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Abstract

This thesis examines the properties of novel transmission lines and waveguides as well as
their practical applications. The research begins with a discussion of metamaterial
transmission lines. Two new composite right/left-handed designs formed in shielded

striplines are presented and shown to have great left-handed bands.

In the waveguides research, we demonstrate the multilayer, narrowband and half-mode
folded waveguide with the benefit of guide miniaturization. Due to the almost half metallic
surface reduction of half-mode waveguide, a novel planar half-mode substrate integrated
waveguide is presented and its properties are analyzed. It has the great integration with
planar components and stops the radiation of conventional open waveguides. One
application based on this medium is a novel switchable substrate waveguide that can be
switched between two types of mode via the biasing of pin diodes. Another application is a
tunable phase shifter that has a maximum phase shift of 50 degrees with acceptable

insertion loss.

A theoretical method for the analysis of planar half-mode waveguides using transverse
resonance technique is introduced in this thesis. This method is used to locate the cut-off
frequency of the waveguide and analyse the equivalent circuit loaded with discrete
components. This novel technique has the advantage of simplicity and compares well with

results of electromagnetic simulation and measurement.



Acknowledgement

My deepest gratitude goes first and foremost to Dr P. R. Young, my supervisor, for his
constant encouragement and guidance. He has walked me through all the stages of the
research with his consistent and illuminating instruction. Dr P. R. Young has not only been

an excellent supervisor but a good friend as well.

[ would also like to express my heartfelt gratitude to Mr Adam Jastrzebski, Mr Simon Jakes
and Dr B. Sanz Izquierdo who have instructed and helped me a lot in these years and all the

staff in School of Engineering and Digital Arts of the University of KENT.



.

CONTENTS

1 INTRODUCTION ciovummsmasnssumsssumsnessisssnnosns o csswsssonsunsaxsss sansses s s assessss s spmmes v wes 1
1.1 OUTLINE OF THEIES ...ooiiioiiiie et 5
REFERENICES «....covovoumemcnmmssssomonsssmn vosmrsussuncsmsssvessmmonsssssssssamssassisss vesssmsus seosss sonsweassasmmess st samsavenss 6
2. METAMATERIALS LINES . oottt s s 9
2.1 CRLH TRANSMISSION LINES CHARACTERISTICS ...cccoooiiiiiiiiiieniciciee 11
2.2 DESIGNS OF THE SHIELD STRIPLINE CRLH TRANSMISSION LINES ......... 14
2.2.1 The transmission (ABCD) matrixX analysis .......ccccceevieriiiiiniineniienieiicnienecie e 16
2.2.2 The calculations of series capacitance C;, and shunt inductance L, .......ccccoeeveerueuencnne. 23

2.3 PLANAR TYPE CRLH TRANSMISSION LINE DESIGN AND FABRICATION 28

2.3.1 Phase constant dispersion figure and simulated results .........cccoccevienvienieninniiienncnnens 30
2.3.2 Pabrication tECHNITES: .ussmsrmsmsssssssonssonssonsyesmsssmssmosmssssssssssssss sru iy aes 3 Tusss s onesm o8 ew sy es o8 32
2.3.3 Standard PCB fabriCation ProOCESS ........eceruererererierierienieeiieeeiieee e sre e eseens 34
2.3.4 MeaSureMents sussssisssmsmmosssssnsssrasssssvss svwossmis ssevo s sus sEevroms vss s s87aRsTss E6oF0s SEFPAe PR A PSSP 558 35

2.4 VIA TYPE CRLH TRANSMISSION LINE DESIGN AND FABRICATION ........ 36
2.4.1 Phase constant dispersion fIZUIE ..o msmimsmiessnsmesnimmssssmassses s esios oo msmesies 37
2.4.2 Simulated and measured reSUILS .........oviriririiriiereet e 38

2.5 SUMMARY cswesessosnssssanmsssssssussessnesssosssnnsssss s sssesssssssssass 58 s6as w8 sssssssssvasasassasssniss 40
REFERENCES' is5:snessesssssvsssssnssssssanins sevsvs s sisss s (5550558580553 0855345555 048 55 56155555 65 55 565 550558 S5 s34 a5 a0 158 41
3. MULTILAYER FOLDED WAVEGUIDES ........ccoiiiieteeee e 44

3.1 TWO, THREE, FOUR LAYERS FOLDED SUBSTRATE INTEGRATED
VANVEGRIIIER .....csmossmnasmsssumsssnna ensmnomsisnsdios S o 3kt b i oS b i 45

