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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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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.

(1) Increased system vulnerability due to greater complexity, higher signal powers,
and more sensitive detectors.

(i1) 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, hi gher 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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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 1s 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. -
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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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CPTR i1s 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:

¢ To design and build a highly sensitive but stable and consistent PIM measure-
ment system.

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

rials to be measured and compared in a consistent manner.

° 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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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:

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

. 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) 8561E 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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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.

(ii) 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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CATS 1s 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 1I: 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.



CHAPTER 1: Introduction

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 1s 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 1s 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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. Fundamental transmission line technology has been novelly applied in the develop-
ment of consistent, low-PIM, connection principles

. 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-
plers and test jigs having state-of-the-art PIM performance.

. 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.

. 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 systém 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.

. 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.

. 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.

. Several new results were obtained as a direct result of the measurement campaign:
(i) Observation of non-linearity in so-called linear metals.
(i1) Demonstrated a clear link between PIM performance and surface finish.

(in) 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.

10
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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.

11



CHAPTER 2

Passive Intermodulation Interference 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.

12
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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 1n 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, ¢, the conductivity:

J=0¢-V 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.

13
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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 n'h
order power series thus:

VO — a1V5+a2V§+a3V?+a4W+... +a V? Eq.2.2

! n i

Where a,, is the n"coefficient 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(w,?) and
Vcos(m,t) . The input to the system, V, is just the sum of the two signals:

Vi - V[COS((DII) + 005(0)2t)] Eq.2.3

Substituting Eq.2.3 into Eq.2.2 and using standard trigonometric formulae shows that
the output of the system, V,,, may be written as:

Vo = aV(coswt + cosm,t)
1 1
+ azvz(l + 5 COS20; 1 + 5 c0S2W,t + cOS(O) + W,)! + cos(W; = (oz)t)
1 1 3 3
+ a3V3(3cos3colt+ 7605305t + 705 (200) - ;)¢ + zcos(2wy — )2 + )
+a4‘/4( )

+ a,,V"... Eq.2.4

Thus, in general, distortion components at nw/tmw2 appear at the output. The
component at now/tmw?2 is called the (n+m)® order intermodulation product. For
example, the V;> term produces third order harmonic components at 3e; and 3w, and

third-order intermodulation products at (2wy-m,) and (2m,-wy). The whole frequency

14
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spectrum of V,, therefore consists of the two excitation signals at ®; and ®,, 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 1s normally limited to specific orders. For
the weak non-linearities encountered in most practical situations, the coefficients, a,, 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 1t 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 10% 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 o, = (20, - ®;), 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, V, cos(w,t) and, V,cos(w,?), then the contribution to
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Fig.2.3 Sensitivity of Intermodulation Measurements to Non-linearity.
Graph (a) 1s 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

oV/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

If P; and P, are the powers of the signals ®; and w, respectively, and Pjp is the
contribution to w;,p from the third term of Eq.2.4,

If P, =P, then P po< P; or P, Eq.2.7

From these equations, the relationship between Pjyp, P; and P, can be summarised as
follows:

(1) From Eq.2.6, Ppp should vary as 1dB/dB with the input of P; when P, is held
constant.

(i) From Eq.2.6, Pjp should vary as 2dB/dB with the input of P, when P, is held
constant.

(i11) From Eq.2.7, Pyyp should vary as 3dB/dB with the combined input (P; + P,)
when P,=P,.

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 (P; + P,).

It 1s 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
1s 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:

V: = Vlcos(wt) + cos(m,t)] 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:

18



CHAPTER 2: Passive Intermodulation Interference in Multi-Frequency Systems

1
(coso + cc:;wsB)2 = z[4+2cos20 +4cos(a.-B) +4cos(a + B) + 2cos2p]

(cosa + c'os|3)3 = g[2cos30t +6cos(200- ) + 6cos(20 + B) + 18 cos .

+2cos3B +6cos(2B-a) +6cos(2p + o) + 18 cosP]

. 1
(cosoL+ cosP) = 1g[36 + 2cosda + 8cos(3a - B) + 8cos(3a + B)

+12cos(200—-2B) + 12cos(20. + 2B) + 32 cos2a
+2cos4P + 8cos(o.—-3B) + 8cos (o + 3PB)

+48cos(ou—-B) +48cos(a + B) + 32cos2p]

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,

(coso +cosf3 )? is given by

B axis

1 > O axis

-
-

—_— O O = D>
-

with multiplying factor (1/2) 2.

