 

to cool naturally. Copper heated to +250° C to 
avoid formation of brittle oxide layer 

Magnetization Nickel Samples placed in solenoid on jig former with 
Stainless Steel 303 D. C. field strength of 240 Oersteds for 5 min- 

utes 

Alocrom 1200 Aluminium (pure) Chromate conversion of surface conforming to 
Aluminium alloy 7075 Def. standard 03-18. Application by POETON 

(Cardiff) to spec. PP129 

Silver plating Aluminium (pure) Space qualified finish without brighteners, 10 to 
Aluminium alloy 7075 15 microns thick. Application by Johnson Mat- 
Nickel they (Herts. ), inspection level C 

Solders In-Pb (50/50) Brass washers act as base metal 
Sn-Pb (60/40) After bonding washers together, surface of tube 
Sn-Pb-Ag (62/36/2) was skimmed to remove superficial solders/ 

adhesive, leaving only bonding agent between 
Adhesive Silver loaded epoxy washer interfaces 

Table 5.7 Materials for jointed samples and their surface treatments 

In the case of the solders and adhesive, a set of washers consisted of one reference 
50mm brass sleeve and fifty 1 mm brass washers, which were bonded by the material 
under test. The purpose of these tests was to evaluate these bonding materials which are 

commonly used in space hardware and for which no clear data on PIM generation is avail- 

able. 
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The effect of various levels of torque was also investigated as this was expected to 
have a strong bearing on the repeatability of measured PIM levels. The torque was applied 

using a standard torque wrench. A first order analysis of the contact pressure expected 
between the washers for an applied torque of 5Nm is given below: (refer to Fig. 5.3) 

5Nm 30cm 

M6 -I mm pitch 

Jointed sample rod 

Fig. 5.3 Application of torque to a jointed sample rod 

" For a torque wrench length of 30 cm, one full turn equates to I mm of sample com- 

pression. Therefore, the mechanical advantage (ignoring friction) is 2 7t x 300: 1 

=1885: 1. 

" The force which needs to be applied at a distance of 30 cm to produce a torque of 
5 Nm = 16.7 N. This force is effectively magnified by the mechanical advantage at 

the washer interfaces. 

" Therefore, force between washers (ignoring frictional losses) = 3.1 x 104 N. 

" Surface area of washers = 28 mm2. Therefore, pressure applied between washer 
surfaces = 1.1 GPa (ignoring frictional losses). 

If frictional losses are assumed to be as much as 90%, the pressure between the 

washers will then be of the order of 110 MPa. 

From the above simplified calculations it can be seen that a substantial pressure is 

present between the washer interfaces for an applied torque of 5 Nm. The magnitude is of 

the order normally required when producing high contact pressure joints in microwave 

components, i. e. greater than 60 MPa, (being dependant on the tensile properties of the 

material). It is not surprising therefore, to observe the PIM level reducing to a lower and 

more consistent level in the jointed samples when these pressures are achieved. 
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As with the solid samples, measurements were initially made on each washer set in 

their `as-machined' state (de-burred and de-greased finish), in order to obtain a series of 

reference levels. 

The results of the jointed sample measurement program are given in the following 

sections. 

5.4.2.1 Surface Finish 

The majority of the following measurements were made using the initial engineering 

sample jig and only those values of interest were revisited using the improved coaxial 

sample jig. A comparison can be made between the two sample jigs by comparing 

columns marked ESJ and CSJ in Table 5.8 

Unground faces Ground faces 

Finger-tight 5 Nm 7 Nm 5 Nm 5 Nm 

Material ESJ CSJ ESJ CSJ ESJ ESJ CSJ 

Aluminium () washers -105 -119 -134 -151 -136 - -151 
(43 unground) 
(47 ground) 

10 s acers P -126 -141 -138 -151 -134 - -151 

Single tube -131 -79 -134 -153 -133 - -154 

Beryllium () washers -118 -152 -138 -153 - - -156 
copper 

(45 unground) 
10 spacers -138 -134 -138 -154 - - -154 

(52 ground) Single tube -138 -123 -138 -152 - - -156 
Brass () washers - -145 - -146 - - -150 

(CZ121) 
(41 unground) 
(41 ground) 

tube Single 119 - -155 - - - 155 

Copper () washers -132 -131 -137 -151 - - -151 
(39 unground) 
(39 ground) 

10 spacers -137 -148 -137 -151 - - -153 

Single tube -135 -139 -135 -152 - - -153 

Nickel () washers -108 - -112 - -109 -129 -142 
(45 unground) 
(53 ground) 

10 spacers -118 - -126 - -127 - -131 

Single tube -113 - -125 - -125 - -131 

Stainless () washers -107 - -112 - -113 -115 -122 
Steel 303 

(42 unground) 
10 spacers -98 - -120 - -121 -120 -128 

(46 ground) Single tube -111 - -123 - -123 -121 -130 

Table 5.8 7th order PIM level (dBm) of untreated jointed samples with different 
applied torques (25 W per carrier) 
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Note that the effect of surface abrasion was tested in a different manner for the jointed 

samples. The sample washers were first measured in their `as-machined' state, i. e. de- 
burred with unground mating faces. The mating faces of the relevant washers were then 

ground down to reduce surface asperities, using fine abrasive paper. Measurements were 
repeated to determine the effect of improving the interfacial contact area. 

Observations: 

Above a torque of 5 Nm, the PIM level in all tests was observed to be very consistent 

and independent of the order in which the washers were placed on the jig. 

Comparison of the non-abraded and surface ground washers reveals a drop in PIM 

level as the surface contact was improved. Nickel showed a significant change. The reduc- 
tion in PIM level for the steel 303 was less dramatic and only occurred for the 1 mm 

washers. (In both cases the number of 1 mm washers tested was larger after surface 

grinding due to a reduction in their width). 

Comparison of the un-ground 1 mm nickel washers to the spacers and tube of the same 

set shows a significant reduction in PIM levels as the sample size increase, i. e. the number 

of junctions goes down. However, comparison of the surface ground nickel washer set 

with the solid material shows an unexpected reduction in the PIM level compared to the 

solid sample. This behaviour although highly unexpected, was found to produce very 

stable and repeatable results. 

5.4.2.2 Surface Treatments 

The surface treatments, as indicated in Table 5.7, were then applied to each material 

set and PIM measurements repeated for the new conditions. Table 5.9 indicates the meas- 

ured PIM values obtained with the relevant surface treatments using the coaxial sample 
jig. 

Note that the surface treatments were applied to the samples after they had been de- 

burred and ground from their `as-machined' state using fine abrasive paper. Where rele- 

vant, the measurements for the ground samples are repeated in Table 5.9 so that they may 
be easily compared with the measurements on surface treatment. 
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Observations: 

Silver plating has clearly removed the deleterious effect of nickel, bringing its PIM 
level down to that of the system residual. The skin depth of silver at 1650 MHz is approx- 
imately 1.6 microns. The silver plating is approximately 13 microns thick which is 8 skin 
depths. For the power levels used here, it is clear that the field strength within the sample 
at 8 skin depths has decreased sufficiently not to cause any measurable stimulation of the 

nickel structure. 

Alocrom 1200 revealed extremely high levels of PIM which varied in magnitude 
between different sets and decreased in magnitude with decreasing number of junctions. 
Further tests were performed on Alocrom to begin to determine the cause of the PIM, refer 
to Table 5.10. 

As for the plain samples, no change was observed in the PIM level with either oxida- 
tion of the surfaces or with magnetization. The same reasons as stated earlier are also 
suspected as being operative here. Namely, that insufficient current densities are present 
in the case of oxidation and that the induced magnetic field is too weak or wrongly orien- 
tated in relation to the propagation field. 

No obvious problems were observed with any of the solders or adhesives. Compar- 
ison of the reference level for brass washers alone shows no significant change when the 
interfaces consisted of solders or adhesive. 

5.4.2.3 Dissimilar Metal Junctions 

Alternating junctions of different metals were assembled on the jointed sample jig and 

measurements performed. The results are presented in Table 5.10. The numbers in 
brackets indicate the configuration of the washers used. The term alternated is used to 
define the way in which washers of different types were placed alternately, one-at-a-time, 
onto the sample rod. 

Observations: 

The only dissimilar metal junction which had a detectable PIM signature was that 

of aluminium-Alocrom 1200. It is quite clear from the results that the PIM mecha- 
nism is related to junctions between the aluminium/aluminium oxide and Alocrom 

as Alocrom with any other metal does not produce high PIM levels. The single 
instance of a brief PIM signal for the silver plated aluminium-Alocrom is assumed 
to be due to surface contaminants of aluminium as a repeat test failed to reveal this 

anomaly. The results of further tests carried out on the aluminium-Alocrom junc- 

tion can be found in the next section. 
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Washer arrangement PIM level & comments (No. 1 mm washers) 

Al (Cu + Al(alternated)(Al -150 dBm, stable 
(2) (17 + 16) (8) 

Al + Ag-plated Al -149 dBm, stable 
(26 + 25) alternated 

Al + Alocrom Al (set A) -87 dBm with ±3 dB fluctuations, settling to - (25 + 24) alternated 85 dBm after 2 minutes 

BeCu + Alocrom Al (set A) -151 dBm, stable 
(27 + 26) alternated 

Ag-plated Al + Alocrom Al (set A) -150 dBm, although brief jump to -74 dBm, level 
(29 + 28) alternated returning to -150 dBm 

Ag-plated Al + Alocrom Al (set A) (Check on above performance). PIM level remains 
(29 + 28) alternated around -154 dBm with no jumps in PIM level seen 

Ag-plated Ni + Alocrom Al (set A) -149 dBm, stable 
(27 + 26) alternated 

Al + Alocrom Al (set A) Begins at -82 dBm gradually falling to -84 dBm 
(25 + 24) alternated 

Al + Alocrom Al(7075) (set A) -82 dBm, stable 
(25 + 24) alternated 

Table 5.10 7th order PIM levels of dissimilar junctions (25 W per carrier) 

5.4.3 The Aluminium-Alocrom Junction 

As extensive use is made of Alocrom or Alodine surface conversions in space hard- 

ware, it was considered judicious to make a more detailed investigation of the behaviour 

of possible junctions between this and other materials. The choice for this approach 
becomes even more important when the exceedingly high levels of PIM already observed 
with the aluminium-Alocrom junction are taken into account. 

It can be imagined that the junction between aluminium and Alocrom treated 

aluminium will consist of asperities which penetrate the opposite surface, after the contact 

model of Section 2.4.2.1 on page 26. At the point of penetration there will be very thin 
layers of aluminium, aluminium oxide and Alocrom. The surface physical structure of 

these two materials (aluminium and Alocrom) thus leads one to suggest that semicon- 
ductor action and/or the tunnelling effect would be the most likely dominant non-linear 

mechanisms involved in any PIM generation between a junction of the two. Consequently, 

it was considered'most appropriate to study this particular junction 
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5.4.3.1 Effect of Temperature on Multiple Aluminium-Alocrom Junctions 

Thermal cycling of the sample was achieved by passing pressurised pre-cooled/ 
heated air through the internal volume of the coaxial measurement jig. The jig was modi- 
fied by drilling two small holes through the outer wall at either end of the internal cavity. 
Two copper tubes were soldered into the holes so that flexible tubing could be attached 
allowing airflow through the jig. The holes are small enough such that no R. F. leakage will 
take place due to their being waveguide beyond cutoff. On testing, the modifications had 

no effect on the PIM performance of the jig. 

Cooling was achieved by first drying the air (to remove water vapour which may 
affect the measurements) by passing it through a glass coil sat in liquid air. The air was 
then further cooled by passing it through a second stage copper coil also sat in liquid air. 
The air could be heated by replacing the second stage coolant by a heater jacket. The rate 
of cooling and heating was controlled by control of the air pressure. 

Two thermal cycling runs were made prior to PIM testing the samples with no R. F. 

power present and a thermocouple attached to the surface of the sample. In this way, the 

rate of change of temperature of a sample placed inside the measurement jig, whilst 
subjected to the temperature controlled air flow could be calibrated. From these runs the 

approximate temperature of the sample could be estimated at a given time. The minimum 
temperature achieved was -80° C and the maximum +40° C. 

Prior to testing the aluminium-Alocrom washer arrangement, a solid beryllium 

copper sample was mounted in the coaxial sample jig and this was run through a single 
temperature cycle. Some brief increases in PIM to a level of -134 dBm were observed 
with the nominal level remaining around -145 dBm. These variations are believed to have 
been due to heating effects in the quiet load which had no forced cooling aids at the time. 
A fan was later placed on the load to improve heat dissipation. As the level of any fluctu- 

ations in PIM were observed to be far below the PIM level generated by the aluminium- 
Alocrom junctions the test set-up was considered to be in a satisfactory state to proceed 
with further temperature cycling tests. 

25 aluminium washers and 24 Alocrom (aluminium alloy 7075) washers were 
mounted alternately on the jointed sample jig, such that an aluminium washer was at 
either end (to reduce damage of the Alocrom coating due to rotational washer movement 
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during tightening). The sample jig was tightened to a torque of 5 Nm at 30 cm (equivalent 

to a maximum washer contact pressure of -1120 MPa). A constant 25 Watts per carrier 

was applied throughout the tests, the results of which are indicated in Table 5.11 

Time 
(mins) 

Estimated 
temp. (° C) 

Comments 

0 20 PIM level allowed to stabilise over 10 minute period. Starting 
level of -77 dBm 

2 0 PIM level -75 dBm 

4 -20 PIM level -73 dBm 

5 -30 PIM level -72 dBm 

7 -55 PIM level -72 dBm 

12 -75 PIM level -72 dBm 

20 -80 PIM level stable at -72 dBm 

35 -80 2nd stage cooling stopped to begin heating cycle. 

38 -60 PIM level -73 dBm 

41 -40 PIM level -74 dBm 

46 -20 PIM level -75 dBm 

57 -10 PIM level -76 dBm 

78 -5 PIM level -77 dBm 

87 0 Heater jacket on 2nd stage coil, heating begun. 

93 10 PIM level -80 dB m. 

98 10 1st stage air drying coil removed from liquid air 

114 30 PIM level -80 dBm 

124 40 PIM level -80 dB m. 

133 40 PIM level -81 dBm 

136 40 Heating stopped, air flow continued to cool sample 

164 20 PIM level -78 dBm 

Table 5.11 Multiple aluminium-Alocrom washer interfaces under thermal 
cycling (25 W per carrier) 

5.4.3.2 Effect of Transverse Magnetic Field 

Following completion of the above test a transverse magnetic field was applied to the 

sample set. The field was increased from the residual level (-- 400ersted) to 2.7kOe but 

no significant change in the PIM level was observed. 
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5.4.3.3 Effect of Contact Pressure Between Interfaces. 

Several tests of the PIM behaviour versus applied torque were made on an alternating 

set of aluminium (25) + Alocrom coated aluminium alloy 7075 (24) 1 mm washers. 
During the preliminary test no measure of the applied torque was made (due to lack of 

appropriate equipment). However, the torque was kept below that used for the majority of 
the jointed sample measurements (5 Nm). 

Preliminary Measurements. 

The spectrum analyser was set on zero frequency span during these tests to allow a 

more continuous observation of the PIM behaviour with time. With this set-up PIM levels 

close to the system residual showed a variation of about ±2 dB. 

Applied torque (qualitative) Comments 

45 ° rotation of rod past forger- PIM level begins at -78 dB m dropping to -80 dB m after 2 

tight torque minutes, then to stable level of -81 dBm after further 
I minute. 

90 ° rotation of rod past finger- PIM level begins at -59 dBm falling in 2 minutes to 

tight torque -69 dBm. Level falls to -80 dBm in next minute then 
gradually to -83 dBm over further 4 minutes. 

135 ° rotation of rod past finger- PIM level begins at -74 dBm falling to stable level of 
tight torque (now 5 Nm) -82 dBm in 1 minute. 

Before commencing the next set of measurements the 
washer arrangement was cleaned with high pressure air. 

Finger tight PIM level initially -64 dBm, fluctuating greatly until 
after 2 minutes it stabilises at -92 dBm. 
Power was turned off for 30 rains. then turned on again. 
PIM level starts at -99 dBm rising gradually to -93 dBm 
in 1 minute then to -91 dBm after further 3 minutes. 

10° rotation of rod past finger- PIM level starts at -64 dBm, oscillating between 

tight torque -83 dBm and -69 dBm for 10 seconds then gradually 
falls to -107 dBm over 3 minutes. Jump of level to 
-76 dBm and gradual fall to -85 dBm over 30 seconds. 
Level stabilises around -89 dBm. 

20° rotation of rod past finger- PIM level oscillates between -74 dBm and -82 dBm for 

tight torque 30 seconds then stabilises around -75 dBm. 

30 ° rotation of rod past finger- PIM level oscillates from -84 dBm to -81 dBm then 

tight torque gradually rises to -78 dBm over 1 minute. Level then 
gradually approaches and stabilises around -85 dBm. 

Washers loosened, blown clean PIM level begins at -67 dBm for 45 seconds the gradu- 
with high pressure air and re- ally falls to -82 dBm in 2 minutes. Level stabilises 

tightened to 10° rotation of rod around -83 dBm. 

past forger-tight torque 

Table 5.12 7th- order PIM level with unmeasured low washer interface contact 
pressures (25 W per carrier) 
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Application of Low Contact Pressures. 

In light of the qualitative results obtained for different contact pressures between 

washer faces, it was seen to be useful to progress one step further in being able to quantify 

the magnitude of contact pressure being used. In order to produce lower contact pressures 
between the washer faces as had been used previously, a simple jig was set-up allowing 
known masses to apply a calculable torque to the sample rod. The maximum contact pres- 

sure between washer faces was then determined in the same way as has been described in 

Section 5.4.2.1. 