3.2 THE TRANSITION DESIGN FOR MULTILAYER FOLDED WAVEGUIDES ...47

3.2.1 Microstrip tranSmiSSION [INE ..c...eevvereiriiiniierieenieeie ettt et 47



3.2.2 TAPET AESIZIN .ottt st sttt ettt ettt e ae et e et neessenteeseeteesaens 48

3.3 SIMULATED AND MEASURED RESULTS ....cccociiiiiiiiiiiininininiecenecicicnens 50
3.4 NARROWBAND FOLDED SUBSTRATE INTEGRATED WAVEGUIDES ........ 54
3.5 MULTILAYER HALF-MODE FOLDED WAVEGUIDES ........ccccccoeiiiiininiininnens 56
R 27112 110 T ——— 56

3.0 SUMMARY  cosvcsmmonommmmmnsnsansesmommmmmonesmensmssssm s s s s o0 s s mss s 58
REFERENCES .oosumsssssorsvmssrssmmnrsmmessoesess sy smissisms iy sess s s s o ss a5 351 o8 65 0 Spsgnspasus 60
4. PLANAR HALF-MODE SUBSTRATE INTEGRATED WAVEGUIDE ................ 63

4.1 THE DESIGN OF PLANAR HALF-MODE SUBSTRATE INTEGRATED

WANVEGUIDE ; c:cusssasis sessnamsssss snnsmmanssssmssransssn sosmmsssins sesammsanssitssiamss foasessissses sossssanasrnioss 64
4.1.1 Planar half-mode SIW Simulation .........cccceoieiiiiiiiinineeeeeeee e 67
4.1.2 Fabrication and MEASUICINIENES ........cc.evtertirueruiriereniensenieeeeeieessensessessesseesesseensensesseeseessenses 69
4.1.3 propagation modes discussions of the planar HMSIW ........ccccooviriiiininieinieineenen 71

4.2 OPTIMIZATION AND LOSS DISCUSSIONS ..ciiiiiiieiereeieeceieeee e 74
4.2.1 Conductive loss and the dielectric 10SS .......cccceviviririiiiiiiiiisec e D
4.2.2 Changing the S0t Width .....cocoiiiiiiiiii e 76
4.2.3 'Changing the SIOtPOSIION s.cusssivsmossssissvssesmmsmvomsvismssssmsssissnssisisssssssssms saissssmmassasaaim 77
4.2.4 Relative bandWidth .......ccooooiiiiiiiiiii s 78

4.3 TRANSVERSE RESONANCE TECHNIQUE AND PROPAGATION

CONSTANTS ANALYSES isisimsssermusmsanmunnsmssssssss essvmsnmses s smsimmsssssmssssess sensssnssss 79
4.3.1 Conventional rectangular WavegUIde .. cums s s semmmssmnssmsssssssssisaiesssassinsiisis sonsinssass 79
4.3.2 Cut-off frequency of planar half-mode STW .......ccoocoiiiiiiiiiiiieee e 83
4.3.3 Phase constant dispersion curve of half-mode SIW ......c.cccoviiiiiinininiieiene, 86

4.4 SUMMARY ettt ettt ettt sttt e st e e 88

REFERENCES ...ttt ettt et ettt et st e sna e e st e s eaens 89



5. SWITCHABLE SUBSTRATE INTEGRATED WAVEGUIDE ..............cccccceoe. 91

3.1 MODEL: OF THE STRUCTURE AND EQUIVALENT CIRCUITS ..ommsssussinassesns 91
5.5l Model dESIBM smssuvinssrnssmsmmmensysvmssessmssovts s ses i85y S5 o Tea s e s s ST R TR S48 91
5.1.2 Equivalent circuits and COMPONENLS ....c..ovveruiriiriiniiiiiiiieicnteee e s 93

5.2 ANALYSES OF BIASED CONDITIONS OF PIN DIODES ..icuwsonumseomssunsmssssn 94
5.2.1 Reverse of zero biased CONAION i.cuissssvsssasrenesssussssssasssssssssisnererssmsssinsmsssmsnemesmsrasssrisssesiss 95
5.2.2 Forward biased condition .........cccccoiviviiiiiiiiiiiiiiii 98

5.3 'SIMULATTIONS ocusimunsusmusmmnso smonssssessessnsssssassisyeossonms s s sassssss sossnispnss vssns ospsegusges 102
5.3.1 Revetse or zero biased CONAMION TESUIL +ovosmesmsnsmesmsessussssmssmsemmsssnmnsissssssmmessmesssisssisasss 102
5.3.2 Forward biased condition reSult ...........ccccceiviniiiiiiniii 103