(coso + cosf ) is given by

-
-

W O vV O W
- O 0 O 0 O w
w O vV O W
ok

with multiplying factor (1/2) 3.
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(coso. + cosP)? is given by

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 fromn=3ton =4;

the D.C.term (ot = 0,3 = 0)becomes9+9+9+9=36
theterm o = 1,3 = 1 becomes9+9+3+3=24
theterm o = 2,3 = 1 becomes0+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 (20 + B) . The expansion
table with n = 3 gives an expansion coefficient of 6. (The (-20.— ) term is the same as
the (2o + B) term thus we have 3 + 3 in total). The table with n =5 however, also contains
terms associated with (200 + ) (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 7

5
-2-) 100cos(2a + P) + a-,(g) 1470 cos (20 + B)

V 3
Vour = a3(2) 6cos(20a + ) Eq.2.8
-i-as(
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The variation of power for V,,,, 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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Fig.24 3rd Order PIM Variation with Input 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 1s unavoidable. As a result, mixing occurs between the different signals
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Fig.2.6 Transmitter IM Countermeasures
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Fig.2.7 Receiver Intermodulation Distortion

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 géneration 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 1s 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 1n 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 1s 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

23



CHAPTER 2: Passive Intermodulation Interference in Multi-Frequency Systems

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 1s 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 1s 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 1s 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 1s
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.

26



CHAPTER 2: Passive Intermodulation Interference in Multi-Frequency Systems

— (a) loose

WA~

7 4\\ “\\ contact
71,V N7 1 v\
[ | | 1 V| | 1\
! N R | i 1 1 13 |
current flow
(b) tight
contact

(¢) very tight
contact

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 60 MPa. 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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24.2.2 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=1x10"'%m) 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 PIM
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
i1s 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 1s
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 growih 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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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:

|
§ = —— Eq.2.9
ToJmefoep) :
Where o is the conductivity and p is the permeability of the material. It is therefore
evident that variation in p 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 VHEF/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 UHF. However, Arazm and Benson did not

observe any intermodulation in mild steel or nickel samples 1n 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 = €, - % - E, where g is susceptibility and g, 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/cm?.
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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=¢, (X -E+{ -E) Eq.2.10

Where ( 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 1s 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

1S 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 PIM [2, 7, 53,
76, 89]. 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.

(i) 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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(1v)

(V)

(vi)

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.

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.

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:

(1)

(i1)

(iii)

(iv)

(V)

Sharp edges should be avoided as these can act to concentrate the current

flowing through the conductors.

Mechanical contacts and especially moving contacts should be avoided as much

as possible.

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

little noise.

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

which can agitate PIM sources and cause interference.

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.
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The system must also be highly sensitive to PIM signals generated in a given test
sample 1n 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.

o 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 difficuilt 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 1n 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 1s 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 1s 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, Sth and 7th order intermodulation signals generated in the waveguide
components of a 6 GHz communications system. Tests were conducted on waveguide
joints, flexible waveguide, 1solators 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.[19]. They
developed a measurement setup capable of delivering microwave power up to 10 kW and
detecting intermodulation signals down to -140 dBm in the 8 GHz 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 [S1] 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 IIT 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
{59].

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, 58-61].

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 comﬁonents. 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 aenal 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 PIM signals than those
generated by steel. Field trials indicated that ferromagnetic non-lineanty 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 [73, 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.

2.74 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 sertous [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 atrcraft 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 PIM 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 PIM
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-
11). 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
(Al,04,) 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 1s 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 Svstem Desien

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 1n areas like shipboard [56, §7, 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 1s 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.

(ii1) 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
Fi1g.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 1solated 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, V), in each direction.

Reverse PIM Forward PIM
VpL—6Pdz -4 — — — € — — t— — — —§ o > - Vp<£-3Bdz
e L= == Vp£-3pdz

element dz
Pt

Parent Signals
ViZ0 ViZ-Bdz ViZ-2Bdz ViZ-3(dz

Fig.3.3 Distributed PIM source.

Ignoring attenuation, as the parent signals propagate along the sample, at any instant
in time, they are phase-delayed by Bdz 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 P, and P,, separated by a distance /. Attime ¢, the
reverse travelling PIM signal from P; may be described by:

V,cos(wt + ¢p) Eq.3.1
¢, 1s an arbitrary constant phase term to account for any phase offset at time, ¢=0.