Max. 
Mass (g) Pressure Comments 

(MPa) 

150 34 PIM level fluctuates between -84 dB m and -91 dB m for 2 minutes, 
approaching -89 dBm level. After further 1 minute, level drops to - 
95 dBm, gradually falling to stable level of -102 dBm in next 5 
minutes. Washers were loosened off and high pressure air used to 
clean between them before next increase in contact pressure 

300 67 PIM level initially -80 dBm falling gradually to -96 dBm in 1 
minute. Stable for 30 seconds then falling gradually to -99 dBm 
over next 5 minutes 

500 112 PIM level starts at -85 dBm falling quickly to -86 dBm then grad- 
ually to -83 dBm over 2 minutes. Stable at -83 dBm for 3 minutes, 
creeping up to -80 dBm in 1 minute (and remaining for 3 minutes) 
then falling back to -82 dBm 

650 145 PIM level initially -89 dBm increasing gradually to -87 dBm in I 
minute. Stabilises at -86 dBm after further 2 minutes 

1180 264 PIM level falls from -99 dBm to stable level of -103 dBm in 30 
seconds 

1898 425 PIM level falls from -89 dBm to -91 dBm in 20 seconds, rises 
briefly to -88 dBm then stabilises at -91 dBm 

2370 531 PIM level fluctuates ±2 dB about -89 dBm for 1 minute, stabilis- 
ing at -88 dBm 

3048 683 PIM level starts at -89 dBm, fluctuating from -100 dBm to 

-80 dBm for 20 seconds. Level approaches -77 dBm for 2 minutes, 
stabilising at -79 dBm 

3766 844 PIM level increases from -88 dBm to -81 dBm in 40 seconds, fall- 
ing to -85 dBm in further 30 seconds. Falls to -89 dBm in further 
30 seconds eventually stabilising at -91 dBm 

1120 Sample jig torqued up to normal value with torque wrench (5 Nm 

at 30 cm). Level increases from -86 dBm to -79 dBm in 20 sec- 

onds then fluctuates ±2 dB about -80 dBm for 30 seconds. Stabi- 
lises at -80 dBm 

Table 5.13 7th order PIM level with low washer interface contact pressures (25 W 

per carrier) 
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Observations: 

Inspection of the washer faces after testing showed damage to the Alocrom finish for 

those washers nearest the jig end piece which turned during tightening. The extent of the 
damage decreased further away from this end piece. Clearly, removal of the Alocrom 

occurred when the washer faces ground against each other during tightening. The amount 
of movement of washers (and thus damage) decreased along the length of the sample jig. 
The majority of the washers revealed damage to the middle section of the faces indicating 

that less contact was occurring at the inner and outer washer edges. To minimise this 
damage a single washer pair were assembled in the middle of the sample jig. Further 
details are given in the following sub-section. 

Single Macroscopic Alocrom-Aluminlum Junction. 

In order to avoid removal of the Alocrom surface during increase in contact pressure 
a different arrangement of washers was used. This involved only one aluminium and one 
Alocrom washer surrounded by an appropriate number of beryllium copper washers. 
Three different pairs of aluminium-Alocrom washers were tested for statistical compar- 
ison. The results are given in the following tables: 

Max. Pressure Comments (MPa) 

67 PIM level initially -84 dBm falling to -88 dBm in 1 minute. Level then 
decreases to -91 dBm in next minute, to -93 dBm in following minute, 
eventually stabilising at -95 dBm after a further minute. 

264 PIM level starts at -110 dBm falling to -114 dBm in 2 seconds. After 20 
seconds level then jumps to -86 dBm falling back to -107 dBm after 10 
seconds. Level then falls to -111 dBm over 2 minutes. Level gradually 
stabilises at -117 dBm 

1120 PIM level less than -143 dBm 

Inspection of the washer surfaces under 20x magnification showed no 
visible damage to the Alocrom surface 

Table 5.14 PIM behaviour of aluminium-Alocrom junction - washer pair 1 
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Max. Pressure Comments (MPa) 

67 PIM fluctuates ±3 dB about -135 dBm level 

264 PIM fluctuates wildly from -55 dBm to -90 dBm for 2 minutes. Settles to 

-97 dBm ±2 dB for 2 minutes then stabilises at -97 dBm 

1120 PIM level initially -96 dBm rising to -92 dBm in 20 seconds then return- 
ing to -96 dBm. Fluctuations between -100 dBm to -90 dBm occur over 
next 2 minutes then stabilising at -86 dBm for 2 minutes. Slow decrease 
in level to -89 dBm followed by a drop to -93 dBm then gradual increase 
towards a stable level of -90 dBm 

Inspection of the washer surfaces under 20x magnification showed a very 
small area of damage to the Alocrom surface where aluminium showed 
through 

Table 5.15 PIM behaviour of aluminium-Alocrom junction - washer pair 2 

Max. 
Mass (g) Pressure Comments 

(MPa) 

300 67 PIM level initially -54 dBm falling to -86 dBm in 20 seconds. 
Level decreases to -92 dBm in further 30 seconds then to -97 dBm 
in following minute. Level fluctuates about -99 dBm ±2 dB before 
stabilising at -10ldBm 

1180 264 PIM level falls from -97 dBm to stable level of -98 dBm in 1 
minute 
Sample rod turned (Alocrom on Up side): 

PIM level starts at -94 dBm for 10 seconds dropping 
to -106 dBm where it fluctuates for 20 seconds before 
returning to a stable level of -94 dBm 

Sample rod turned (Aluminium on i/p side): 
PIM level initially -98 dBm. Brief jump in level to 
-94 dBm then fluctuates from -99 dBm to -104 dBm 
for 20 seconds before stabilising at -98 dBm 

Sample rod turned (Alocrom on Up side): 
PIM level stable at -94 dBm 

1120 PIM level increases from -119 dBm to -93 dBm in 30 seconds. 
After 30 seconds at -92 dBm PIM falls to stable level of -96 dBm 
over 1 minute. 

Inspection of the washer surfaces under 20x magnification showed 
no visible damage to the Alocrom surface 

Table 5.16 PIM behaviour of aluminium-Alocrom junction - washer pair 3 
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Observations: 

" In general the level of PIM decreases with increasing contact pressure. This has not 
been found to be entirely repeatable for all washer pairs. The cause of this is 
assumed to be due to the variable amount of surface damage occurring on tighten- 
ing the washer arrangement. Damage could be occurring either by rotational move- 
ment of one surface against the other. However the variation in PIM may also be 
due to an increase in the number of asperities penetrating through the Alocrom 
layer thus forming more non-linear junctions. 

" In the majority of cases the PIM signal began at a high level for up to 30 seconds 
falling towards a stable level after several minutes. 

" In one instance very low stable levels of PIM were observed for a fixed contact 
pressure. If the nominally average PIM level were to be taken as -95 dBm, this 
level was more than 40 dB lower than this and only 10 dB to 15 dB above the sys- 
tem residual. 

" On reversing the position of the interface materials (Alocrom & aluminium) rela- 
tive to the signal carrier direction, a repeatable difference in the stable PIM level 

was observed, refer to Table 5.16. 

Effect of Temperature on a Single Aluminium-Alocrom Washer Pair 

A thermal cycle was carried out on a single aluminium-Alocrom washer pair to deter- 

mine whether any clear conclusions could be drawn about the nature of the mechanism at 
work. A5 mm aluminium washer and 5 mm Alocrom (Al 7075) washer were placed on 
the sample jig surrounded by beryllium copper washers. The jig was tightened to achieve 
a contact interface pressure of approximately 264 MPa. The results of this test are given 
in Table 5.17. 

Observations: 

" The PIM level was seen to increase with decreasing temperature. This was 
observed with both the multiple washer sample and the single washer pair. On 
returning to ambient temperature the sample did not regain its initial PIM level. It 
actually produced a lower level of PIM. 
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Time 
(mins) 

Estimated 
temp. (° C) Comments 

0 20 PIM level allowed to stabilise over 10 minute period. Starting 
level of -79 dBm 

1 10 PIM level -77 dBm 

7 -55 PIM level -77 dBm 

12 -75 PIM level -77 dBm 

20 -80 PIM level stable at -77 dBm 

40 -80 PIM level stable at -77 dBm 

45 -80 Transverse magnetic field applied to sample junction. Field 
varied between residual level (40 Oe) to 2.5 kOe but no sig- 
nificant change in PIM level observed 

55 -80 2nd stage cooling stopped to begin heating cycle. 

60 -60 PIM level -78 dBm 

70 -15 PIM level -81 dBm 

78 -15 Heater jacket on 2nd stage coil, heater on 

80 0 PIM level -83 dBm. 

90 15 PIM level -84 dBm. 1st stage air drying coil removed from 
liquid air 

100 25 PIM level -86 dBm 

140 40 PIM level -89 dBm 

145 40 Heating stopped, air flow continued to cool sample 

170 20 PIM level stable at -87 dBm 

Table 5.17 Single aluminium-Alocrom washer interface under thermal cycling 
(25 W per carrier) 

5.4.4 High Density Multi-junction Samples 

A commonly cited strategy proposed for identifying the effect of specific mechanisms 
is to produce a single ideal grown junction exhibiting the required mechanism and then to 

observe the PIM characteristics of this junction when subjected to two RF signals [23]. 
This approach is considered to have the following drawbacks: 

" materials available to produce an ideal junction are limited and would not provide 
a reasonable comparison with the engineering materials already investigated 

0 an ideal junction may be quite different from those which occur in normal engi- 
neering practise 
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" it would be time consuming to produce a single ideal junction exhibiting the pre- 
ferred mechanism satisfactorily 

consistency of PIM behaviour between a number of such junctions would be diffi- 

cult to achieve 

With the success of the jointed sample measurement jig, a different approach was 
proposed in order to tackle the problem of mechanism identification more logically. The 

proposition was to produce a more effective multi junction sample in which engineering 
materials could easily be used, with the expectation that a large number of junctions 

would produce a greater and more consistent PIM level than has been observed with 
single, jointed, engineering samples. Having achieved consistent behaviour the emphasis 

would then lay in devising techniques to identify the dominant PIM mechanisms at work, 

e. g. by controlled variation of specific parameters such as temperature, electric/magnetic 
field, DC bias, etc. Consistency of performance is considered to be a key factor without 

which meaningful conclusions cannot be easily drawn. 

A preliminary multi junction sample was produced and tested. Fig. 5.4 shows an 

outline of the sample construction. The sample material was placed in granulated form 

between the jointed sample jig former and a PTFE sleeve then the jig is torqued up to 

ensure good contact between the material granules. The following material types were 
tested: 

Jointed sa le jig former 

MOM 

PTFE sleeves Sample material granules 

Fig. 5.4 Multi junction sample construction 

" brass turnings: 

- return loss > 16 dB from 1530 MHz to 1650 MHz 

- PIM level -60 to -80 dBm (25 W per carrier), variable level observed 
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" aluminium alloy 6061 filings: 

- PIM level -80 to -110 dBm (25 W per carrier), stable periods of several minutes 
observed 

Although the preliminary sample did not produce sufficiently consistent levels to 

allow meaningful measurements to be made it does show potential as one form of a multi- 
junction sample jig. 

This is the point at which the engineering scale sample programme was brought to a 
conclusion. Due to time constraints it was decided to move on to the small geometry 

sample programme which is described in the next section. 

5.5 Small Geometry Sample Programme 

It can be seen from measurements performed on the engineering samples that higher 

current densities are required to resolve the PIM characteristics of certain material types 

over and above that of the system PIM residual. For this reason it was decided from the 

start of the programme to move progressively from large scale engineering type samples 
to smaller scale samples where higher current densities can be achieved. The adopted 
format of these smaller scale samples is 1 mm diameter wires, which are readily available 
in numerous materials. The wire format lends itself very satisfactorily to use in a simple 

coaxial test jig which is compatible with the rest of the PIM system and was described in 

Section 4.10.4. This is an important factor as it minimises system design considerations 

and enhances the potential for reliable, consistent measurements. A selection was made 

of material types in wire form which correspond in chemical composition, as closely as 

possible, to those tested in the large scale engineering format. These are given in Table 

5.18. 

Material Composition 

Aluminium (99.5%) Cu < 500, Fe < 4000, Mn < 500, Si < 3000, Zn < 1000, 
rem Al 

Aluminium alloy (6061) Cr 2500, Cu 2500, Mg 1%, Si 6000, rem Al 

Copper (99.95% OFHC) Ag 100, Al 1, Bi 1, Ca 3, Cd 1, Fe 2, Mg 1, Pb 3, Si 2, 
Sn 2, rem Cu 

Beryllium copper Be 1.7 - 1.9%, Co+Ni 500-4000, total impurities 5000, 
rem Cu 

Nickel (99.98%) Co 8, Cr 8, Cu 10, Fe 10, Mg 10, Mn 10, Si 8, Ti 10, C 70, 
S 10, rem Ni 

Stainless steel AISI 304 Cr 17 - 20%, Mn < 2%, Ni 8- 11%, C< 800 rem Fe 

Table 5.18 Wire sample material compositions (1 mm diameter) 

Note: The elemental composition values in Table 5.18 are given in percentage where 
indicated and parts per million (ppm) elsewhere. 
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5.5.1 Wire Sample Tests 

Initial preparation of the samples involved cutting the wires to a length of 127 mm 
(±0.5mm), squaring off the ends and removing any burrs using fine abrasive paper (on 

wire ends only). The wire was then cleaned in isopropyl alcohol (IPA) before inserting it 

into a PTFE sleeve. The sleeve had been cleaned internally by running some IPA through 
it which was blown through thoroughly using clean high pressure air. After testing each 

sample in its untreated state various surface treatments were applied in order to follow up 

the work conducted on the engineering samples, (refer to Table 5.19). Measurements 

results for the different surface treatments are given in Table 5.20 and Table 5.21. 

Surface Material Comments 
treatment 

Abrasion Aluminium (pure) Transverse abrasion: samples abraded circum- 
Aluminium alloy 6061 ferentially with abrasive paper (grade 150-FF) 
Beryllium copper then ultrasonically cleaned in IPA. 
Copper Longitudinal abrasion: samples abraded along 
Nickel axial length with abrasive paper (grade 150-FF) 
Stainless steel 304 then ultrasonically cleaned in IPA. 

Oxidation Beryllium copper Beryllium copper sample heated to +4000 C 
Copper then allowed to cool naturally. Copper heated to 

+250° C to avoid formation of brittle oxide 
layer 

Thermal Aluminium (pure) Sample dipped in liquid air for 20 seconds then 
stressing Aluminium alloy 6061 into water at room temperature. Process was 

Beryllium copper then repeated. 
Copper 
Nickel 
Stainless steel 304 

Alocrom 1200 Aluminium (pure) Chromate conversion of surface conforming to 
Aluminium alloy 6061 Def. standard 03-18. Application by POETON 

(Cardiff) to spec. PP 129 

Silver plating Aluminium (pure) Space qualified finish without brighteners, 10 to 
Aluminium alloy 6061 15 microns thick. Application by Johnson Mat- 
Nickel they (Herts. ), inspection level C 

Table 5.19 Materials for wire samples and their surface treatments 
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Un- Transverse Longitudinal 
Material treated abrasion abrasion on Oxidation 

stressing 

A B A B 

Aluminium -144 -136 -129 -140 - - -142 
(99.5%) 

Aluminium -144 -135 -129 -136 - - -143 
alloy (6061) 

Copper -144 -138 -122 * -143 - -143 -140 
(99.95% 
OFHC) 

Beryllium -144 -139 -131 * -143 - -144 -141 
copper 

Nickel (99.98%) -97 -93 -94 -95 - - -98 
Stainless steel -105 -90 -83 -110 -100 - -104 
AISI 304 

-106 - - -104 -100 - - 

Table 5.20 7th order PIM levels of treated wire samples in dBm (25W per carrier) 

* Both the beryllium copper and copper wire samples were oxidised following the 

abrasion process but no further change in PIM level was observed. 

Columns A and B indicate two stages of abrasion applied to the same wire sample, 

stage B having received further abrasion. 

Material finish 1 2 3 4 

Silver plated Aluminium -148 -146 -145 -147 
(99.5%) 

Silver plated Aluminium -145 -146 -145 -146 
alloy (6061) 

Silver plated Nickel -145 -146 - - 
(99.98%) 

Alocrom coated Aluminium -141 -142 -141 -142 
(99.5%) 

Alocrom coated Aluminium -142 -143 -142 -143 
alloy (6061) 

Table 5.21 7th order PIM levels of coated wire samples in dBm (25W per 
carrier) 
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Observations: 

" Both nickel and stainless steel produce high PIM signatures which can be attrib- 
uted to their magnetic properties. This was investigated further and is described in 
Section 5.5.2. 

" Although only a qualitative assessment can be made, transverse abrasion of a mate- 
rial appeared to increase the PIM level more than longitudinal abrasion. This 
would appear to be a reasonable expectation as transverse abrasions introduce a 
greater number of irregularities across the direction of current flow thus increasing 
the non-linear properties of the material surface. 

" As was seen with the engineering samples, silver plating the nickel wires reduced 
the PIM level down to that of the system residual. 

Alocrom 1200 showed no PIM signature whilst present only as a surface treatment. 
This is in agreement with the results shown in Table 5.3. 

" Oxidation and thermal stressing showed no change in the PIM levels of the materi- 
als tested. 

5.5.2 Magnetic Field Interaction 

The affect of applying a D. C. magnetic field transverse to the direction of R. F. current 
flow in the sample (dominant propagation mode current) was investigated. 

For the wire samples a maximum magnetic field strength of approximately 4.2kOe 

could be achieved at the surface of the wire. In the case of the Solid and Jointed samples 
a maximum magnetic field strength of only 2.7kOe could be attained due to the larger jig 

which required the poles of the electromagnet to be spaced further apart. 

When the magnetic field was turned off a very small field was still present between 

the pole pieces due to the remnant magnetisation of the steel jig on which the field coils 
were mounted. This field was measured to be about 500e ±10Oe. When this value 
appears in the tables it indicates that the field had been turned off and that the sample 
remained between the magnetic pole pieces. Considering the results of the following 

measurements this very low field strength can be considered to be essentially zero. Several 

entries of 00e are to be found in the tables and these represent measurements made with 
the magnet moved away from the test sample and where the field strength measured in the 
vicinity of the sample is below 5 Oe. 

The accuracy in the magnitude of the measured fields is ±0.2kOe. 
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5.5.2.1 Transverse Magnetic Meld Applied to Wire Samples. 

In the first instance, tests were carried out on the wire samples by simply applying the 
full magnetic field available or no field at all. This was simply to give an initial indication 

of the behaviour of the samples. No tests of this kind have been carried out previously, 
hence the outcome was unknown and these initial tests would highlight those areas worthy 
of further investigation. 

Magnetic field strength 

Material - 50 Oe 2.7 kOe - 50 Oe -2.7 kOe 50 Oe 

Aluminium -145 -154 -145 
(99.5%) 

Aluminium -143 -154 -143 
alloy (6061) 

Copper -143 -149 -142 
(99.95% 
OFHC) 

Beryllium -144 -154 -144 
copper 

Nickel (99.98%) -99 -93 -99 -93 -99 
Stainless steel -105 -106.5 -106 -105.5 -105.5 
AISI 304 

Table 5.22 7th order PIM levels of wire samples in a transverse magnetic 
field (level in dBm, 25W per carrier) 

Observations: 

" All of the non-ferromagnetic materials demonstrated a measurable reduction in 
their PIM level when the magnetic field was applied. 

More detailed tests were carried out on the two ferromagnetic materials, nickel and 
stainless steel 304, and also copper which displayed some anomalous behaviour whilst 
subjected to a transverse magnetic field. These are described in the following sections. 
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5.5.2.2 Effects of Magnetic Field on Nickel Wire 

Transverse magnetic field Transverse magnetic field 
(reversed) 

Field strength 
(kOe) 

PIM level 
(dBm) 

Field strength 
(kOe) 

PIM level 
(dBm) 

0.05 -99 - - 
1.0 -98 -1.0 -98 
1.9 -97 -1.9 -97 
2.7 -95 -2.7 -95 
3.3 -92 -3.3 -92 
3.6 -93 -3.6 -93 
3.9 -95 -3.9 -95 
4.1 -96 -4.1 -96 
0.05 -99 -0.05 -99 

Table 5.23 7th order PIM level variation of nickel wire sample with trans- 
verse magnetic field (25W per carrier) 

Observations: 

" The levels of PIM observed were the same for both directions of transverse mag- 
netic field for a given magnetic field strength. As nickel magnetically saturates 
around 6kOe, the field strengths which have been applied will be driving the nickel 
very nearly into saturation. With the sample material in such a magnetic state hys- 
teresis effects are likely to be very small indeed. Thus, PIM levels for both forward 

and reverse directed transverse magnetic fields will be essentially the same. 