5.4 DESIGN WITH CONTINUOUS COPPER PLANE AND MEASUREMENTS ....104

5.5 IMPROVED DESIGN WITH DISCONTINUOUS COPPER TAPES AND

MEASUREMENTS. usiessiusmuommseosasmsensssasssnesas sasssimessss s mees siamsomess s saess soa s sianias 107
55.1 Model desigin and FADIICAON: «semsessmimmmsasmsesimismnsiois suse s st e sy 107
5:5:2 MEasUTEINEIIES ssssvusessssssnosssanssnsnnss s smasses oo s isi s essnsvass s so i u R s SRS s AU S PR oA 109
e T e e e e s b e oo e 111
5.5.4 An analysis for the different number of copper tapes ........ccccceveeveeceieiiinieniineeieeeeeee. 113

5.0 SUMMARY .coiosiassnessssosinonsssnsansasasssissucamsassnnnnssssnssmssssnssssmsoss tonnss sasassssstossats onss seutras 114

REFEBRENGES, .. cisscvivssossmsrettssmsnssisassnsssstnssesio s sasassstaoustdenias choosos susmtssnomnsnsts s snsss vsonsasanassns 115

6. THEORETICAL ANALYSES AND APPLICATIONS OF CIRCUITS WITH

LOADED COMPONEINTS ...icirociionnesssmummnsonsesiosssosisssssnsissss cmsssismssisias s s isamsimasssie 117
6.1 EMBEDDING COMPONENTS WITH PLANAR HALF-MODE SIW ................. 117
6.1.1 Solutions of propagation MOAES ......cccverreriiriieniiiieiie e 119
6.1.2 Fast and slow Mode Propagations sssusssssissss smesssssisimssisss s sssims s ssommsuissmmmmmis 123

0. 1.3 LLOSSES ciiiiieeiiiitiie et ettt et e et ————————————————————————_———————————————————ttttarataarrtaaaaaaaaaaaaaes 127




6.2 DISTRIBUTED CAPACITANCE AND PERIODICALLY LOADED

COMPONENTS TO PLANAR HALF-MODE SIW ..o 133
6.2.1 Distributed CAPACIEANCE ...ovevueieeiriietieiieteeei ettt ettt st e 133
6.2.2 Periodically added varactor diodes ..wsmssssmsmimmeismssis s 140
6.2.3 Periodically added high value varactor diodes ...........cccoceveriiiiiiiiicienincceseeeeee 148

6.3 PHASE SHIFTER DESIGIN ...cossemsvamsovsneronunssssssssnssrssssmsmssssvassscssssrnssssssnssssassssngss 152
0.3, 1 ISTHUCTUTE su0s ssumssismsinnuns sonsavinesins s sas e sussssss ey insssssassne ssa s s oo o B R SR S s e s F s 152
032 IVICASUTEITIETILS! cunssisussumsmmsonbsssss snsunsanosumnasssins Sues s4asevEnsoes sovtsib wambsa e eSS T ST SRR 153

04 SUMIVIARY: & cisvviimmesesssonssmnsmsssvnsosssmssastemssss st ssesssss s ssss s ss oo s daes sess s orissanress 156

REEEREINCES .icccussssssmnsonssssvinsssseanissississ s s issssviss 5y msmssmssiaomsvmas s 6esa s vesasas sssamamsdasusssns 158
7. CONCLUSIONS .ottt st e sb e st e st sataesaneebneesaneeenee 162

T SUMMARY coiisissonssssvvinssssnimssssvossssonsensssassessiasisssmssssmsmsessms i mismsssssssmmsmasimmmmis 162

7.2 FUTURE WORK ...ttt 164
7.2.1 Half-mode substrate integrated waveguide (HMSIW) antenna ..........ccceeeveevveennennnnn. 164
7.2.2 Composite right/left-handed (CRLH) half-mode substrate integrated waveguide ........ 164
7.2.3 The switchable CRILH tranSmiSSion INE! .u.c.comsisssmnossuessosassissssipestsssesssesssmapinsmmasins 166
7.2.4 The planar half-mode SIW embedded Gunn diodes ..........cccceeiiiiiiiiiniiiiiniicienee, 167

REFERENCES ..ot mms oot o somsnismes smh s s sosd sssmsstins e i Sssmsi e Eaassn i ons t3ndassathe tohnins 168




List of publications arising from this thesis:

o Shielded stripline lefi-handed transmission line, R. F. Xu and P. R. Young, 3rd
International Congress on Advanced Electromagnetic Materials in Microwaves and

Optics — Metamaterials, London, September 2009.

o Switchable Substrate integrated waveguide, R. F. Xu, B. Sanz Izquierdo and P. R.