The signal from P, will then be described by:

V,cos(ot+¢,-20)) Eq.3.2

0
Where 0, = — and c is the speed of light.

Then, for a distributed source of length /, the signal at P; will be given by:

o
Jo V,cos(wt + ¢, -20)do0 Eq.3.3
Eq.3.3 simplifies to:

Vpsin((-),) - cos (Wt + ¢p - 0)) Eq.3.4

Eq.3.4 clearly comprises an amplitude term Vp sin(0,) and a phase term
cos(Wt+ 9, - 6,) . Therefore, the amplitude of the reverse travelling PIM signal is a func-
tion of I. 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 1mplication 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 interrmodulation 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 1n 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 1s 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 1nvolve 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 1s 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 iow return loss
figures. Waveguide does suffer some serious drawbacks. Probably the most important of
these 1s 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,
VHF 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.
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(a) TEM Mode (b) TE;; 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:

C
f. = T CET N TR TG 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 ¢,=2.1, the
cutoff frequency of the TE;; mode is around 18.9 GHz.

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
rescarchers have chosen one of three methods.

The carriers may be simply combined using a T-junction and phasing cables as indi-
cated in Fig.3.6 [35, 36, 60, 85]. However, the T-junction 1s inherently badly matched and
offers poor 1solation 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 AF Power Power PIM Sensitivity
' Combination Separation dBm/dBc¢
12 |30 X-piece & X-piece & 88-133
filters filters
64 10 lumped filters & | 20 dB coupler | -88 -129
p1 matching net-
works
85 VHF 2 15.5 T-piece & cavity | T-piece & -70 -112
filters cavity filters
36 VHF 50 T-piece & cavity | Interdigital -140 -187
filters filter diplexer
35 VHF 1 S T-piece & cavity | T-piece & -145 -182
filters cavity filters
38 VHF 235 90° hybrids & Diplexer -120 -164
b/pass filters
76 VHF 23 90° hybrids & Diplexer -120-164
b/pass filters
50 13 |3 Stripline Stripline -90 -125
ratrace hybrid ratrace hybrid
62 3 30 X-piece & X-piece & -95 -140
filters filters
L 27 | 20 T-piece & Coupler -87 -130
interdigital
filters
13 |13 - | T-piece & Coupler -85 -126
interdigital
filters
C 20 | 20 T-piece & Coupler -87 -130
interdigital
filters
39 L 2 2 Stripline Stripline -106 -139
ratrace hybrid ratrace hybrid
UHF 13 |13 Stripline 20 dB coupler | -104 -145
hybrid
UHF 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.
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Fig.3.6 Carrier combination using t-piece, filters and phasing cables
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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 1s 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
V

- S

Fig.3.9 PIM sampling using a directional coupler
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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.3.11. 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
1solation 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 cornbonents 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 S0 metre reel of URM43, lossy coaxial cable
terminated in a 1 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
LLNA’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

64



CHAPTER 3: PIM Measurement System Design

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)

(ii1) Low VSWR (or high return loss) e.g. less than 1.25 (>235dB)
(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 90° phase difference at the output coupled ports of the device to ensure the
optimum phase relationships in the completed assembly. To this end, it 1s 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 si gnal 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 Q. 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 qombinations [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 SGHz). 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 1s 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 cl:ntributed 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:

(1) The thermal noise floor of the system.

(i1) Generation of Active Intermodulation in the detector.
(111) Passive Intermodulation produced by the system itself (Residual PIM).

(1) and (i1) can be analysed theoretically[103, 104], 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 T, (K) is obtained from a
standard formula:

N=k-T,-B Watts Eq.3.6

Where k = Boltzmann’s Constant (1.38 x 10723J/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 -
141dBm 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 modern 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:

(S/N,)
(S,/N)

noise figure as a power ratio,

F
F
S; = 1nput signal power Eq.3.7
N; = true input noise power,

S, = output signal power,

N, = output noise power.

The detection circuitry is shown in Fig.3.12. To determine the sensitivity of the
system, the first step i1s 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
1s 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=q 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 1s usually expressed in terms of dB, or:

NF(dB) = 10log(F) = 10log(N,) - 10log(N,) Eq.3.9

For the HP 8561E, the average noise power over a 10Hz bandwidth was measured at
-141dBm. In the same bandwidth the true noise at the input connector is -164dBm. This
gives a noise figure of NF¢,=23 dB (199.5 linear).