"A maximum in the PIM level is achieved with a transverse magnetic field of about 
3.3kOe. 
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5.5.2.3 Effect of Magnetic Field on Stainless Steel (304) Wire 

Transverse magnetic field Transverse magnetic field 
(reversed) 

Field strength 
(kOe) 

PIM level 
(dBm) 

Field strength 
(kOe) 

PIM level 
(dBm) 

0.05 -108.7 - - 
1.0 -108.3 -1.0 -107.7 
1.9 -108.3 -1.9 -107.5 
2.7 -109.0 -2.7 -108.3 
3.3 -110.0 -3.3 -109.8 

3.6 -110.8 -3.6 -110.8 
3.9 -111.5 -3.9 -111.5 
4.1 -112.0 -4.1 -112.0 
0.05 -108.8 -0.05 -108.8 

Table 5.24 7th order PIM level variation of stainless steel 304 wire sample 
with transverse magnetic field (25W per carrier) 

Observations: 

Due to the small change in PIM level observed with applied transverse magnetic 
field a higher resolution for the PIM signal has been recorded. This level of resolu- 
tion allows the variation of PIM level with field to be more clearly apparent. The 
levels observed were seen to be extremely stable hence it is valid to quote the levels 

to such high resolution. 

The levels of PIM observed for both directions of transverse magnetic field were 
virtually the same for a given field strength. The slight differences noted for the 
lower field strengths may be due to hysteresis effects brought about by magnetic 
`memory effects' due to the field applied in the first test run (identified by the posi- 
tive field direction). 

"A maximum in the PIM level is achieved with a transverse magnetic field of about 
1.9kOe. 
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5.5.2.4 Effects of Magnetic Field on Copper Wire 

Although copper wire initially behaved in a similar way to the other non-ferromag- 
netic materials when subjected to a transverse magnetic field, prolonged investigations 

revealed unexpected behaviour in the PIM signal. 

Small variations in the PIM level were found to occur when moving electromagnet 
along the length of the wire sample jig (2dB to 3dB). However, during the investigation 

of this effect, the PIM level was seen to suddenly jump from the nominal suppressed level 

of --15OdBm (refer to Table 5.22) to about -l lOdBm. Fluctuations in the level occurred 
between -110dBm and -140dBm for about 1 minute. The magnetic field was turned off 

and the PIM level gradually steadied at -135 dBm ±5dB. The following tables summarise 
the behaviour of different samples of copper wire with transverse magnetic field. All wire 

samples were cut from a single batch length. 

PIM levels close to the system residual (-150dBm) typically displayed a variability of 

about ±3dB. Where levels were not constant (i. e. ±1dB), the variation is indicated in the 

tables. Due to the highly variable nature of the PIM signals observed, the results are 

presented in a different format than those of the other materials. Each change in behaviour 

was noted and is recorded, along with the observed PIM levels, in the tables. 

It should be noted that before each test the jig, all its constituent parts and the sample 
itself were all thoroughly cleaned and de-greased. Gloved hands were used at all times 
during handling to avoid contamination from fingerprints. 
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Field strength Comments (kOe) 

2.7 Jump in PIM level from -150 dBm to -110 dBm. Level fluctuates about 
-110 dBm to -140 dBm 

0.05 PIM level approaches -135 dBm ±5 dB 

2.7 PIM level -105 dBm ±2 dB 

0.05 PIM level falls to -137 dBm ±2 dB 

2.7 PIM level initially -105 dBm falling to -150 dBm after several seconds 

0.05 PIM level jumps from -150 dBm to -105 dBm as field removed then 
gradually falls to -140 dBm over 2 minutes 

0.05 R. F. and field off for 20 minutes. R. F. on, PIM level initially -135 dBm 
dropping to -142 dBm after 20 seconds 

2.7 PIM level initially -110 dBm then fluctuates between -140 dBm to - 
100 dBm, does not appear to approach a constant level 

0.05 Field turned off when PIM level was -135 dBm, level jumps to - 
110 dBm then settles towards -140 dBm ±3 dB 

Magnet below PIM level -142 dBm ±3 dB, no change with field on or off 
jig @ 2.7 kOe 

2.7 Magnet moved up around sample jig, PIM level increases from - 
142 dBm to -107 dBm then drops to -154 dBm remaining at this level 
with magnet at jig centre 

0.05 As field removed, PIM level jumps to -110 dBm gradually dropping to 
-140 dBm. No further jumps in level observed 

Table 5.25 7th order PIM level variation of copper wire sample 1 with transverse 
magnetic field (25W per carrier) 

Observations: 

"A transverse magnetic field was found to stimulate increases in the PIM signal of 
about 30dB above the level normally observed with copper. This level was not sus- 
tained but showed fluctuations which tended to be abrupt, step changes between 
the residual level and the maximum level. 

" In several cases the maximum PIM level was stimulated briefly (for less than one 
second) when the magnetic field was turned off, i. e. during field collapse. 
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The magnetic field was clearly demonstrated to be responsible for stimulating the 

effect. When the magnetic field present inside the jig was reduced to a very low level (of 

the order of 5 Oe) the PIM level remained close to its residual value. Additionally, moving 
the magnet up from below the jig, closer to the wire sample, caused the PIM level to 
increase immediately in the manner described above. 

In order to determine whether the anomalous effects were due to system fluctuations 

or were peculiar to copper, other material samples were tested in a similar manner: 

Aluminium - Residual PIM level at -143 dBm. Level reduced to -149 dBm with appli- 

cation of magnetic field. No large increases in PIM level seen with application of magnetic 
field. 

Aluminium alloy (6061) - Residual PIM level at -143dBm. Level reduced to 

-149dBm with application of magnetic field. No large increases in PIM level seen with 

application of magnetic field. 

Beryllium copper - Residual PIM level at -144dBm. Level reduced to -154dBm with 

application of magnetic field. No large increases in PIM level seen with application of 

magnetic field. 

Following the normal behaviour exhibited by the above materials a new copper wire 

sample (sample 2) was prepared and tested. A summary of results is given in Table 5.26 

to Table 5.28. 
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Field strength 
(kOe) Comments 

0.05 PIM level -143 dBm 

2.7 PIM level reduces to -158 dBm ±3 dB for 1 minute, then level jumps to 
-120 dBm and fluctuates about -120 dBm to -155 dBm. After 5 minutes 
level reduces to -158 dBm. No further jumps seen 

0.05 PIM level returns to -143 dBm 

2.7 PIM level to -158 dBm, large dips occasionally seen 

0.05 PIM level to -146 dBm 

2.7 PIM level to -158 dBm, dips occur 

0.05 PIM level to -147 dBm 

2.7 PIM level to -160 dBm, dips occur 

0.05 PIM level to -147 dBm 

0.05 R. F. off for 1 hour. PIM level -154 dBm 

2.7 PIM level jumps briefly to -130 dBm then settles at -158 dBm 

0.05 Level jumps briefly to -130 dBm as field turned off then approaches - 
152 dBm 

2.7 PIM level fluctuates between -126 dBm and -150 dBm for 10 seconds 
then gradually falls. After 3 minutes sudden drop in level to -160 dBm 

0.05 PIM level remains around -156 dBm 

2.7 PIM level -156 dBm, no jumps for 10 minutes 

0.05 No jumps in PIM level. R. F. off for 20 minutes 

0.05 PIM level -157 dBm 

2.7 Brief jump in level to -130 dBm, then remains at -160 dBm 

0.05 Brief jump in PIM then level sits at -152 dBm 

2.7 Brief jump in PIM level then level rises to -130 dBm ±2 dB for 10 min- 
utes. 

0.05 PIM level drops to -154 dBm 

2.2 PIM level to -123 dBm for 10 seconds then drops to -160 dBm. Occa- 
sional jumps to -123 dBm 

1.7 PIM level at -160 dBm. Field turned on and off several times. On some 
occasions very brief jumps in PIM observed to a maximum of 
-120 dBm (- 20 msec duration) 

1.5 PIM level -154 dBm. No further jumps in PIM level observed with 
switching field on and off 

Table 5.26 7th order PIM level variation of copper wire sample 2 with transverse 
magnetic field *Test 1* (25W per carrier) 
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Observations: 

" Sudden step changes of PIM level were clearly visible. The maximum and mini- 
mum step change levels were well defined. The existence of intermediate levels 

was unclear. 

The step changes were excited by the presence of the RF and magnetic field 

together. 

" The step changes occurred fairly erratically. Their occurrence was not easily asso- 

ciated with any manipulation of the magnetic field. 

" There was an apparent annulling of the system steady state residual at high mag- 
netic field strength. 

The measurements were then repeated using the same sample. This time the magni 

tude of the field strength was increased as high as 4.2 kOe. The results table is given over- 
leaf. 
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Field strength 
(kOe) 

Comments 

0.05 PIM level -146 dBm 

4.2 PIM level -125 dBm 

0.05 PIM level initially -124 dBm, drops to -145 dBm after 3 minutes. Level 
jumps up suddenly, magnet lowered below jig and level drops. After 
several minutes PIM level jumps to -122 dBm for 2 minutes 

0.05 Magnet raised to centre of jig. PIM level fluctuates between -125 dBm 
and -144 dBm 

0.9 PIM level -130 dBm, fluctuates to -146 dBm 

1.5 PIM initially falls from -146 dBm to -155 dBm for 2 minutes then fluc- 

tuates about -133 dBm ±4 dB 

3.3 PIM drops to -160 dBm with jumps to -125 dBm 

3.9 PIM fluctuates between -160 dBm and -125 dBm 

4.1 PIM level fluctuates remaining for longer periods at -125 dBm. Imme- 
diate drop in level when field is turned off 

1.0 PIM level jumps to -125 dBm and remains there 

0.05 PIM level remains at -125 dB m. Magnet lowered below jig and keeper 

placed across poles, PIM remains at -125 dBm for 10 minutes 

2.3 Magnet poles at jig centre, PIM shows some jumps in level. Field 
removed, PIM level rises to -125 dBm and stays there 

-1.0 PIM drops from -125 dBm to -146 dBm 

0.05 PIM level returns to -125 dBm 

-1.0 PIM level -146 dBm 

0.05 PIM level returns to -125 dBm 

-1.0 Field applied for several minutes 

0.05 PIM level to -130 dBm then drops to -146 dBm 

-2.3 PIM level falls to -160 dBm 

-4.2 PIM level remains at -160 dBm, large dips occurring at times, no jumps 
observed. R. F. off for 1 hour 

0.05 PIM level -146 dBm. Very brief jump to -130 dBm then remains at 
-146 dBm for next 10 minutes 

Table 5.27 7th order PIM level variation of copper wire sample 2 with transverse 

magnetic field *Test 2* (25 W per carrier) 
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Observations: 

All of the characteristics observed with sample 1 were noted with sample 2 with the 

addition of: 

Once excited, the high PIM levels could persist for minutes when the magnetic 
field was removed. 

" Where the high step levels persisted for zero magnetic field, these could be brought 
down to a low level by magnetic field reversal. 

The step behaviour tended to be reduced and eventually died away with the 

repeated application of reverse magnetic field. 

A third test was carried out on sample 2 in order to further examine the effects of 

reversing the magnetic field 

Field strength 
(kOe) Comments 

-2.7 Reverse magnetic field applied across sample for 25 minutes with no 
R. F. present 

0 (Magnet below jig). PIM level -146 dBm. After 1 minute, level jumps 
to -115 dBm for 1 second. After further 1 minute, level jumps to 
-120 dBm for 1 second. Level remains at -146 dBm for next 5 minutes 

Table 5.28 7th order PIM level variation of copper wire sample 2 with transverse 
magnetic field *Test 3* (25W per carrier) 

Observations: 

" Further application of reverse magnetic field did not appear to alter the PIM char- 
acteristics of the sample greatly. Short-lived bursts (less than one second) of PIM 

above the previously observed excited levels were recorded, although no persistent 
level changes were seen. 

A third sample (sample 3) was tested. The following table indicates the results. 
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Field strength 
(kOe) Comments 

0.05 PIM level -146 dBm, remains here for 25 minutes 

-2.7 No R. F. applied, reverse field on for 60 minutes 
0 Magnet lowered below jig. R. F. on, PIM level -146 dBm. No jumps 

observed for 20 minutes. 

2.7 No R. F. applied, field on for 60 minutes 

0 Magnet lowered below jig. R. F. on, PIM level -145 dBm. No jumps 
observed for 20 minutes 

0.05 Magnet poles at jig centre. PIM level -144 dBm 

-1.0 Small, short-lived fluctuations of PIM level to -140 dBm 

-1.9 PIM level fluctuates between -155 dBm and -137 dBm for first 30 sec- 
onds. Level then moves between -155 dBm to -146 dBm for next 2 
minutes 

-2.7 PIM level predominantly at -155 dBm. Large dips seen and maximum 
level -150 dBm 

-3.3 PIM level predominantly at -160 dBm. Large dips seen and maximum 
level -155 dBm 

-3.6 PIM level predominantly at -165 dBm. Large dips seen and maximum 
level -155 dBm 

-3.9 PIM level predominantly at -165 dBm. Large dips seen and maximum 
level -155 dBm 

-0.05 PIM level -149 dBm. RF, off for 1 hour 

-0.05 R. F. on, PIM level -149 dBm 

1.0 PIM level -145 dBm 

1.9 PIM level -145 dBm for 1 minute. Level then falls to -150 dBm with 
occasional fluctuations to -145 dBm over 2 minutes. PIM level fluctu- 
ates between -155 dBm to -140 dBm for next 2 minutes 

2.7 PIM level -145 dBm with fluctuations down to -160 dBm over 4 min- 
utes 

3.3 PIM level predominantly at -160 dBm with brief increases to -140 dBm 

3.6 PIM level predominantly at -165 dBm rising to -145 dBm occasionally 

3.9 PIM level predominantly at -160 dBm rising to -145 dBm occasionally 

0.05 PIM level -150 dBm ±3 dB. R. F. off for 90 minutes 

0.05 PIM level -146 dBm 

1.9 PIM level predominantly at -155 dBm rising to -147 dBm occasionally 

Table 5.29 7th order PIM level variation of copper wire sample 3 with transverse 
magnetic field (25 W per carrier) 
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Field strength 
(kOe) Comments 

3.3 PIM level predominantly at -165 dBm rising to -142 dBm occasionally 

0.05 PIM level -146 dBm 

3.3 PIM level -165 dBm 

4.1 PIM level predominantly at -165 dBm rising to -146 dBm occasionally 

0.05 PIM level -150 dBm 

Table 5.29 7th order PIM level variation of copper wire sample 3 with transverse 
magnetic field (25 W per carrier) 

Observations: 

" Sample 3 showed no unusually large jumps in PIM level with application of mag- 
netic field, as had been observed with the two previous samples. The small fluctua- 
tions observed above the nominal PIM level for copper wire without magnetic field 

could be due to system variations such as heating effects in the quiet load. These 
increases are insignificant compared to those recorded for the first two copper wire 
samples (excitation of 20 dB to 30 dB). 

"A significant, repeatable reduction in PIM level can still be observed with the 
application of transverse magnetic field. Generally, an increase in the field magni- 
tude increases the reduction of PIM signal, although this could only be tested for 
fields up to a maximum of about 4 kOe. 

The reduction in PIM level is not wholly dependant on the continued presence of 
the magnetic field, the reduced PIM level has been observed when no field is avail- 
able. 

At this point it was decided to briefly re-test samples 1 and 2. The results are presented 
in Table 5.30 and Table 5.31. 
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Field strength 
(kOe) Comments 

0 Magnet below jig centre. PIM level initially at -142 dBm gradually fall- 
ing to -160 dBm. Level fluctuates between -160 dBm and -145 dBm for 
several minutes. Level approaches -150 dBm 

1.0 PIM level -150 dBm becoming more variable. After 4 minutes starts 
approaching -142 dBm 

1.9 --> 3.3 PIM level consistently -155 dBm ±5 dB 

0.05 PIM level -155 dBm ±5 dB 

-1.0 PIM level increases from -155 dBm to -146 dBm, fluctuating occasion- 
ally to -155 dBm 

-1.9 PIM level -155 dBm ±5 dB 

-2.7 PIM level -155 dBm ±5 dB 

-0.05 PIM level -148 dBm 

1-+4.1 No jumps in PIM level seen for fields of 1 kOe to 4.1 kOe 

0.05 PIM level -154 dBm 

Table 5.30 7th order PIM level variation of copper wire sample 1 with transverse 
magnetic field *retest* (25W per carrier) 

" Observations: 

" Despite the application of high magnetic fields no large fluctuation in PIM level 

was observed during these tests. Note that earlier tests on the same sample had 

clearly revealed this excitation. 

"A reduction in the PIM level with applied field was still observable. This was also 
observed at the beginning of the tests before the field had been applied, clearly 
indicating some form of magnetic memory or short term structural change. 

Field strength 
(kOe) 

Comments 

0.05 PIM level -150 dBm, dips appearing 

1.9 PIM level -160 dBm, dips more frequent 

3.3 PIM level -165 dBm, dips deeper and more frequent 

2.7 PIM level -163 dBm 

Table 5.31 7th order PIM level variation of copper wire sample 2 with transverse 
magnetic field *retest* (25W per carrier) 
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Observations: 

" No highly fluctuating levels of PIM were observed with this re-test as for the re- 
test of sample 1. 

"A reduction in the PIM level with applied field was still observable. 

As a final verification of the system performance, two samples which had been previ- 
ously tested were rechecked. 

Beryllium copper - This sample had been previously magnetised. The PIM level with 
no field applied was found to be -153 dBm (the same level as was previously measured 
with field applied). This level was reduced by several dB's with the application of a 
magnetic field. 

Aluminium - This sample had been tested under thermal stressing. The PIM level 

was found to be stable at -146 dBm. The previous measured PIM level was -142 dBm. 

5.5.3 Removal of Alumina Dielectric 

-. -The apparent change in behaviour of the copper samples gave cause for concern and 
it was decided to scrutinise the measurement procedure and set-up. It was decided to 
investigate the effect of the alumina which remained somewhat of an unknown quantity 
in terms of PIM. 

A second, slightly modified, small geometry sample jig was made which could facil- 

itate measurements on wire samples with and without the alumina dielectric. The central 

section of the jig employed a composite dielectric of a thin section of alumina and PTFE. 

The alumina could be replaced with PTFE to give a solid PTFE dielectric with no discern- 

able change in electrical performance. Although the dielectric constant of alumina is 

considerably higher than PTFE, when the two are combined in the one structure (along 

with air gaps) the effect of a small section of alumina becomes negligible. This was not 

appreciated during the design of the first jig. 

The new jig was designed to take samples of UT-250 inner conductor, diameter 

1.6mm. UT-250 is in use throughout the system and is capable of very low-PIM levels as 
has been shown. The following results were obtained with and without the alumina 

present: 
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Field strength 
(kOe) Comments 

0 Residual PIM level -103 dBm 

2.7 PIM level -108 dBm 

0.05 PIM level -104 dBm 

2.7 PIM level -108 dBm (parent signals slightly adjusted) 

0.05 PIM level -105 dBm 

Table 5.32 7th order PIM level variation of UT-250 inner conductor + alumina & 
PTFE dielectric sample with transverse magnetic Held (25W per 
carrier) 

Field strength 
(kOe) Comments 

0 Residual PIM level -110 dBm 

2.7 PIM level -108 dBm 

0.05 PIM level -109 dBm 

. 
Table 5.33 7th order PIM level variation of UT-250 inner conductor + PTFE 

dielectric only sample with transverse magnetic field (25W per carrier) 

This obviously shows that not only does the alumina apparently generate a slightly 
higher residual level of PIM, but also, that it seems to be the alumina which responds to 
the applied magnetic field in the majority of cases. 

Unfortunately, this discovery was made at the end of the experimental program and 
it was not possible to re-test all of the small geometry samples due to the available time. 
It was also the case that the alumina-free jig was designed around a larger sample size and 
would have to be redesigned to accommodate the 1 mm wire samples. 

This point marked the conclusion of the experimental work. Although there are areas 
which would obviously benefit from further investigation, time constraints prevented 
further measurements from being made. 
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5.6 Summary of Experimental Programme 

An experimental programme has been conducted into the generation of PIM in 

common aerospace metals. Two types of standard sample have been developed. A larger 

engineering scale sample was employed to provide useful practical data, whilst a smaller 

sample was used to excite higher current densities in materials, in order to gain an insight 

into the physical mechanisms of PIM generation. 

5.6.1 Engineering Sample Measurements 

The results of the experiments on the solid engineering samples indicate that 

magnetic effects dominate PIM levels for this type of sample at L-band frequencies. It was 

shown that by silver plating ferromagnetic material to a thickness greater than 8 skin 
depths the PIM level dropped and became indistinguishable from the system residual 
PIM. Other effects such as oxidation and surface abrasion were seen to have no effect. 

In the multi junction samples it was observed that loose junctions were very erratic 

and unpredictable, but at high contact pressure, all PIM from non-magnetic samples was 
below the level of system residual PIM. Magnetic materials were once again observed to 
dominate. 

In the case of Nickel, a strange phenomenon was observed in that the samples with a 
higher number of junctions actually produced lower levels of PIM. However by coating 

the material in silver plating the level was reduced to below that of the system. 

Additionally, junctions involving aluminium and Alocrom coated aluminium were 

seen to produce very high levels of PIM on occasion. However junctions between either 

material and any of the others resulted in no visible effect. 

All other treatments such as bonding, material finish, magnetisation and oxidation 

were observed to have little effect 

5.6.2 Small Geometry Measurements 

On testing the untreated small geometry samples, once again, only the ferromagnetic 

materials registered PIM levels above the system residual, and again, these levels could 
be reduced significantly by silver plating. 

Again, thermal stressing and oxidation had little effect, however abrading the material 

surfaces was seen to generate higher levels of PIM, particularly when the abrasion was 

applied transverse to the direction of current flow. 
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The Alocrom coating and silver plating applied to the aluminium samples were also 

observed to generate no observable level of PIM. 

For the small geometry samples effects were much more evident from tests using 

applied magnetic fields. The application of a transverse D. C. magnetic field brought about 

changes in the level of PIM generated by all of the samples currently tested. This is to be 

expected with a ferromagnetic material which already displays a high level of non-line- 

arity due to its magnetic properties. However, for weakly magnetic materials the magni- 
tude of change was not expected. 

Two distinct types of behaviour were observed for the non-ferromagnetic materials: 

"a magnetic field applied to the sample caused the PIM level to fall below that 

of the material with no magnetic field applied. In many cases this suppressed 
level was also below the system residual. This strongly suggests that the 

magnetic field stimulates a PIM signal which is out of phase and of a similar 

magnitude to the system residual. 

0 the PIM level can be excited 20 dB to 30 dB above the residual PIM level of the 

material (i. e. with no magnetic field). This was only observed with copper wire 

and not in a consistent manner for all samples. 

For both of the above types of behaviour, the change in PIM level, once stimulated, 
did not always require the presence of the magnetic field to be sustained. The implication 

of this is that some form of structural change (physically or magnetically) occurs within 

the material allowing this behaviour to be observed without the stimulus field. 

Additionally, however, it was discovered that the alumina dielectric in the small 

geometry sample jig was responsible for increased levels of residual PIM and for some if 

not all of the observed changes under magnetic field excitation. 

, The implications of this and of all the measurement data will be considered in the next 

chapter. 
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Analysis Of Results 

The object of this chapter is to present an analysis of the 
laboratory measurement results described in Chapter 5. Several 
aspects of the measurement data are discussed and where 
necessary, theory has been applied in order to provide possible 
explanations for the behaviour observed. 

6.1 Introduction 

One of the original aims of this project was to develop a better understanding of the 

mechanisms responsible for PIM generation in space qualified materials. The successful 
measurement programme, described in Chapter 5, was conducted in order provide results 
for the analysis of PIM mechanisms. 

In Chapter 2, several mechanisms were discussed which have been frequently cited 
as being responsible for PIM generation. On closer examination however it is evident that 
it would be difficult to demonstrate the presence of such mechanisms in engineering scale 
samples. This is due to the degree of environmental control required and the amount of 
information which is needed about the test variables. 

The aim of this chapter is to examine the results and observations of the measurement 

programme and to consider the physical processes which may be at work. 

At no point is it intended to present irrefutable conclusions on the causes of PIM 

generation as it is felt that a great deal more measurement data is required. 

6.2 Solid Samples 

Both types of solid sample are considered in the following sections. The larger `engi- 

neering' scale sample and the `small geometry' sample. Both are compared in order to 
draw conclusions about the effects of higher current densities. 
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6.2.1 Non-magnetic Materials 

This section deals with all the non-ferromagnetic materials tested i. e. excluding 
Nickel, Stainless steel 303, Stainless steel A286 and Stainless steel 15-5PH. 

6.2.1.1 Untreated Samples 

The first tests on the solid samples looked at the PIM generation in polished materials 
of beryllium copper, copper, aluminium and its alloys and brass. In the case of the engi- 
neering samples, all materials indicated no PIM above the residual level of the system. 
However, with the small geometry samples levels of PIM notably above the system 

residual were recorded. It is difficult to know whether the increased levels can be directly 

attributed to the smaller sample size. Indeed it was shown in Section 5.5.3 that the 
Alumina is responsible for a certain amount of the observed PIM level in the wire sample 
tests. However, given the careful design of the jig to minimise PIM it is assumed that the 

residual PIM from the rest of the jig is negligible. As the test jig cannot function without 
a sample of some sort, the levels observed can only be compared relative to each other. 

Due to the skin effect, the reduction in sample size will lead to a large change in the 

surface current density on the smaller samples. It is assumed that all of the current in the 

sample is located in a surface layer, 4 skin depths thick. At 1.6 GHz, the skin depth, 8, for 

copper is 1.65 gm, hence all of the current will be within about the first 7 pm of the 

surface. Now the surface area is given approximately by: 

As = 2i"r"48s Eq. 6.1 

Provided that 8, s is extremely small. Given that the radius of the engineering samples 
is 9.3 mm and the small geometry samples is 1.0 mm, the current density is therefore 
increased in the small geometry samples by a factor of 9.3. To obtain the same increase in 

current density by raising the drive levels of the parent signals would require multiplica- 
tion of the input power by a factor of 9.32 or 86.5, a rise of 19.37 dB. 

For simple nonlinearities, as described in Section 2.2.3, the 7th order PIM signal will 

change at a rate of 7 dB per dB change in the parent signal. Assuming an implied increase 

in power of 19dB, the change in the PIM level due to the sample size reduction would be 

over 100 dB. In practice it is not likely to be as great as this but there will be a very large 

difference between the PIM levels displayed by the different sized samples. Given the 

levels obtained for the wire samples, this suggests that the PIM from the engineering 

samples is well below the level of system residual PIM and hence no useful analysis can 
be made on the measurements. 
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On the other hand, the PIM recorded for the small geometry samples would appear to 

emanate from the samples themselves. Several theories have been put forward by several 
researchers [30,53] as to the mechanisms which may be responsible. These are briefly 
described in the following sections: 

A) Deviation From Ohm's Law: 

It is known that not all conductors are ohmic. An example of a non-ohmic conductor 
is thyrite [175] in which current is roughly proportional to the cube of voltage. For most 
applications, however, current flow in metallic conductors is assumed to be ohmic (i. e. 
their resistance is constant). Nevertheless, some evidence of weak deviation from Ohm's 
law for metals was mentioned in a few places [176,177]. For most metals, ref. [176] indi- 

cates there is little change in resistance for current densities up to 105 A/cm2. In the case 

of gold, there is no notable change in the resistivity for current densities as high as 105 A/ 

cm2 and a change of only a few percent at 10 times that amount. 

However, [177] states that no deviation has ever been clearly demonstrated experi- 
mentally and according to one theoretical prediction, departures of the order of 1 percent 
might only be expected at a current density of 109 A/cm2. 

In the case of the small geometry samples the combined average input power is 

50 Watts. With the characteristic impedance equal to 50 ohms the peak current is given 
by: 

Pav =I 
2 
rms*R 

12 
_R 

:. I . 
2Pav 

Eq. 6.2 

Which, in this case equals 1.41 Amps. Now from Eq. 6.1 the surface area at 4 skin 
depths for copper is 2.07 x 10-8 m2 or 2.07 x 10-4 cm2. Therefore the maximum current 
density is -6812 A/cm2. This suggests it is unlikely that deviation from ohms law is 

responsible for PIM generation in the small samples. 

Lee in ref. [38] however, considers the theoretical third order PIM level in a 19 foot 

section of UT 141 semi-rigid cable (inner conductor diameter 0.91 mm) for a surface 

current density of J, n=8730 A/cm2. Based upon ref. [175], he assumes a3 percent change 
in resistivity at a current density of 107 A/cm2. The non-linear electric field - current 

density relation was simplified to the first two terms in a power series expansion such that: 
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E= p(J)"J 

_ (Po + P2J2) "J 
Eq. 6.3 

= Po 1+ 
P2j2 

"J Po 

For a3 percent change in resistivity at a current density of 107 A/cm2, we have: 

JZ P2 
= 0.03 for J= 107A/cm2 or Po 

Eq. 6.4 
P2 

= 3x 10-16 cm4/A2 
Po 

Hence, for Jm=8730 A/cm2, the ratio of the 3rd order PIM field to that of the dissipa- 

tion loss at the fundamental frequency is given by: 

J2 P2m=2.28X108 

Po Eq. 6.5 

Which equates to a power level 153 dB down on the combined dissipated power. 

Lee's cable has an insertion loss of 1 dB which, for two 25 Watt carriers, results in a 
predicted third order PIM signal of -119 dBm. 

The UKC L-band facility was set-up to measure seventh order PIM products and 

sample sizes were shorter than the section of UT 141 semi-rigid cable which Lee used. 
Hence, it is not entirely inconceivable that the levels around -141 dBm which were 

observed were due to very small deviations in Ohm's law. 

B) Resistive Heating 

This effect has been discussed in several places [19,30,31]. Here, it is intended to 

provide a qualitative description of the relationship between resistive heating and PIM. 

Resistivity in metals can be considered as the sum of a temperature independent 

component and a temperature dependent component (Matthiessen's rule) [178]. The 

former results from defects and strains in the lattice and from the presence of impurities 

such as alloying constituents. For good electrical conductors, at normal temperatures, it 

makes only a small contribution to the total resistivity. The latter, and major part of the 

resistivity, is caused by the scattering of electrons from thermal vibrations of the lattice. 

Typically, the resistivity increases as the third or fifth power of temperature. Above about 

-200°C to -100°C (depending on the metal), the predominant behaviour is a linear increase 
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in the resistivity with temperature. This dependence on temperature means that any 
heating caused by the passage of an alternating electric current may result in non-linear 
behaviour. The significance of this depends on whether it is overshadowed by direct non- 
linear behaviour and on the rapidity with which local temperatures can follow changes in 

current density. 

Conductors carrying a continuous RF current will reach an equilibrium temperature 
at each point, this is determined by the time average of J2 and the rate of heat loss (or gain) 
by conduction to other regions of the conductor as well as by radiation. For resistive 
heating to cause intermodulation, periodic fluctuations of the local temperature about its 

equilibrium must occur. The amplitude of these will depend on the thermal properties of 
the material and on geometrical considerations. 

A number of authors have published analyses of intermodulation in various situations 
resulting from resistive heating in metallic conductors and have arrived at a range of 
answers. Rootsey et. al. concluded that the effect would be negligible in waveguide at X- 
band [19], whereas Wilcox and Molmud (coaxial cable at UHF) [31] and Stauss et. al. (X- 
band waveguide and high-Q structures at UHF) [30] predicted very significant levels of 
intermodulation in some cases, albeit at very high power densities (up to 4.5 x 103 W/m2). 

In the UKC set up, the thermal effects are considered to be negligible because the 
sample is thermally insulated from the rest of the system by way of the contactless 
connectors. The samples themselves also have a relatively small thermal mass and it is 

thought that once stable, the temperature will not tend to vary. However the effect cannot 
be completely discounted due to insufficient measurement control and data. 

C) Magnetoresistive Generation 

Magnetic fields applied to a conductor will have the effect of altering its resistivity 
[178], the effect is called magnetoresistance. The fields associated with currents in the 
material can, therefore, potentially create PIM signals. Two different coefficients of are 
normally defined. Longitudinal magnetoresistance describes the effect of a magnetic field 

parallel to the direction of current flow, while transverse magnetoresistance applies when 
the field is orthogonal to the current. Since an electric current creates an orthogonal elec- 
tric field, it is the latter effect which is of most interest here. In non-ferromagnetic metals, 
the resistance generally increases by an amount proportional to the square of the trans- 

verse field. The resistance saturates at large fields in most metals, although in some it may 
continue to increase proportionally to the field or to the square of the field. 

At the surface of the centre conductor in a coaxial line, the magnetic field, B, is given 
by: 
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µl B- aý Eq. 6.6 

Where aý is the unit vector in the direction of the field (tangential to the surface of the 
conductor) and r is the radius of the inner conductor. In this case µ= µo because the 
conductor is non-ferromagnetic. In the UKC small geometry sample measurements, 
Imax =1.41 A as before and r=0.5mm, hence the magnetic field is B= 450 Tesla. In 

ref. [30], Stauss cites the transverse magnetoresistive coefficient of copper to be: 

P- P o= 3.98 x 10-17 "f i2 Po Eq. 6.7 

Where H is the magnetic field intensity given by B= µ0H. The left-hand side of 
Eq. 6.7 is the fractional deviation of the resistivity from linearity. Hence, in the case of the 
small geometry samples resistance changes of one part in 10.12 are possible. 

In his paper, Stauss considered magnetoresistance as a cause of third order PLM in 

copper and concluded that it was much less important compared with thermal effects in 

the two examples he gave. It was noted, however, that magnetoresistive generation differs 
from thermal PIM generation both in its dependence on carrier and intermodulation 
frequencies, and on the relevant material properties, so it is not clear that this comparison 
is generally applicable. 

Conclusion 

It has been demonstrated, possibly for the first time, that PIM is generated by the 
intrinsic properties of non-ferromagnetic metals. The theoretical mechanisms which have 
been proposed by other researchers have been considered and it is likely that one, if not 
all, of the mechanisms could be contributing to the overall level. However, it is apparent 
that stricter experimental controls and more experimental work is necessary to establish 
which, if any, of the effects is most dominant. 

Nevertheless, the data is useful to engineers in the design of systems where extremely 
high current densities may be encountered. Situations where extensive use is made of 

small diameter coaxial cables operating at medium power levels are not uncommon, hence 

extreme care must be taken to ensure that no significant PIM is generated. 
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6.2.1.2 Surface Treated Samples 

Several different treatments were applied to the surfaces of the non-ferromagnetic 
solid samples. In the case of the engineering samples, again, no PIM was registered above 
the system residual level. Coatings such as silver plating and Alochrom are used exten- 
sively in the aerospace industry and these were not expected to give any problems. 
However, in the case of oxide layers, abrasion, thermal stressing and contamination it was 
initially expected that some increase in the PIM signals would be observed. On consid- 
ering the results from the small geometry samples, it was evident that the current densities 
in the engineering samples were likely to be too low to register any effects. 

The results from the small geometry programme indicate that only by abrading the 

surface of the material can significant variation in PIM level be produced. Interestingly, 

applying surface abrasion transverse to the direction of current flow produces higher 
levels of PIM than longitudinal abrasion. 

At microwave frequencies the skin effect results in all of the current flow occurring in 

the first few microns (µm) of the surface layer. This intensifies the effects of surface 
imperfections such as scratches, holes, contaminants, etc. creating anomalous skin current 

paths and possibly even small metal-to-metal contact junctions. The abrupt termination of 
the crystalline lattice during the formation of a new surface causes many structural imper- 

fections on the newly formed surface. 

In the case of inducing roughness on a metal sample, where the imperfections impede 

the flow of current, the resistivity of the sample will increase. In a paper by S. P. Morgan 

[ 179] it is stated that for abrasions applied transverse to the flow of current, an increase in 

resistivity of up to 100% is possible. In the same paper it is stated that longitudinal abra- 

sion (parallel with current flow) will also increase resistivity but by a much smaller 

amount. Thus in the small geometry test samples, transverse abrasion will introduce a 

greater number of irregularities across the direction of current flow and a higher resis- 
tivity. The higher resistivity results in an increased dissipation of energy in the sample and 

will, therefore, serve to accentuate those effects discussed in Section 6.2.1.1. 

In some cases the irregularities in the surface may give rise to microscopic metal junc- 

tions which exhibit non-linear behaviour and hence, produce increased PIM signal levels. 

In any case, it is difficult to say with any degree of accuracy what exactly is responsible 
for the increase in PIM. Again, however, the information is invaluable to engineers 

concerned with the design of low-PIM systems. All conducting surfaces should have a 

smooth finish where possible to minimise PIM and to reduce system losses. 
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6.2.2 Ferromagnetic Materials 

6.2.2.1 Untreated Samples 

The ferromagnetic materials make up the remainder of the materials which were 
tested and comprise the stainless steels plus nickel. Nickel is a well known ferromagnetic 

material and several studies have highlighted its propensity to generate PIM [30,35,36, 
37,39]. However, nickel is still used in the aerospace industry often as the plating on RF 

connectors. It has been included in this study to demonstrate the generation of PIM in the 

sample format and to continue to highlight its poor PIM performance. The remaining 
ferromagnetic materials, i. e. the stainless steels, are also used in aerospace applications as 
they offer excellent corrosion resistance. However, no data has previously existed as to the 
PIM performance of these materials, hence their inclusion in the study. 