Now given that the noise figure of the low noise amplifier is F;y,=1.76 dB (1.5

linear) and the gain is Gyy,=43.3 dB (21379.6 linear), the overall noise figure for the
detection circuit is found from:

NFT (dB) = IOIog[FLNA"'(WD

199.5 Eq.3.10
= 10108(15 + m)

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:

= ~164+1.76 Eq311
= -162.24 dBm

Where Sy 4 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 S; 54 dBm plus
the gain of the LNA in dB, i.e.:

\ = - 162.2dBm +43.3 dB

= -118.9 dBm

In order to determine the smallest signal which can be detected at the DUT, we have

analyzer

Eq.3.12

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, SpyT, must be 6.7dB above the noise floor at the DUT:

= -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 =6.7dB F=1.76 dB F=24 dB
X/
X/
_ HP 8561E
minimum detectable
signal strengths
—® .155.5dBm -162.2 dBm -118.9 dBm

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 1.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 i1s no gain so the output or displayed carrier level is the same as
the input.

Noise & distortion relative to mixer level (dBc)

Mixer level (dBm)

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 i1s 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-PIM 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.

The body is manufactured from silver plated aluminium but consists of many individual

Fig.3.15 Trilithic® filter - internal construction

pieces held together with small screws. The top plate, bottom plate, and internal cavity

dividers are all separate. The resonant elements are also attached to the body at one end
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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.
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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 1n 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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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 1s 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 1solated 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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iour. 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 modern 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 1n 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. It is 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 1650 MHz 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
1530MHz 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 85108 A High-Frequency Structure Simulator (HFSS) from Hewlett Packard
1s 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
1s 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 1s 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 1n one form or another:

(1) Signal source
(i1) Test Set

(111) 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 1s a two port instrument that samples the incident, reflected
and transmitted signals. Finally, the network analyser analyses the LF. 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 1s, 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 1s depicted in Fig.4.1. When the
length of the stub, /;, is A/4 long at the design frequency, w,, 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.

0I¢

Z, Zo; lls
- - ZO A| J Ar Z -
V.. | 7! 0
! 0 ZL t ~In l ZO

|
B!

Fig.4.1 Single-Stage, Series Connected, Open Ended Stub.

Fig.4.2 Two-Stage, Series Connected, Short Circuited Stub.

The input impedance to a length of line, /, of characteristic impedance, Z,, and termi-
nated in an impedance Z; is defined as:

ZL +jZO y tanBl

%in = 20" 7% jZ, - tanPl

Eq.4.1
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B=w/v, where o is the frequency and v is the velocity of propagation. When Z; = 1.¢.
open circuit, and /I=A/4, i.e. fI=90° then Z;, equals zero.

At point A-B, the signal on the main, through, transmission line will see an impedance
of Z; =Z,, (stub) +Z,(main line). At the design frequency Z,,(stub) is zero and the imped-
ance seen by the main line is just Z,. 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 circuait,

will have an infinite input impedance, i.e. an open circuit.

The length of the additional second stage is made A/4 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 1s 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
Z;) 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, /,
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:

Fig.4.3 Equivalent Circuit of Fig.4.2

The reflection coefficient at A-B, seen by the generator is given by:

o Zy-Lg
T Lp+Zg
, Eq.4.2

in

=Z—7-Z_-+ >

in

Consider Fig.4.2. Using the impedance transformation equation (Eq.4.1) and working
back from the short-circuit termination (Z; =0) we have:

Zinz = j202 - tan Blz Eq.4.3

Given that [,=Ap/4:

- ()-65)- G ) s
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Near mid-band, w=w, and tanpl, will be very large, infinite at mid-band. If the junc-
tion impedance, Z; (contact resistance and other discontinuity effects), is kept less than

Z;.2, it may be neglected. This suggests the desirability of making Z,), as large as possible,
which as we shall see later, 1s desirable for other reasons as well.

Next we must take account of the second quarter wavelength section of transmission
line of impedance Z,,;. Neglecting Z;, the impedance terminating this section of line is just

Z;.». 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:

, - Zi o+ jlo tanBl;
in = “01° 7 +jZ. ,tanPl,
| Zo,tanBl, + Zy  tanBl,
= ]ZOI . ZOI — Zoztan ‘311 lan Blz
Eq.4.5
. + ——
B _tanBll ZOl 1
\~(z5; " 7T Tane;)
Additionally, given {;=A,/4, we may write after Eq.4.4:
T O
[311 = ﬁlz = 75" m—'o Eq.4.6

Zo) |

Near mid-band tan[ = e therefore we may neglect the term Z,, tanBl,-tanPl,

in the denominator of Eq.4.5, hence:
. 1 o1
Zin =2 _JZOI T o 1 + Zg; Eq.4.7
i )

Now o can be expressed as wp-A® where w, is the mid-band frequency at which
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