From the engineering sample data, it is evident that both nickel and stainless steel 303 

exhibit high levels of intrinsic non-linearity. The stainless steel 15-5PH also exhibits non- 
linearity but at a much lower level. The remaining steel, A286, is indistinguishable from 

the system residual and on that basis performs very well. That this is so is not apparent 
from the composition of the steels. Stainless steel 303 has less nickel and chromium 

content than A286 and both of these elements are known to exhibit strong nonlinearity. 

For the small geometry tests only nickel and stainless steel 304 (which is very similar 
to 303) could be procured. The smaller samples generate much higher levels of PIM and, 

as with the engineering scale samples, their levels are very similar. The increased levels 

are undoubtedly the result of much higher current densities on the sample. 

The effect of residual magnetism seems to have little effect on the materials. Residual 

or remnant magnetism is present after a DC magnetic bias has been applied to the material 

and when it is removed the orientation of the magnetic domains is no longer random (as 

with an unmagnetised sample) but tend to favour a particular direction and exhibit an 

external magnetic force. Curiously though, the 303 stainless steel, which exhibited no 

residual magnetisation, produced a PIM level almost exactly that of nickel, which did. 

Also, the steel 15-5PH exhibited residual magnetisation stronger than that of the nickel 

yet generated PIM at a much lower level. This suggests that PIM generation from ferro- 

magnetic materials is not a strong function of the "memory" of the material. It should also 
be noted that steel A286 showed no magnetic effects and was therefore considered to be 

a non-ferromagnetic conductor. 

In the report by Stauss [30], he states that ferromagnetic materials experience the 

same effects as non-magnetic samples i. e. resistive heating and magnetoresistance as 
discussed in Section 6.2.1.1. However, the effects are generally greater. Ferromagnetic 
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materials have large coefficients of magnetoresistance whilst hysteresis losses result in 

much greater self heating than in metals where this is due only to resistivity. However, it 

is found that a much stronger candidate for the source of nonlinearity in ferromagnetic 

materials is the direct variation of the permeability with current. 

Consider the classical hysteresis curve of Fig. 6.1. It is evident that the permeability, 

µ (the slope of the curve), varies non-linearly with the magnetic field up to some field 

strength at which the process saturates. Since the passage of an alternating electric current 

produces a fluctuating magnetic field which, in turn, induces an alternating current, the 

non-linear behaviour of the permeability acts as a source of PIM. 

The skin depth of a material is defined as follows: 

Ss _1 (n". fa"µ) 
Eq. 6.8 

Where a is the conductivity and µ is the permeability. If the conductor is a non-ferrous 

metal, such as silver, a linear relationship exists between the resulting magnetic flux, B, 

and the magnetic field intensity, H, with current flow; i. e. B= µH where µ is a constant, 

very close to that of free space (µo = 41c x 10'7 Henries per meter). For this linear relation- 

ship, Ss can be analytically determined. Silver for example, has a skin depth of 

-1.6 x 10-6 m at 1.6 GHz. 

On the other hand, if the current carrying conductor is ferromagnetic, µ is not 

constant, but varies with H in a very non-linear manner as indicated by Fig. 6.2. B depends 

not only on H but also on previous values of H. The skin depth equation is therefore non- 
linear with "memory" and cannot be solved analytically. Of greater concern, however, is 

the variation of skin depth caused by permeability change; which is equivalent to a non- 
linear circuit impedance change - being a function of instantaneous current amplitude. 
This effect is evident in the following numerical approximations of skin depth for nickel 

plating, based upon data from [30]. The hysteresis loop of nickel at room temperature is 

shown in Fig. 6.1, and the non-linear change in relative permeability, µr, as a function of 
field strength, H, is shown in Fig. 6.2. 

If we first assume an extremely small signal current amplitude, the initial permeability 

of nickel, µ; = 4n x 10-5 H/m, may be used. The conductivity of nickel, aN;, is 

-1.3 x 107 mhos/m. This results in a skin depth, S; of -4.4 x 10"7 m at 1 GHz, a value 

approximately 1/5 that of silver. As the signal current increases, the permeability of nickel 

increase, reaching 10 to 100 times µ;. This further decreases the skin depth by a 

factor of 3 to 10 times. Beyond some critical current, however, permeability decreases, 
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finally reaching saturation, µa = µo = 4n x 10'7 H! m (free space); resulting in a maximum 
skin depth for nickel of approximately twice that for silver, due to the poorer conductivity 
of nickel. Thus, a very large non-linear change in skin depth by at least an order of magni- 
tude, can be visualised as a function of current flow. 

Bailey and Ehrlich [35] go further and consider the vibrating magnetic domain wall 
in ferromagnetic materials as a non-linear system. They conclude that this is a significant 
mechanism in terms of generated PIM levels and that the intermodulation signal should 
decrease monotonically with the magnetic domain-wall density in the sample. 

Conclusions 

It has been observed that PIM levels generated by ferromagnetic materials are very 
much higher than those of non-magnetic materials. Several mechanisms are likely to be 

operative in such materials but it is likely that the apparent "modulation" of the skin depth 

with current flow will be dominant. The effect of domain wall vibration is also thought to 
be significant but this will be considered later in the chapter in terms of the applied DC 

magnetic bias field. 

In terms of engineering relevance, the results once again highlight the need to avoid 
ferromagnetic materials in the construction of RF equipment and systems. Even the pres- 

ence of ferromagnetic materials in close proximity to RF systems (particularly if they are 

radiative) could cause problems. The results also highlight the need to carry out experi- 

mental work on a wider range of materials as it is evident that stainless steel, A286, 

contrary to initial expectations, performs quite well. 

6.2.2.2 Silver Plating 

Silver plating was only applied to the solid nickel samples. The results clearly indicate 

that silver plating has removed the deleterious effect of nickel, lowering its PIM level to 

that of the system residual. The skin depth of silver at 1.6 GHz is approximately 1.6 µm. 
The silver plating is approximately 13 pm thick which is 8 skin depths. For the power 
levels used here, it is clear that the field strength within the sample at 8 skin depths has 

decreased sufficiently not to cause any measurable stimulation of the nickel structure. 
However, it would not be recommended to resort to the silver plating of nickel in order to 

reduce PIM where the use of nickel can be avoided from the outset. Any surface damage 

to the silver plating could easily allow the intrinsically high level of PIM in nickel to be 

stimulated. 
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6.2.3 DC Magnetic Bias Field 

Initial tests using the engineering samples of nickel, stainless steel 303 and copper 
seemed to indicate slight changes in the PIM level with the application of a transverse DC 

magnetic field. However, due to the size of the jig, the poles of the electromagnet were 
spaced some distance apart and the resultant magnetic field intensity was relatively low. 
Given the higher values of PIM observed and the smaller jig, it was felt that more mean- 
ingful results would be obtained from the small geometry samples. 

For the small geometry samples, the application of a transverse D. C. magnetic field 
brought about changes in the level of PIM generated by all of the samples tested. This was 
expected of the ferromagnetic materials due to their magnetic properties and from 

previous research [35]. However, for weakly magnetic materials the magnitude of change 

was not expected. Two distinct types of behaviour were observed for the non-ferromag- 

netic materials: 

"A magnetic field applied to the sample caused the PIM level to fall below that of 
the material with no magnetic field applied. In many cases this suppressed level 

was also below the system residual. This strongly suggests that the magnetic field 

stimulates a PIM signal which is out of phase and of a similar magnitude to the 
system residual. 

" The PIM level can be excited 20 dB to 30 dB above the residual PIM level of the 
material (i. e. with no magnetic field). This was only observed with copper wire and 
not in a consistent manner for all samples. 

For both of the above types of behaviour, the change in PIM level, once stimulated, 
did not always require the presence of the magnetic field to be sustained. The implication 

of this is that some form of structural change (physically or magnetically) occurs within 

the material allowing this behaviour to be observed without the stimulus field. 

The next section aims to provide plausible explanations for the observed changes in 

PIM levels with applied DC field. 

6.2.3.1 Ferromagnetic Materials 

Similar effects concerning the cancellation of system residual by magnetically 
induced PIM have been reported for nickel in the presence of an applied D. C. magnetic 
field, [35]. The system PIM residual was found to be phased out by the PIM signal 
produced by nickel when subjected to a field of several thousand Oersteds. In the report, 
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Bailey and Ehrlich give explanations of two possible processes involved in magnetically 
related PIM signals. For completeness, a brief summary of the processes they describe are 
given here. 

When a ferromagnetic material is subjected to a magnetic field there is a tendency for 

the domains to align with the applied field, the tendency being dependent upon the applied 
field strength. As the domains line up the domain walls disappear until the material is 

eventually magnetically saturated when no domain walls remain. Both explanations of the 

source of PIM in such structures is related to the dynamics of the domain walls (where 

these vibrate non-linearly due to the stimulus signals, producing PIM) and therefore, as 
the number of domains decrease with applied field, the level of PIM also decreases. 

The first proposed mechanism is due to certain intra-domain-wall excitations which 

are most important for domain walls where the RF magnetic field is perpendicular to the 

magnetisations of the two domains separated by the domain wall, and to the wall itself. 

The second mechanism is the vibration of domain walls as a result of excitation by the two 
frequencies, fl &f2. The intermodulation signals arise due to the absorption of the applied 
RF field energy by the oscillating wall and the subsequent re-emission of energy at the 

same frequencies and at the PIM frequencies. 

Both processes are however, related to the presence and behaviour of magnetic 
domains within the sample and the existence of domains only ever appears to be related 
to ferromagnetic materials. However, the interpretation of the dependence of the observed 

signal on the applied DC magnetic field is rather complex for the following reason. In a 

wire, the relative orientations of the RF magnetic field and the applied DC magnetic field 

are not unambiguously defined. That is, with the DC field transverse to the wire, for 

example, there are regions in which the DC and RF fields are parallel, perpendicular and 

at all angles in between the two. For this reason, in their study, Bailey and Ehrlich meas- 

ured flat plate samples to try and obtain a more explicit relationship between the two 
fields. However, in this study only round wire samples were tested. 

The changes observed in the PIM levels of the ferromagnetic samples was consistent 

with the results obtained by Bailey and Ehrlich, however, the magnitude of the variation 

was not as great. This is attributed to two factors. The first is the use of wire samples rather 
than flat plates as described above. The second factor is- that in this project, the samples 

were only magnetized along a portion of their length. This means that only a small section 

of the sample would be saturated, having fewer domains. The remainder of the sample 

would be relatively unaffected, hence, there would still be a significant number of domain 

walls where PIM could be generated. To observe a larger decrease in PIM it would be 

necessary to apply the field over a greater length of the sample. 
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6.2.3.2 Non-ferromagnetic Materials 

If magnetic domains do not exist in non-ferromagnetic materials then a different 

explanation of the mechanism responsible for PIM generation in these materials is 

required. 

It should be borne in mind however, that it was discovered after the tests, that the 
alumina dielectric used in the small geometry sample jig was responsible for a significant 
amount of variation in the PIM signal with the applied magnetic field. It is currently 
thought that this is due to contamination of the alumina (which is given as being 99% 

pure) possibly during some stage of the manufacturing process. However, this does not 
explain the highly erratic behaviour observed in only the copper wire samples. 

The non-magnetic materials studied in this investigation were both paramagnetic and 
diamagnetic. 

" Paramagnetic materials contain magnetic dipoles which are randomly orientated in 
the absence of an external magnetic field. When an external field is applied these 
dipoles begin to align themselves in the same direction as the field, losing this gen- 
eral alignment when the field is removed. Aluminium and its alloys are paramag- 
netic. 

" Diamagnetic materials acquire a dipole moment opposed to the direction of an 
external magnetic field when it is applied. Again, this dipole moment disappears 

when the field is removed. Copper is a weakly diamagnetic material. However, all 
materials will have this property although it is normally masked by stronger effects 
such as paramagnetism. 

As both of these forms of behaviour produce a magnetic field within the material, it 
is conceivable that this internal field may influence the R. F. currents in a (currently 

unknown) non-linear manner, producing intermodulation products. As both of the above 
magnetic forms of behaviour require the presence of an external magnetic field they do 

not seem to offer a satisfactory mechanism to fully explain the observed phenomenon, 
particularly in relation to the irregular behaviour of the copper samples in the absence of 
an applied field. 

However, according to ref. [30], the use of PIM detection as a technique for indicating 

minute changes in magnetic behaviour is probably the most sensitive one currently avail- 
able so it may well be that magnetic effects on a microscopic level are being revealed. 
Again, there is a great deal more work which could be carried out in this area. 
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6.3 Jointed Samples 

6.3.1 Non-magnetic Materials 

It is evident from the experimental results at low contact pressures that more junctions 

give a higher level of PIM. It was also observed that the level was more stable and repeat- 
able. Using samples with a coarse, "as machined", finish resulted, not surprisingly, in 

slightly more erratic performance. The ground washers although more numerous (due to 
their smaller size after grinding) gave more stable results. 

On the application of a5 Nm torque to apply a high contact pressure (>100MPa), the 
PIM level in all cases was seen to drop below the system residual level. This was found to 
be very repeatable independent of material or surface finish. Such consistently low levels 

were not expected for multi junction samples. This result is very significant since it veri- 
fies the contact model of Section 2.4.2.1 and illustrates that PIM at junctions can be 
lowered substantially using high contact pressures. 

Further experimentation could be carried out in order to establish a threshold contact 

pressure, or to relate contact pressure and mechanical properties (ductility, elasticity, 
hardness, etc. ) with PIM levels. Information about the long term effects of maintaining 
high contact pressures would be useful for gauging the suitability of using high pressures 
in low-PIM design. 

6.3.2 Ferromagnetic Materials 

In the ferromagnetic materials which were tested (nickel and stainless steel 303) the 

same behaviour was observed as for the non-magnetic materials. The levels however were 

generally higher. Once again the PIM level could be reduced by applying a high contact 

pressure. 

Nickel is a very hard material and in its "as machined" state had many burrs and the 

contact faces were very coarse, hence it is not surprising that the levels for the greater 

number of junctions are higher. What is surprising, however, is that once the washers had 

been ground flat and the mating surfaces were smooth, the jointed sample of nickel with 
the most junctions actually displayed a lower level than the other sample formats which 
have much fewer junctions. The experiment was performed several times, at even higher 

contact pressures, but the result was the same each time. 

One possible explanation is that eddy currents within the nickel are responsible for 

PIM generation. The eddy currents will be excited by the time-varying RF magnetic flux 

in a direction orthogonal to the lines of flux as in Fig. 6.3. Eddy currents are higher in 
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ferromagnetic materials and lead to increased losses. This translates to increased energy 
dissipation in the material and any nonlinearities which are present will generate higher 

PIM. 
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Fig. 6.3 Eddy Currents in a Conductor Immersed in a Time-Varying B Field 

By dividing the sample up, it is known from work in other fields (e. g. laminated trans- 
former cores) that eddy currents are likely to be reduced. Hence if these currents are 

contributing to the PIM generation in the sample, the PIM level will be reduced. 

Alternatively, the grinding of the washer faces may have resulted in changes to the 

microscopic structure of the nickel, altering its properties and reducing the PIM level. 

In all cases, rearranging the washers on the former and reversing their orientation with 

respect to current flow made no difference to the PIM levels, indicating that remnant 

magnetisation is not a significant effect. 

As in the case of the solid samples of nickel, silver plating the washer samples reduces 

the PIM levels in nickel to below the system residual level. This indicates that the PIM is 

more likely to be a bulk property of the material rather than a junction effect. 

It is concluded that the higher levels are due solely to ferromagnetic effects and once 

again highlights the need to completely avoid such materials in RF system design. 

6.3.2.1 Aluminium-Alochrom Junctions. 

Some of the highest levels of PIM thus far observed with the system were during the 

tests on the aluminium-Alochrom junctions. 

Each material, when tested individually, in both solid and jointed formats, gave levels 

of PIM much lower than those for the two materials in combination. Two papers were 

sourced relating to the Alochrom coating which is also known as. Alodine in [ 171,1721. 
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In ref. [171], R. J. Sunderland presents a chemical analysis of the coating and 
concludes that the principal elements in the coating as they occur on aluminium surfaces 
are chromium, oxygen, flourine, zirconium and zinc. He also found small quantities of 
potassium, sodium and iron. The abundance of elements makes it much more difficult to 
determine the PIM mechanism(s) at work. Chromium and iron are both ferromagnetic, 

however there is little information as to whether they exist in their pure form or are 

compounded with other elements, or both. 

The thickness of the coating was found to be around 500A to 600A thick 
(A=Angstroms or atomic layers= lx 10-10m) and comprised mainly from the chromium 

oxide Cr203. This would tend to rule out tunnelling as a candidate mechanism since it 

only becomes operative for thicknesses less than about 20A (see Section 2.4.2.2). 

During the PIM tests, thermally cycling the aluminium-Alochrom junction through a 

relatively large temperature range resulted in an increase in PIM with a decrease in 

temperature. However, this has not revealed any clear indications as to the mechanism 

which might be operative. Both semiconductor action and tunnelling exhibit positive 

changes with increasing temperature, i. e. the PIM level would be expected to increase as 

temperature increases. Referring to Fig. 2.9 on page 30, the rate of change of current asso- 

ciated with semiconductor action is significantly greater than that from tunnelling (for 

aluminium oxide-aluminium the currents are similar at -40° Q. This was not apparent in 

the tests. The only explanation which can presently be given for the increase in PIM signal 

with decrease in temperature is that it is associated with changes of interface pressure. As 

the temperature decreases the contact pressure reduces. This moves the junctions apart 
from each other reducing the ohmic contact (which occurs at the centre of an asperity) 

forcing a higher current to flow through the aluminium/aluminium oxide-Alochrom junc- 

tion. A higher current through the junction produces a higher PIM level. As the tempera- 

ture is increased again the interface pressure increases producing a larger area of ohmic 

contact at a given junction due to the penetration of the asperity. Consequently the PIM 

level drops. As the increased contact pressure causes physical damage to the surface the 

PIM level remains low, even when the original temperature is reached. The effect of 

changing pressure may thus be masking the expected temperature dependence of the orig- 
inal mechanism. Clearly, this explanation is only based on supposition and remains to be 

explored, as does any other explanation which may be put forward. 
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6.4 Summary of Engineering Recommendations 

In light of the experimental work described in Chapter 5 and the work carried out in 

developing the L-band measurement system, a list of recommendations is presented for 

minimising PIMI in vulnerable communications systems. A set of general recommenda- 
tions was given in Section 2.4.3. the recommendations given here are based solely on the 

experience gained on this project. 

1. In coaxial systems, semi-rigid cable should be used at all times where possible. Semi- 

rigid cable has been found to out perform all types of flexible in terms of PIM gener- 

ation (see Section 3.10.2). 

2. Connections between metal surfaces should always be made, where possible, at a 

point of minimum current flow. Where such points are not obvious, a current mini- 

mum can be forced by using quarter wavelength transmission line sections (after Sec- 

tion 4.3) 

3. If step 2. is not possible, all metal joints must be made at very high contact pressure 
(>60MPa). It was shown during the jointed sample measurements (Section 5.4.2) that 

this was an effective method of reducing PIM but only if the surfaces are uniform and 
flat. 

4. In the design of microwave networks it should be noted that resonant structures which 

couple into high power signals will create vastly increased currents and fields within 

that structure. If more than one signal is present it is likely that high levels of PIM will 
be generated (Section 3.8.2). Such resonant structures should be avoided, or at the 

very least, thoroughly isolated from multiple frequency signals. 

5. Provisions for tuning of resonant structures should only be made where it is possible 

to significantly reduce the current and field intensity impinging on any tuning ele- 

ments. Tuning elements generally consist of metallic moving parts in loose contact 

with each other suggesting a greater propensity to generate high levels of PIM (see 

Chapter4). 

6. The results of the experiments described in Chapters, between the engineering scale 

and small geometry samples have been compared. It is evident that the dimensions of 

current carrying conductors should be made as large as possible to minimise current 
densities and therefore minimise PIM. 

7. In Section 5.5.1 it was observed that the surface finish of the samples had a significant 

effect on the measured PIM level - the more abraded the surface, the higher the PIM. 

Consequently it is recommended that all current carrying surfaces be finished as 
finely as possible - polished if necessary - to avoid unnecessary PIM generation. 
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8. It was found that the high PIM level of nickel could be reduced to that of the system 
residual by silver plating it (see Section 5.4.1). However, resorting to such a method 
of PIM reduction for intrinsically non-linear materials would not be recommended 
where the use of such materials can be avoided at the outset. Any surface damage to 
the silver plating could easily allow the intrinsically high PIM levels of such materials 
to become apparent. 

9. Bearing (8) in mind it is worth noting that alternative materials are available for low- 
PIM use. Contrary to expectations, in Section 5.4.1 stainless steel A286 was shown to 
have a PIM signature no higher than the system residual level - even on the applica- 
tion of a large DC bias field. 

10. The behaviour of the aluminium-Alocrom 1200 junction is of great concern due to the 

extensive use of Alocrom as a method of surface protection and multipactor reduction 
in space RF hardware. Unexpectedly high and variable levels of PIM have been con- 
sistently observed during the measurement programme (Section 5.4.3). Based on the 

present fmdings, it would be strongly recommended to avoid the use of this form of 
chromate conversion coating in any PIM sensitive areas of a system. 

11 . Unusual PIM behaviour was observed in copper wire when subjected to a transverse 
DC magnetic field (Section 5.5.2). The behaviour was not consistent from test to test 

and could not easily be associated with any manipulation of the magnetic field. It was 
clear however that this was not an anomaly of the measurement system as repeated 

observations were made and other materials did not reproduce the behaviour when 
subjected to the same conditions. Given the widespread use of copper in communica- 
tions systems it would be prudent to recommend that care be taken where large mag- 

netic fields are in close proximity to RF current carrying conductors. This is borne out 
by the fact that all of the materials tested exhibited changes in PIM level in the joint 

presence of the magnetic field and RF. 
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CHAPTER 7 

PIM Characterisation of Compact Payload Test Range 

This chapter describes additional work carried out at the 
European Space Research and Technology Centre (ESTEC) in 
the Netherlands. The work involved using the UKC, L-band 
PIM measurement system to characterize the background PIM 
levels of ESTEC's Compact Payload Test Range (CPTR). 

7.1 Introduction 

It has been shown in Chapter 2 that PIMI poses a very real threat to the success of any 
satellite mission. Communications channels can be rendered totally useless due to inter- 
ference from PIM. One of the main objectives of this project was to investigate the 
phenomena of PIM in order to better understand the mechanisms behind it. This knowl- 

edge can then be used to help engineers avoid materials and practices that can cause PIM 

and thus reduce the likelihood of PIM affecting the successful operation of future satellite 
missions. 

In the meantime however, organisations like ESA continue to develop and produce 
ever more complex and sophisticated satellite programmes which increasingly lend them- 
selves susceptible to the effects of PIM. 

Where the frequency regime of the satellite is such that PIM could potentially cause 
interference, the components of the satellite which are exposed to high-power multi- 
frequency signals must be tested to make sure that they do not generate threatening levels 

of PIM. Even at the stage where components have been tested and have indicated no threat 

of PIM generation, there is always a chance that problems could arise during final inte- 

gration with the complete payload assembly. It is therefore evident that the payload as a 

whole must also be tested prior to launch, and under operational conditions, to guarantee 

as far as possible that the satellite will operate free of interference from PIM. 
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The work described in this chapter looks at the PIM characterisation of a payload test 
chamber at ESTEC. This work has been published in ref. [12]. The test range is a potential 
site for evaluating the PIM performance of satellite payloads and it is essential to measure 
the background levels of PIM generated by the chamber itself to make sure that the levels 

are not high enough to interfere with payload testing. 

7.2 The Compact Payload Test Range (CPTR) 

The ESTEC CPTR is depicted in Fig. 7.1. The range was designed and built in order 
to measure the behaviour of radiating satellite payloads under the electrical field condi- 
tions they would experience in orbit. Any radiating payload is operating in a region known 

as the "far field". In this region, the separation between the payload and the ground based 

transmission is sufficiently large that any signal arriving at an antenna has a uniform 

phase and amplitude distribution across the antenna aperture - this is called a plane wave 

The far-field is generally defined as the distance R between source and receiver 

where: 

2D2 D= Largest antenna aperature dimension 
R>X= Smallest wavelength of interest Eq'7'1 

Any payload test facility has to be large enough to satisfy this criterion. However, for 
large antennas operating at millimetre wave frequencies, the shortest far-field distance 

can easily exceed several kilometres. An indoor facility such as the CPTR, with a 
controlled environment suitable for satellite testing, must therefore find another way of 
forming a plane wave in a shorter distance. 

In the CPTR, the curvature of the transmitted radio wave is removed by means of two 

reflectors which combine to give a large test zone with the required flat wave front. In 

order to minimise distortions in the resulting plane wave, the surface accuracy of the 

reflectors has to be extremely good. This is particularly important at higher frequencies 

where the wavelength of a signal begins to approach a few millimetres and any small 

surface blemishes could produce phase variations which will disrupt the uniformity of the 
field. Despite the size of the reflectors, both of which are about 80m2, the surfaces are 
accurate to within 50microns and can operate satisfactorily up to 40GHz. 

In addition to the reflectors, several other elements are present within the chamber 

which are necessary for its correct operation. One of the most important parts of the test 

range is the radio absorbing material or RAM which is used to line the interior surfaces of 

the chamber. The RAM lining absorbs any incident signal power and dissipates the energy 

as heat. This prevents the reflection of test signals from the chamber walls and helps to 
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stop the test signals from leaking and causing electromagnetic interference (EMI) in the 

external environment. If the reflected signals were to go unchecked, they would interfere 

with the desired test signals and distort the uniformity of the plane wave field, invalidating 

any measurements. Other sources of error signals are indicated in Fig. 7.2. 
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Fig. 7.2 Sources of error in an offset-fed reflector antenna range (from ref. [ 180]). 

In the CPTR, the feed antenna and positioner, which provide the excitation signals for 

the tests, are located in a small, recessed, adjoining room. This provides a significant 

amount of screening between the feed antenna and the payload under test and prevents 
feed leakage from interfering with the plane wave signal during tests. 

The payload test positioner is located directly in the plane wave zone (PWZ) and is 

used to support and manipulate the payload during testing. The positioner can accommo- 
date a satellite weighing up to 5 tonnes. Once attached, the satellite can be rotated, 
inclined up or down, or swivelled from side to side. In these axes, the satellite can be 

pointed with an accuracy of better than two thousandths of a degree. 

The entire chamber is made from galvanised steel and shielding is provided by 

commercially available panels. In association with the RAM lining, this provides the 

necessary EMC requirements to prevent tests from affecting or being affected by, signals 
from the outside world. 
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At the time of its inception, it was not envisaged that the CPTR would be used for 
PIM testing. As such, no special measures were taken to minimise the possibility of PIM 

generation from the internal components and structure of the chamber. Recently, 
however, it was decided that ESA's latest communications satellite ARTEMIS, should be 

tested for PIM in its fully deployed configuration. The ARTEMIS payload has been 

described in Section 1.2 and Section 4.1.1 where it was shown to be susceptible to inter- 

ference from 7th order PIM products. The threat from such low Order products is 

extremely significant, hence the need for a rigorous test programme before launch. 

In order to be able to test the ARTEMIS payload in the CPTR it is essential to measure 
the background levels of PIM generated by the range itself to make sure that the levels are 
not so high as to interfere with payload testing. Due to the expertise gained at L-band and 
the availability of the L-band measurement system, the Noise Measurements Group at 
UKC was commissioned by ESTEC to undertake PIM characterisation of the chamber, 

under conditions compatible with ARTEMIS requirements. The work presented in this 

chapter has been described in two reports to ESA [13,181]. 

The major implication of undertaking this project was that of reconfiguring the meas- 

urement system. The L-band system developed at UKC was configured to perform 

conducted measurements as described in previous chapters. For the CPTR tests, the 

system, quite clearly, had to be configured to radiate test signals around the chamber in 

order to be able to scan for sources of PIM. This required considerable modification to the 

existing system. However, in order to make sure that the reconfigured system delivered 

adequate performance, it was first necessary to establish the exact requirements of the 

program. 

7.3 Test Requirements 

For the ARTEMIS PIM measurement programme, the payload would be mounted on 
the positioner of the ESTEC CPTR. It is therefore necessary to determine the background 

PIM levels, generated by the CPTR reflectors, absorbers and other structures, under 

conditions identical to those of the actual payload tests. The specification of the 
ARTEMIS payload defines acceptable levels of PIM which the satellite can tolerate 

without threat to its correct operation. If the residual PIM levels of the CPTR are too high 

it will not be possible to determine whether the payload is within the desired specification. 
In essence, the levels from the chamber must be lower than the specification for the 

payload or test results would be meaningless. The maximum acceptable residual PIM 

levels from the chamber can be calculated from a knowledge of the payload and the 
CPTR. 

267 



CHAPTER 7: PIM Characterisation of Compact Payload Test Range 

7.3.1 Derivation of Test Specification 

The parameters used to derive the test specification apply to the conditions of the 
ARTEMIS payload as it would experience when fully deployed in orbit around the earth. 
These parameters were obtained from ESTEC [182] and are summarised as follows: 

Test Frequencies fl, f2 1530 MHz & 1560 MHz 

PIM Frequency (4f2 - 3f1) 1650 MHz (7th order) 
Wavelength PIM(1650MHz) % 0.18169m 

ARTEMIS Antenna Gain GA 26 dBi (398 linear) 

ARTEMIS Transmit Power pt 20(x2) W 

Maximum allowable PIM Power at 
ARTEMIS Receive Antenna Feed 

PRx -155 dBm 

Distance Payload to PIM Source 
(CPTR Main Reflector) 

R 15 m 

Table 7.1 ARTEMIS Payload Specification. 

The radius of 15 metres to the CPTR main reflector was chosen for the reference as 
it was felt that as the reflectors form an integral part of the range, any PIM generated by 
them would create a major problem. The surface structure of the reflectors comprises a 
1.5mm thick skin of carbon fibre reinforced plastic (CFRP) on top of an expanded 
aluminium alloy honeycomb mesh. The top layer is covered with a fine aluminium mesh 
and coated with an aluminium loaded resin. This composition suggests that a large 

number of metal to metal contacts and metal oxide deposits are present. Under the high 
fields to which the reflectors are exposed during the tests, the reflector construction could 
be a significant PIM source and this was one of the main concerns during the CPTR char- 
acterisation. 

It should also be noted at this point that three rectangular waveguide, L-band, horn 

antennas were acquired for the tests. Two of the horns were used to transmit the individual 

excitation signals and each has a gain of 20dBi. The remaining l6dBi horn was used to 
detect any PIM signals generated in the chamber. The horns were purchased by ESTEC. 

7.3.2 Power Density 

In order to test ARTEMIS for PIM problems, the payload will have to be operated at 
full power and be allowed to radiate freely in the chamber, just as it would in space. There- 
fore, the first step was to establish the power density that the ARTEMIS payload will 
impart upon the CPTR. This had to be matched by the PIM test set-up in order to provide 
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meaningful results. It was observed in Section 2.2.3 that PIM variation with power level 

does not obey a simple relationship, therefore, extrapolation of PIM levels from any other 
data is certain to be misleading. 

It was then necessary to work out how much C. W. transmit power is required of the 

test set in order to deliver the calculated power density. The figure is calculated by refer- 

ring the ARTEMIS power density back to the input of the horns used in the test set up. 

Referring to Table 7.1, the maximum PIM power allowed at the Rx (receive) antenna 
output of the ARTEMIS satellite, Pte, is governed by the sensitivity of the payload 
receiver circuitry. An additional 10dB has been added in order to give an extra margin for 

safety. The payload transmit power, also including a factor of safety, is for two 20 W 

carriers at 1530MHz and 1560MHz. Neglecting losses, this power level was assumed to 
be at the input port of the ARTEMIS transmit antenna feed horn. The 15m distance is 

based upon the CPTR reflector to positioner distance but other possible PIM generators 

such as the support structures, lights etc. were included in other calculations. 

Note that in the following equations, the subscripts (sat) and (sys) refer to the 
ARTEMIS satellite payload and UKC measurement system respectively. 

The total power density, Pd, 15m from the ARTEMIS antenna, for two 20 W carriers, 
is given by [183]: 

Pd _ 
'Tx(sat) " GTx(sat) 

W/m2 
4ir"R 

40.398 
ý t00 

Pd = 5.63 W/m2 

Eq. 7.2 

This equates to a power density requirement of 2.8 W/m2 per carrier and determines 

the transmit (Ti) power which should be available at the inputs to the transmit horns of the 
PIM test setup. Given that the gain of each UKC, Tx horn is 20dBi (100 linear), and that 

the test radius, R, remains 15 metres, the transmit power can be determined by rearranging 
Eq. 7.2: 

Pd' GTX(sys) 
PTx(sys) = 41c eR 

Watts 

2.8.100 
"n" 225 

Pyx(sys) = 79.2 Watts 

Eq. 7.3 
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Therefore around 80 Watts is required at the input of each horn i. e. per carrier. 

7.3.3 Receiver Sensitivity 

The next step is to determine the sensitivity that must be delivered by the test setup in 

order to meet the specified sensitivity of the ARTEMIS payload. This states that the 

maximum level of 7th order PIM signal at the output of the ARTEMIS receive (R. ) horn 

feed should be less than -155dBm, and includes a 10dB margin of safety. This level must 
be translated back to the CPTR reflector in order to determine the maximum allowable 

strength of any PIM source. The receiver circuit of the measurement system must be able 
to pick out signals at or below this level, in order to identify those sources which exceed 

the ARTEMIS specification and which would de-sensitise the ARTEMIS PIM tests in the 
CPTR. 

Any PIM generated in the chamber is assumed to be isotropic, i. e. radiating equally 

well in all directions. This assumption allows us to model the behaviour of the PIM source 

which is essential in order to calculate the test parameters and to quantify the PIM gener- 

ated by the CPTR. The assumption is justified because although it is unlikely that every 
PIM source radiates identically and isotropically, assuming that they do represents a 

worse case situation. 

Assuming an isotropic PIM source 15m from the ARTEMIS antenna, the intensity of 

that source necessary to produce a level, P,, of -IS 5dBm at the output of the ARTEMIS 

feed horn is calculated from: 

PPIM ' ``1R(sat) 
ý'Rx(sat) = 4n .R 

Eq. 7.4 

Where AR(sat) is the effective area of the ARTEMIS receive antenna and the denomi- 

nator on the right hand side of Eq. 7.4 is the equation for the surface area of a sphere, radius 
R. P is, therefore, that portion of the total PIM power intersected by the antenna at a 
distance R, and has a maximum value of -155dBm. 

The effective ARTEMIS antenna area, AR(, $a), is given by [183): 

GRx(sat) 
Eq. 7.5 AR(sat) _n 

Substituting Eq. 7.4 into Eq. 7.5 gives: 
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"Rx(sat) (4tR)2 

PIM =R -ý Eq. 7.6 

in decibel form: 

/4nR12 
PPI, ý (dBm) = PRx(sat) (dBm) - GRx(sat) (dB) + 20logl -; - I 

155-26+201og(- ) Eq. 7.7 
= I- 

4 

-121 dBm 

Now this means that an isotropic PIM radiator (Gr =l, linear) of -12ldBm at the main 

reflector has to be, at least, the minimum signal detectable by the receiver. Given that the 

gain of the PIM measurement system receive horn is 16dBi, then the minimum sensitivity 

of the UKC system at the output of the Rx horn feed is given, from Eq. 7.6, by: 

PRx(sys) = PPIM X GTx(PIM) X GRx(sys) 
() 

_- 121 (dBm) +0 (dB) - 44 (dB) Eq'7"8 

_ -165 dBm 

Which is also the maximum allowed PIM level at the output of the UKC receiver 
horn. Any signal recorded above this level could lead to inaccuracies during any 
ARTEMIS PIM tests. 

Clearly, to be able to resolve such a low level signal the receiver needs to be extremely 

sensitive. The UKC test system used equipment with the following performance charac- 

teristics: 

Spectrum analyser N. F. = 28 dB (10 MHz - 2.9 GHz) 

L. N. A. gain = 42.4 dB N. F. = 1.8 dB 

Rx chain losses = 2.9 dB (includes filters + cables) 

By the method of Section 3.6.1, the above figures result in a receiver noise figure (N. F. ) 

of 4.8 dB which gives a sensitivity of about -168 dBm/Hz at the Rx horn output. It can be 

seen that this is sufficient to be able to resolve the minimum PIM signal level of interest 

when the receiver is operated with a lHertz bandwidth. 
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A summary of the system parameters used during characterisation are tabulated 
below. 

Test frequencies - 1530 MHz & 1560 MHz 

PIM frequency - 1650 MHz (7th order) 

Test power @ Tx horn input - 80 W 

Power density on CPTR reflector @ 15m 
from positioner 

- 2.8 Wm =2 per carrier 

Required Rx system sensitivity @ Rx horn 
output 

- < -165 dBm 

Rx system sensitivity @ Rx horn output 
(in 1 Hz res. b. w) 

- - 168 dBm 

Rx system noise floor (1 Hz r. b. w) - - 168 dBm 

Polarisation - Vertical and horizontal linear 

Table 7.2 UKC Test System Parameters 

7.4 Measurement System 

The UKC L-band measurement system, described in Chapters 3&4, was used to 

conduct the PIM characterisation of the CPTR. However, in order to be able to carry out 
tests of this nature, the system had to be reconfigured to allow the test signals to be radi- 
ated around the CPTR, and to allow PIM signals which are radiated by the chamber to be 

picked up by the receiver circuit. Three horns were acquired for the task, one for each of 
the transmitted carrier signals and one to detect the resultant PIM signals. Using separate 
horns and hence separate feed chains, greatly reduces the likelihood of generating PIM in 

the transmitter path. It also dispenses with the need for frequency combiner circuitry 
therefore, the complexity of the system is decreased and due to the reduced number of 

components, the losses are kept to a minimum. 

It is possible however, that PIM may be generated in the receive (Rx) chain due to test 

signals getting into the R. path and combining at sites of non-linearity. This can happen 

due to the test signals being reflected from the CPTR structure or by cross coupling of the 

test signals between the transmit and receive horns. The risk of either situations causing 

a problem can, however, be minimised by careful system design and configuration. 
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7.4.1 Equipment Configuration 

A single basic configuration of test equipment was used during the complete test 
programme with only a slight alteration made at the power amplifier output sections when 
the initial system performance was being verified. A general overview of the system oper- 
ation follows (refer to Fig. 7.3). 

The test signals of 1530 MHz and 1560 MHz are generated by two oscillators which 
are phase locked to a 10 MHz reference from the spectrum analyser. This provides the 

necessary frequency stability for the use of the minimum resolution bandwidth available 
on the analyser (1 Hz), thus achieving maximum sensitivity. These two low level signals 
go through three stages of amplification, starting with a solid state stage, followed by two 

stages of valve amplifiers, the final stage being UKC designed and built. As this uses 

water cooled valves, power levels in excess of 130 W per carrier can readily be achieved. 
A UKC designed high power coupler is incorporated at the output of each final power 

amplifier in order to allow monitoring of the forward and reflected power - forward power 
being displayed on a power meter and the reflected power fed to a crystal detector and 
displayed on an oscilloscope. 

The amplified test signals are fed via (5 m) low-loss Heliax® flexible cables through 

a band-pass filter (BPF) followed by a band-stop filter (BSF) and thence to the transmit 
horns. The BSF's (as described in Section 4.6) are UKC designed and include contactless 
cable assemblies. These have been described in Section 4.3 and have a very low PIM 

residual ensuring excellent PIM performance compared with standard connector types. 
Contactless connectors were used at all critical sites, except on the horn antennas which 
were ESA property. 

A system configuration using two separate transmit paths was chosen to achieve very 
low PIM levels from the transmit section. The BPF's increase the degree of isolation 
between the two test signals, particularly with regard to cross-coupling between the horns 
due to their close proximity. Measurements made at UKC, with the three horns mounted 
on their support structure, gave maximum cross-coupling values of -85 dB between the 
transmit horns and -70 dB between the transmit and receive horns. Thus, with an addi- 
tional 20 dB rejection from the BPF's, signal leakage is kept to a minimum and helps to 

prevent the generation of active intermodulation products in the amplifier output stages 
(as described in section Section 2.3). Additional protection is provided by the BSF's 

which reject any intermodulation generated in the amplifiers by a factor of >80 dB. 
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The TX horns were manufactured according to specific UKC requirements designed 

to minimise internal PIM generation. Each horn consists of two pre-formed sections of 
aluminium welded along the centres of the H-plane walls. A waveguide to coaxial adaptor 

section is bolted to the horn. The coaxial interface is a silver-plated brass N-type 

connector. Each transmit horn and its associated PIM stop and band-pass filters were 

mounted in a custom made wooden support frame which allowed each horn to be individ- 

ually adjusted in azimuth and elevation. The feed end of each horn is attached to its own 

support frame via a ball joint with the upper body of the horn being positionally located 

by four threaded studs contacting the sides of the horn (see Fig. 7.4). Adjustment of the 

All three horns and attendant frame structures were then fixed to the CPTR positioner 

via two cast iron girders as shown above. The positioner was then controlled from outside 
the chamber to direct the horns as desired. The definition of the angular coordinate axes 

of the positioner are shown in Fig. 7.5. The positioner allows for complete 360° rotation in 

the azimuth plane and ranges from -100° to +100° in the elevation plane. 

Reception of both parent test signals as well as any PIM generated is via a separate 

receive system. Signals intercepted by the Rx horn are filtered by two UKC designed 

BSF's. These reject the two test frequencies by a factor of > 80 dB each, ensuring that any 
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IM generation occurring in the rest of the receiver system will be well below the required 
sensitivity level. The filters use UKC contactless connectors to minimise PIM generation. 
The standard N-type connector on the Rx horn could not be replaced since it is an ESA 

owned unit. After parent signal filtering, the PIM signal is fed to a low noise amplifier via 
a (20 m) length of Heliax® cable. The resultant amplified signal is displayed on a spec- 
trum analyser. 

7.4.2 System Performance Verification 

Before PIM characterisation of the CPTR could take place it was necessary to demon- 

strate that the test system itself was free of PIM to a degree that allowed undistorted moni- 
toring of PIM in the test range. As the test system was configured to have separate 
transmit paths this left the Rx section as the predominant area for PIM generation. The two 

situations which may result in PIM appearing in the receiver are considered: 

test signals reflected into R, r chain path combining non-linearly 

test signals leaking into Rx horn via cross-coupling then combining non-linearly 
in the Rz chain or leakage signals producing PIM on nearby structures (positioner/ 

support structures) which couple into the Rx chain 

In the first situation, the worst case scenario to be expected is if the test signals were 
to be directly reflected off the CPTR reflector back into the Rx horn. Using Eq. 7.8 we can 
determine the maximum test signal levels at the Rx horn output for this situation: 

R=2x 15m, ?=0.196 m (1530 MHz) 

then P, x = 19.3 dBm (86 mW) per carrier 

In order to test the system PIM residual for the above Rx levels, a plane reflector was 

used to illuminate the TJRX structure with the same maximum power density which might 
be expected from reflected signals during characterisation (in this configuration a lower 

Tx power is used due to lower space losses). Thus, the PIM performance of the R. chain 

and the T, /RX structure can be evaluated under the conditions of measurement. A simple 

plane reflector was chosen as this was assumed to be essentially PIM-free. The plane 

reflector was set-up in front of the T,, JRX structure at a known distance and the test signals 

which would produce the above power levels in the receiver were transmitted directly at 
it. The required T. level was determined using Eq. 7.8: 

with R=2x4.7 m, 

then P=7.85 W per carrier 
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In order to reflect the majority of the Tx power, the size of the plane reflector was 
arranged to have at least a -10 dB illumination taper at its periphery; i. e. at the edge of the 

reflector, the TX signal is 10 dB down on its boresight strength. This is required in order 
to minimise problems from edge diffraction. The reflector consisted of two sheets of 

aluminium each of width 1.25 m and height 3.3 m- producing a total area of 2.5 mx 
3.3 m. The sheets were joined electrically along the centre line using aluminium tape and 
the complete construction made rigid by a wooden backing structure. It can be shown 

using simple geometry together with standard horn radiation patterns that, when the Tx 

horns are at a distance of 4.7 m from the reflector, an edge taper of -10 dB is achieved on 
the reflector. 

The plane reflector was suspended by polypropylene ropes from a ceiling crane in the 
CPTR, with its centre at the same height as that of the Tx1RX structure. The reflector was 

prevented from twisting by rope stays attached between its lower edge and weights on the 
CPTR floor (see Fig. 7.7). 
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Fig. 7.6 Plane reflector configuration 

The positioner was adjusted to direct the T, /RJ antennas towards the centre of the 

plane reflector. 10 W of power was applied to the inputs of each TX horn and the level of 
7th order PIM noted on the spectrum analyser. The initial PIM residual level was variable 

around -90 dBm to -110 dBm at the Rx horn output. Changing the level of applied power 
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suggested that it was being caused by a single source since a drop of 20 dB in PIM level 

was observed for a4 dB reduction in test signals. On scanning the positioner over a small 
azimuth angle the PIM level increased to a maximum of -102 dBm when at 2° off centre, 
then decreased until it was in the system noise at 15 ° off centre. As it was initially thought 
to be due to edge effects of the reflector, aluminium tape was attached to the edges to see 
if any change could be brought about. No changes were observed. Grounding the reflector 
to earth also had no effect on the PIM level. Finally, on checking the connector torques, 

tightening the output connector of the Rx horn brought the PIM residual down below the 

noise floor of the system at -168 dBm. 

For the second situation, the maximum power expected to leak into the Rx horn can 
be calculated from measurements made on the cross-coupling factor as given in Section 

7.4.1: 

Tz RX cross-coupling = -70 dB 

Max. Tx power = 49.0 dBm (80 W) per carrier 

then max. signal level at Rx horn output = -21 dBm per carrier 

It can be seen that this leakage is far below the maximum signal level expected due 

to direct reflection and would, therefore, not be expected to be readily observable. 
However, testing for the presence of PIM generated on nearby structures (which may 
couple into the Rz horn) remains relevant as this level cannot be predicted. 

Therefore, the system was operated at the full test power (no reflector) to check that 

no significant PIM was generated due to spill-over from the Tx horns impinging on any 

nearby structures or due to cross-coupling effects into the Rx system. 

The plane reflector was completely removed from the CPTR so that only a large area 
of RAM (Radio Absorbent Material) was illuminated by the test system. 80 W per carrier 

was applied to the inputs of the Tx horns and the PIM residual observed. This was found 

to be in the system noise at a level of -168 dBm, thus verifying that the system achieves 
the required sensitivity. 

Fig. 7.7 shows a schematic of the equipment layout used for the verification tests. The 

filter assemblies were attached to the support structures of the T. and Rx horns whilst the 

final stage power amplifiers, with their associated power and cooling systems, were 

mounted on the upper working platform of the payload positioner (see Fig. 7.7). Intercon- 

nection between the filters and relevant amplifiers was via Heliax cables. It should be 

noted that the only difference between this layout and that used for PIM characterisation 
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is in the position of the high power isolators. During the initial verification test they were 
placed on the outputs of the power amplifier couplers as an additional protection against 
any excessive power reflected back from the plane calibration reflector. 

7.4.3 Horn Alignment 

A laser pointing device was used to ensure that all three horns were accurately 
aligned. A mounting jig was designed to fix squarely on the horn aperture holding the 
laser device normal to the plane of the aperture (see Fig. 7.4). The orthogonality of the 
laser was checked by rotating the mounting jig whilst observing the size of circle traced 

out by the laser spot on a distant target - the laser mounting was adjusted to reduce the 

circle to a spot, indicating true orthogonality. As the Rx horn was rigidly fixed to the 

support structure its mechanical boresight (indicated by the laser pointer) was used as the 

reference point towards which the Tx horns were aimed. 

Initial alignment of the horns was made with the T, 1Rx structure on the floor, pointing 

toward the ceiling about 10 m above. This minimised the amount of adjustment later 

required when the Tx horns were mounted on the positioner. With the T, /RX structure 

mounted securely on the positioner the Tx horns could be more accurately aligned with the 

Rx horn using the CPTR main reflector as the target area. The laser pointer was first 

mounted on the Rx horn and the payload positioner set such that the laser spot impinged 

on a well defined point on the CPTR reflector - the point chosen was an optical target near 

to the centre of the main reflector. The positioner azimuth and elevation angles were 

recorded from the positioner controller and used as reference values for the Rx horn 

pointing angle. The laser pointer was then mounted on one of the Tx horns and the posi- 

tioner adjusted such that the laser spot again highlighted the same optical target. The 

azimuth and elevation angles of the positioner at this point were used to determine the 

angular offset of the Tx horn boresight relative to that of the Rx horn and this, in turn, was 

used to calculate the amount of mechanical adjustment required to align the Tx horn with 

the Rx horn. On making this correction the pointing angle of the Tx horn was again checked 

against the reference. The same procedure was applied to the other Tx horn. 

Table 3.3.1 details the positioner's four axis coordinate values during horn alignment 

on an optical target of the CPTR main reflector. 
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As can be seen from the table, the final mechanical boresights of the T. horns relative 
to that of the Rx horn are within 0.5 ° at the plane of the main reflector. 

Positioner axis coordinates 

Laser pen mounting position Azimuth 
(Al - deg. ) 

Elevation 
(A3 - deg. ) 

Polarisatio 
n (A4 - 
deg. ) 

Position 
(A2 - mm) 

Rx horn, reference pointing angle -1.13 -91.78 +45.0 -225.4 

Tx horn 1, initial pointing angle -2.40 -87.50 +45.0 -225.4 

Tx horn 1, final pointing angle -1.19 -9135 +45.0 -225.4 

Tx horn 2, initial pointing angle +0.65 -87.85 +45.0 -225.4 

Tx horn 2, final pointing angle -1.18 -91.58 +45.0 -225.4 

Table 7.3 Positioner four axis coordinates during horn alignment 

7.5 Measurement Programme 

7.5.1 PIM Characterisation 

Fig. 7.3 shows a schematic of the system layout during characterisation. North direc- 

tion has been defined on the figure as an aid to identifying the walls when reviewing the 

results. Fig. 7.5 defines the positioner coordinate axes which are used in this report. 

Two types of measurement were made during characterisation: 

spot measurements - the TxJRX system was kept stationery and the PIM level was 
recorded using maximum system sensitivity, i. e. minimum resolution bandwidth 

with video averaging 

" scan measurements - the T)IRX system was scanned between spot measurement, 
during which time the PIM level was observed with the receiver set to zero fre- 

quency span, thus displaying the time variation of PIM signal with angular posi- 

tion. the indicated level was manually recorded at every 2.5 °. 

Spot measurements were made at the following angles: 

azimuth: -90°, -60°, -30°, 0°, 30°, 60°, 90°, 

all at elevation angles of: -100°, -90°, -75*, -60 °, -45 °, -30°, -15 ° 
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Thus, a total of 49 spot measurements were made for each polarization (horizontal 

and vertical). Additional spot measurements were made where an increase in the PIM 
level or some constructional feature prompted the need for increased detail. 

When areas were located with high PIM levels, where possible, measures were taken 

to verify a source and determine whether it could be significantly reduced, e. g. covering 
the source with RAM. 

The change in polarization was made by rotating the complete T, IRX structure on the 

positioner by 90° (rotation about the normal to the positioner platen). 

7.6 Results 

Table 7.5 and Table 7.6 summarise the spot measurement PIM levels recorded for 

vertical and horizontal polarizations respectively. 

The following abbreviations are used in the tables: 

PS level of PIM (dBm) as recorded on spectrum analyser 

Pr - level of PIM (dBm) at Rx horn output 

Pd power density of measured PIM signal (dBmWm 2) at plane of Rx horn 
aperture. 

Table 7.4 

The correction factor between Rx horn output and spectrum analyser input was 

+ 39.5 dB which includes the filter and cable losses together with L. N. A. gain. 
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The PIM power densities at the Rz horn aperture, given in Table 7.5 and Table 7.6, 

are presented graphically in figures 7.8 and 7.9 for each polarisation. The angular posi- 
tions at which spot measurements were made are clearly visible as elliptical zones on the 

plots. Interpolation between the spot measurements was carried out at 2.5 ° intervals. 

This form of presentation has also been used to map out the PIM levels at the CPTR 

walls on the assumption that the PIM sources are all isotropic in nature. This approach has 
been adopted in order to simplify the location of PIM sources in the CPTR. Plots 7.11, 
7.14,7.16 and 7.18 show contour representation of PIM at the CPTR. walls for vertical 
polarisation and plots 7.12,7.15,7.17 and 7.19 for horizontal polarisation. In all plots, the 
origin of the coordinate system is at the centre of rotation of the positioner. Distances to 
the chamber walls (used in calculating the space loss factor) have been derived from scale 
plans of the CPTR layout and standard trigonometrical techniques used to determine the 

slant lengths for positioner elevation angles. It will also be noted that the areas mapped 

out for the various walls are different in size to the actual wall size. This is a consequence 

of the mapping process between what is essentially a spherical polar surface transformed 

to a number of planar surfaces. Both spot and scan measurement values have been used 
to produce these plots and consequently the azimuth cuts do not have such a coarse 
appearance as those displaying the PIM power densities where only spot measurements 
have been used (plots 7.8 and 7.9). 

7.6.1 Location of PINT Sources in CPTR 

At the start of characterisation, azimuth cuts were made at elevation angles of -100° 
and -90° (vertical polarisation) with no RAM covering the CPTR feed scanner, the results 
of which are given in the first two rows of Table 7.5. It was apparent from these results 
that the feed scanner was contributing significantly to the PIM level observed due to both 
direct illumination and radiation reflected off the CPTR reflectors. To minimise the effect 
of this, RAM was used to cover the feed scanner positioner (see Fig. 7.10). All of the 

subsequent measurements were made with this RAM in place. 

An assessment of figures 7.11 to 7.20 is now made in order to identify various PIM 

sources present in the CPTR. Each wall is considered in turn (for both polarizations) and 
where relevant reference is made to additional printed results. The approximate tracks of 
each azimuth cut have been indicated on the plots in order to clarify the mapping process 
a general observation for all of the plots is that a large proportion of the PIM sources are 
polarisation sensitive. 

The PIM location coordinate axes (x, y, z) correspond to the chamber width, length and 
height axes, respectively. 
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West wall (plots 7.11 and 7.12): 

PIM location Azimuth Observations 
[Y, z (m)A cut (° ) 

16, -3 -100 Both polarizations show moderate PIM level - coincides 
with iron post near main reflector 

3,2 -75 Horizontal polarisation only shows moderate PIM level - 
coincides with flame detector 

5,4.5 -60 Corresponds to PIM source on ceiling, see Ceiling 
assessment 

The feed scanner room showed a moderately low level of PIM once the feed posi- 

tioner itself had been covered in RAM, the level being slightly higher for vertical polari- 

sation. 
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North wall (plots 7.14 and 7.15): 

PIM location 
[x, Z (m)] 

Azimuth 

cut (° ) 
Observations 

-4, -2.5 -100 Horizontal polarisation highlights iron post near main 
reflector, again. Vertical polarisation too high to reveal 

this 

6,0 -100 Vertical polarisation shows very high PIM level - coin- 
cides with main reflector edge and camera mounting at 

side 

A substantial level of PIM was observed over the whole of the main reflector - partic- 

ularly for vertical polarisation where the response was about 20 dB higher than that 

observed from horizontal polarisation. This may be due to the horizontal slots occurring 
behind the reflector surface (where the sections are joined) acting as slot antennas for 

vertical polarisation (see Fig. 7.13). The edges of the main reflector appeared to produce 

a higher PIM level than the centre which is due most likely to the serrated edges around 

the reflector. This may be due to the backing honeycomb structure which tends to be 

to radiation at these 

Fig. 7.13 Reflector backing structure 
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East wall (plots 7.16 and 7.17): 

PIM location Azimuth Observations 
[Y, z (m)] cut (° ) 
9,0 -90 Horizontal polarisation shows high PIM level near edge 

of reflector - coincides with support structure and back- 
ing edge of reflector 

5,2 -75 Horizontal polarisation shows high PIM level on wall - 
coincides with flame detector, c. f. west wall 

7,2.5 -75 Horizontal polarisation again shows up support structure 
and backing edge of reflector 

As with the main reflector, a significant level of PIM was observed across the sub- 
reflector surface. In this situation, however, the horizontal polarisation produced a slightly 
higher response than vertical polarisation. 

In order to determine whether any PIM impulse responses were present over a period 
of time, the TJRX system was pointed toward the east wall and irradiated for a period of 
one hour. The spectrum analyser was set to zero frequency span, 30 Hz resolution and on 
maximum hold during this time. No spikes were observed above the noise floor of - 
145 dBm. 
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Ceiling (plots 7.18 and 7.19): 

PIM location Azimuth Observations 
[x, Y (m)l cut (° ) 
3,0 -30 Horizontal polarisation only shows high PIM level - 

coincides with smoke detector position # 

2,8 -60 Horizontal and vertical polarisation both show very high 
PIM levels - coincides with path between smoke detec- 

tors and air conditioning vent 

-4,7 -60 Horizontal and vertical polarisation both show very high 
PIM levels - coincides again with path between smoke 

detectors and air conditioning vent 
2,15 -75 Vertical polarisation only shows very high PIM level - 

coincides with smoke detector # 

-3,15 -75 Vertical polarisation again shows very high PIM level - 
coincides with smoke detector # 

0,19 -75 Horizontal polarisation shows high level of PIM - coin- 
cides with top of main reflector 

# at these high elevation angles the Rx horn points to a substantially different area of the 
ceiling for each polarisation due to the offset position of the R, r horn relative to the 
polarisation axis of rotation. 

Some additional, moderately high PIM signatures can also be seen distributed over 
the ceiling. Figure7.20 indicates the positioning of the light fixtures on the ceiling of the 
CPTR. Comparison with the plots of figures 7.18 and 7.19 clearly indicate these fixtures 

as a source of PIM. At one point in the tests a comparison was made between the PIM 

level observed when illuminating the light fixtures with the lights on and then the level 

obtained after the lights had been off for one hour. No difference in PIM level was 

observed. 

An unusual PIM signature which appeared several times during characterisation 
consisted of a large step change in PIM level (- 20 dB) together with repetitive double 

spikes appearing on top of the received signal. This was seen to correspond with azimuth 
cuts over the smoke detectors and air conditioning vents. The origin of the spikes is uncer- 
tain although it is suspected that they may be related to the air conditioning vents. Inves- 

tigation into the operation of the smoke and flame detectors does not reveal any frequency 

related processes which correspond with those observed. These fixtures therefore, do not 
appear to be responsible for the spikes. 
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Fig. 7.20 Location of ceiling light fixtures in CPTR. 

7.7 Conclusions 

Assessment of results in relation to ARTEMIS requirements: 
In order to meet the ARTEMIS requirement of a maximum PIM power density of 

-155 dBmWm 2 (at the receiver aperture), inspection of figures 7.8 and 7.9 shows that this 

residual PIM level is only attainable at a limited number of locations in the CPTR - the 

relevant angles are highlighted in the tables. The east wall can be seen to provide the 
lowest PIM residual with the west wall being only marginally worse - the fact that the 

walls provide the best PIM performance is to be expected as only RAM is being illumi- 

nated. No impulse responses were detected above the noise floor of the system over a 

period of one hour from the east wall. 

Although the south wall was not characterised, it is assumed that a similar level of 
PIM would be observed in this direction also, as again, only RAM is present on this wall. 
This wall should, therefore, also be suitable for ARTEMIS testing purposes. 
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Location of PIM sources in CPTR: 

Both of the reflectors produced a moderately high PIM level, being polarisation 
dependant - the vertical polarisation showing a response 20 dB higher than that of hori- 

zontal polarisation. This is thought to be due to the horizontal slots occurring behind the 
reflector surface (where the sections are joined) acting as resonant slot antennas for 

vertical polarisation. The overall level of PIM from the reflectors is most likely due to the 
surface structure: 

0 the core material is aluminium alloy flexcore 

" this core is covered by a 1.5 mm thick skin of CFRP 

" the CFRP skin is itself coated with a gel loaded with aluminium powder and a fine 

aluminium mesh 

A number of fixtures have been identified as PIM generators manifesting a differing 
degree of intensity. Smoke and flame detectors have generally shown the highest PIM 
levels with light fittings being relatively less significant and showing no variation in PIM 
level when either on or off. 

Unusual repetitive spikes were observed on several occasions. These do not appear to 

originate with either the smoke or flame detectors but may be related to the air condi- 
tioning vents. The actual source of this phenomenon is currently uncertain. 
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CHAPTER 8 

Conclusions and Recommendations 

This chapter concludes the study of passive intermodulation 
interference due to non-linearities in aerospace RF hardware. 
The work which was carried out and the main features of the 
findings are discussed. The chapter closes with a series of 
recommendations for further work in the area of PIM research. 

8.1 Conclusions 

The objectives of this project were defined at the start as follows: 

" Investigate the characteristics of passive intermodulation generation in space quali- 
feed materials. 

" Design and build a highly sensitive and consistent PIM measurement system at 
L-band. 

" Develop standardised methods enabling the PIM characteristics of the materials to 
be compared in a reliable and consistent manner. 

" Provide the aerospace industry with hitherto unavailable data on the PIM behav- 
iour of commonly used materials and engineering processes. 

" Analyse the data to determine the possible mechanisms behind PIM generation. 

0 An additional objective was the PIM characterisation of a satellite payload test- 

range in the Netherlands using the L-band system. 
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Initially, a detailed overview of topics related to PIM was conducted. The principles 

of intermodulation generation in communications systems were presented regarding 

product generation and power level relationships. This was followed by discussions of 
both active and passive intermodulation, their causes, expected levels and resultant 

effects. Some of the physical mechanisms previously cited as being responsible for PIM 

generation were identified and the implications for future communications systems were 
highlighted. Traditional PIM avoidance techniques were covered next followed by a 

review of previous studies on passive intermodulation in communications systems. It was 

concluded from this initial work that the current body of knowledge of passive intermod- 

ulation was lacking in many respects. A lot of the information was found to be contradic- 
tory and inconsistent particularly with regard to experimental work. 

The next body of work, covered in Chapter 3, dealt with the principles of designing 

passive intermodulation measurement systems. The difficulties in designing such systems 

were highlighted, especially given that the system itself will produce PIM signals 

obscuring those which we desire to measure. Next, the many different system design 

considerations were discussed. These were then applied to the design of an initial L-band 

coaxial system for use in this study. The specification of the initial system was presented 
in full, including detailed descriptions of the individual constituent components. The 

performance of the system was presented next in terms of the theoretical, thermal-noise 
limited sensitivity followed by a discussion on the PIM levels generated in the system. 
This indicated that whilst many of the individual components were adequate electrically, 
their PIM performance left a lot to be desired. It was concluded that, as expected, it is not 

possible to assemble a PIM measurement system, using commercial components, to 
deliver the state-of-the-art performance demanded by modern communications systems. 

In Chapter 4, low-PIM techniques were introduced. Series branchline stubs have been 

thoroughly analysed and developed to the point where they have been incorporated in all 

of the custom built low-PIM components. A low-PIM connector and test enclosure were 
built and were very successful in verifying the theory. The techniques were then taken 

further and applied to the design of couplers and bandstop filters. The use of low-PIM 

bandstop filters further enhances the system performance. By using bandstop filters, high 

field intensities from the parent signals are avoided. The structure is almost totally 

contactless therefore PIM generation is minimal. The filters are complemented by a low- 

PIM re-entrant coupler design which is also virtually contactless. A novel approach to the 

design of branchline couplers was also developed, again, with great success. 
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A great deal of effort was required in order to develop all of the custom made compo- 
nents to the point where they could be confidently inserted into the system without risk of 
problems from their electrical performance or from PIM generation. The effort was 
rewarded when the final system displayed extremely low levels of residual intermodula- 

tion which were inherently stable and repeatable. The residual PIM level for the system 
was recorded as -151 dBm for two 25 Watt carrier signals. These figures are at the DUT 

position in the system. The variation of the residual PIM signal, with no DUT present, was 
less than ±1 dBm. Such stability and consistency were considered to be crucial to the 

success of the measurement programme. The main outcome of this part of the project was 
the significance of moving points of metal-metal contact to points of minimum current 
density. This was seen to be the most effective method of reducing the residual PIM. 

The next stage involved designing a set of measurements which could be performed 

upon commonly used aerospace materials. Accordingly, two test jigs were designed 

around two different, standard, sample formats. The jigs were designed using the same 
low-PIM techniques which had been exploited in the rest of the system and exhibited very 
low levels of intrinsic PIM. The engineering scale format was designed to be representa- 
tive of the kind of dimensions and finishes that one would expect to encounter in a typical 

application. Engineering samples consist of a 9.3 mm diameter rod which is 120 mm long 

and are contactlessly inserted into the system so avoiding interference from junction non- 
linearity. The small geometry samples were designed to excite higher current densities in 

the materials and expose non-linearities which operate at lower levels. They consisted of 

a length of I mm diameter wire and resulted in a surface current density over nine times 

that of the engineering samples. By comparing the results it was sought to gain an insight 

into the mechanisms of PIM generation which dominate in practical situations. 

Using the laboratory measurement system, the relationships between PIM levels and 

combined input power levels, types of metals, finishes, coatings and junction pressures 

were all studied. Numerous experiments were performed on the two types of test sample. 
It became apparent that the test power of 25 Watts per carrier was enough to excite non- 
linear mechanisms in the small geometry samples but was too low to excite PIM in all but 

the most non-linear engineering scale samples. 

From the laboratory results it was discovered that non-magnetic conductors do 

generate PIM albeit at very low levels and at high current densities. This is thought to be 

the first instance where non-linearities in "ohmic" conductors have been measured using 

this method. This has strong implications for the RF industry in that every conductor will 

generate PIM products at some level. However, if current densities are kept low, in most 

cases the levels produced by such materials will be negligible. Nevertheless, it is not diffi- 
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cult to envisage future communications networks in which this could be a problem. Partic- 
ularly in deep space communications where the dynamic range requirements of systems 
will become greater. 

Of the materials tested, those plated with silver displayed the lowest levels of PIM. 
This confirms that silver and silver plating are particularly useful in systems where PIM 
is expected to be a problem. It was also found that ferromagnetic materials generate some 
of the strongest intermodulation signals, but if silver plated, then the plated layer will 
conduct most of the RF currents and the ferromagnetic non-linearities will become insig- 

nificant. 

Unusual PIM behaviour was observed in copper wire when subjected to a transverse 
DC magnetic field. The PIM level exhibited sporadic step change behaviour when the 

copper was excited by the RF signals in the presence of the magnetic field. This excitation 

process was not consistent from test to test and could not easily be associated with any 

manipulation of the magnetic field. It was clear however that this was not an anomaly of 
the measurement system as repeated observations were made and other materials did not 

reproduce the behaviour when subjected to the same conditions. This remains therefore 

as another form of behaviour deserving further investigation. 

The consistent reduction in PIM level of all materials tested when subjected to a trans- 

verse DC magnetic field appears to be a potentially useful one. Not only was the residual 
PIM level of each material seen to reduce with magnetic field, but the system residual was 
in fact annulled by the production of a PIM signal stimulated by the magnetic field. This 

was clearly demonstrated by the typical thermal noise behaviour of the detected signal 

when the above technique was employed. 

A range of multi junction samples were also tested in the system. These took the form 

of washer samples placed onto a beryllium copper mandrill. In all of the junction samples 

tested, the PIM was seen to be reduced significantly by the application of a high contact 

pressure. This is significant as it clearly shows the importance of maintaining high contact 

pressures at metal junctions at all times, particularly where they exist in a strong current 

path. Just one loose connection could compromise the performance of a whole system. 

The multi junction nickel samples exhibited curious behaviour in that where more 
junctions were present, the level of PIM was actually less. This is contradictory to the 

results from all of the other materials which suggested that the PIM level would go up with 

the number of junctions. It was proposed that eddy currents were the cause. 
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Although the semiconductor, electron tunnelling, micro-discharge and contact mech- 
anisms have been assumed or suspected to be responsible for the non-linear effect at 
metallic contacts, so far, only the contact mechanism discussed in Section 2.4.1 provides 
a more satisfactory explanation. It suggests that the non-linear effect is current dependent 

and the product level is proportional to the current densities at contacts. This may be used 
for explaining the non-linear effects at contacts, but further work is needed to provide a 
more rigorous model. 

The behaviour of the aluminium-Alocrom 1200 junction is of great concern due to the 

extensive use of Alocrom as a method of surface protection and multipactor reduction in 

space RF hardware. Unexpectedly high and variable levels of PIM have been consistently 

observed during the measurement programme. Based on the present findings, it would be 

strongly recommended to avoid the use of this form of chromate conversion in any PIM 

sensitive areas of a system. The behaviour which has been observed may be related to the 

specific process used by the plating company responsible and it would therefore be 

prudent to investigate this subject matter more thoroughly. Such an investigation would 

clarify whether there is a fundamentally high PIM signature associated with the 

aluminium-Alocrom interface. 

Finally, the L-band measurement system was reconfigured to perform radiative meas- 

urements. This was required in order to characterise the PIM generated in the Compact 

Payload Test Range at ESTEC in the Netherlands. On setting the system up, it was found 

that there were no problems due to residual PIM generation and a measurement sensitivity 

of some -160 dBm was achieved. The exercise highlighted the robustness of the system 

and the value of the low-PIM connections. Tests performed on the test range highlighted 

several sources of PIM in the chamber many of which were not a functional part of the 

chamber operation. Initial worries over the large reflectors in the chamber were overshad- 

owed by high PIM levels from light fittings, structural components and smoke detectors. 

To conclude, it is felt that the project has been very successful. The objectives have 

largely been met although, as with most research, there is considerable scope for further 

work. 

8.2 Recommendations for Future Work 

On the basis of the findings of this study, it is recommended that the following areas 
of work merit further investigation: 
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8.2.1 System Improvements 

A) More PIM orders 

In order to obtain more information on PIM mechanisms for use in modelling, it is 

apparent from Section 2.2.3 that measurements will have to be made at more than one 
PIM order. Ideally, it should be possible to measure the levels of several orders simulta- 

neously. At present however, the bandstop filters in the system would have to be re-tuned 
to measure different frequencies and many of the components are narrowband, limiting 

the number of additional orders that can be measured. 

One method of measuring more orders could be to implement a number of directional 
filters, each tuned to a separate PIM order as in Fig. 8.1 where the sampler would be a 
directional filter. The DUT may be placed at either end of the chain to monitor either 
forward or reverse PIM signals. Obviously, the type of directional filter used thus far (see 
Section 3.5.2.3) would be bulky and expensive, however, there are other types which 

It may also be useful to space the parent frequencies further apart. At, present the very 

narrowband setup places great demands on component performance. 

B) Increased Excitation Energy 

From the results of the measurement program it is evident that intrinsic PIM mecha- 

nisms only become visible at very high current densities. It would therefore be useful to 
be able to excite high current densities only in the sample(s) whilst maintaining lower 
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current densities in the remainder of the system. This should raise observed PIM levels 

above the thermal noise floor and above the residual level. Measurement data would then 
be clearer and more reliable whilst the PIM performance of the rest of the system would 
be slightly less critical. 

Methods of achieving this are, however, not so clear. Increasing drive power levels 

increases current densities throughout the system. However, by increasing the dimensions 

of the conductors in the system with respect to the sample, the relative current density in 

the sample will go up. In the L-band system, measures are currently under way to replace 
the UT-. 250 semi-rigid cable with a larger diameter cable, having significantly larger 

conductor dimensions. This should also help to lower the residual PIM level which is 

thought to be limited, in part, by the small diameter core of the UT-. 250 cable used at 

present. 

C) Improving Residual PIM 

Although the development of the low-PIM techniques in Chapter 4 have greatly 

reduced the level and variability of the residual PIM signal, there could still be room for 

improvement. For example, the branchline coupler and bar-line bandstop filter designs 

could be easily combined, as in Fig. 8.2, to produce a monolithic directional filter with no 

metal-metal contacts between the components whatsoever. Obviously, the packaging of 

the device would present problems but the idea is appealing. 
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The development of a high performance, low-PIM directional filter could also be 

useful in minimising PIM from dummy loads. Prior to absorption, the parent signals could 
be separated, then dissipated in separate loads, thus minimising the risk of PIM generation 
in the loads. 

Finally, as an alternative to the quarter-wavelength, low-PIM techniques described in 

this thesis, it may be possible to provide contactless connections using a large lumped 

capacitance to couple signals between conductors, similar to the method used by Lin 

[187]. Using this method, much larger bandwidths may be obtained which could be vital 
in measurements of multiple PIM orders. The connectors could also be made to be very 

compact and could possibly be tailored to suit aerospace applications. This method is 

extensively used in the design of coaxial DC blocks which are available from most 

suppliers, hence the technology is available at present. 

8.2.2 Measurements 

As regards future experimentation, there is a great amount of work which can be 

carried out. Some immediate recommendations can be made as a result of the experi- 

mental work carried out during this project and some can be made with more long term 

aims. The outcome of this work will obviously lead to even more avenues of exploration 

since the work described in this thesis forms a good foundation for investigations into 

intrinsic PIM mechanisms. 

A) Immediate Recommendations 

(i) To make a more detailed study of the PIM behaviour of the Alocrom- 

Aluminium junction: 

" to compare the performance of coatings produced by a range of selected 
companies. 

" to determine the dominant mechanism at work. 

(ii) To study the effectiveness of applying a transverse D. C. magnetic field to the 

system to reduce the PIM residual below the thermal noise floor, thus extending 

the sensitivity of a measurement system to its maximum. 

(iii) To further investigate the anomalous effects of PIM excitation observed in 

copper with applied magnetic field and to determine the dominant causative 

mechanism. 
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(iv) To further investigate the dielectric, alumina, and determine its significance in 

relation to PIM. 

B) Long Term Aims 

(i) Expansion of standardised PIM data to include a wider range of materials 

(including dielectrics) and associated structures. This will aid in the analysis of 

PIM in materials since there will be more data to compare. 

(ii) Provide for greater environmental controls during experimentation e. g. 

vacuum, electrical bias. This will help to narrow down and isolate specific PIM 

mechanisms. 

(iii) Make a more comprehensive experimental study of the PIM characteristics of 

selected mechanisms in order to produce sufficient data allowing preliminary 

models to be produced. 

8.2.3 Analysis 

Much more information is required in order to successfully analyse and model PIM 

behaviour hence only generalised recommendations can be made at this point. 

(i) A thorough theoretical study will have to be made of nonlinear modelling tech- 

niques. This will help to determine the kind of information required from the 

experimental work and the amount required to produce accurate models. 

(ii) Experimental data would be used to produce both empirical models and to aid 

in the understanding of the actual processes involved. The models would then 

be used to test predictions of PIM behaviour in other structures with the chosen 

mechanism. 
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