Young, accepted by IEEE microwave wireless component letter.

o Tunable phase shifter in substrate integrated waveguide, R. F. Xu, B. Sanz
[zquierdo and P. R. Young, accepted by Antennas and propagation symposium
2010 in Cochin, India, Dec 2010.

e Theoretical analyses by using transverse resonance technique, R. F. Xu and P. R.

Young, in preparation for IEEE journal.



Variables in this thesis:

&, - relative permittivity of the dielectric material
Y - propagation constant

« - attenuation constant

B - phase constant

A - wavelength

f,w - frequency; f., w. - cut off frequency
V, - phase velocity

Vg - group velocity

¢ - speed of light

(' - capacitance; L - inductance

V - voltage; I - current

R, r - resistance

8 - loss tangent

o - conductivity

| k| - wavevector

n - intrinsic impedance of the medium

€y - permittivity of free space

Uo - permeability of free space

ko - free space wave-number

O - quality factor



Abbreviations in this thesis:

RWG - rectangular waveguides

SIW - substrate integrated waveguide

SIFW - substrate integrated folded waveguide
FHMSIW - folded half-mode substrate integrated waveguide
MIC - microwave integrated circuit

LTCC - low-temperature co-fired ceramic

HMSIW - half-mode substrate integrated waveguide
WHR - width-to-height ratio

MTMs - metamaterials

CRLH - composite right/left-handed

LH — left-handed

RH — right-handed

PLH — purely left-handed

PRH — purely right-handed

PCB - printed circuit board

SMA - SubMiniature version A

PTFE - polytetrafluoroethylene

TRT - transverse resonance technique



1. Introduction

The fundamental theory of electromagnetics was developed over 100 years ago. The
microwave engineering benefits resulting from the properties of electromagnetic waves at
higher frequencies which correspond to short wavelengths are well known [1]. The great
advantages of small size, good performance and modern fabrication procedures make the
applications of microwave systems very extensive. These include wireless communication
systems, radar systems and intelligent transportation systems. Typically microwave circuits
containing active devices are fabricated using planar transmission lines such as microstrip
and coplanar waveguide. However, the large conductive, radiation loss and low power
handling capability limit microstrip lines and coplanar waveguides to lower microwave

frequencies.

Rectangular waveguides (RWG) have very low losses and high power-handling capability.
They solve the radiation and crosstalk problem in the transmission lines and have the
applications in high-power systems and millimeter wave systems. The RWGs can
propagate TM and TE modes. Unfortunately traditional RWGs are bulky three-dimensional
structures that are often referred to as “plumbing” due to their unwieldy nature. The
techniques to fabricate RWGs using circuit and monolithic fabrication techniques have
been proposed, such as bulk micromachining of silicon [2] and photoimageable spin-on
materials [3]. However, the fabrication procedures are complicated and the guided
wavelength is large because of the air-filled nature of guides. Furthermore, they are

difficult to integrate with planar circuits and the size is too large.

Over years’ developments, an alternative method is to use dielectric-filled RWG. Dielectric
materials can be gases, liquids and solids, for example ceramics; glasses, plastics, nitrogen
etc. A dielectric-filled waveguide by spray coating a dielectric rod with metal had been

demonstrated by Hinken [4] in 1980. In 1995, Lucyszyn first presented the monolithic



dielectric-filled metal-pipe RWG [5] [6]. Dielectric-filled RWGs can be fabricated
photolithographically by employing multilayer processing and using photoimageable thick
film materials [7]. This new technique achieved improvements in the edge definition and
smaller sizes. To solve the large conductive loss issues, Kinayman [8] demonstrated a low
loss glass filled waveguide which is formed by etching pedestals from a silicon glass wafer.

However, due to the many processing steps, the cost was not cheap.

Quite a few new waveguides have been investigated to overcome the problem of size
reductions and cost, such as the substrate integrated waveguide (SIW) which is embedded
into a microwave substrate. A generic SIW report which introduced a rectangular
waveguide integrated into a substrate was first proposed in 1998 by Lucyszyn [9]. The SIW
is a very promising microwave and millimeter-wave medium. And techniques have been
developed to fabricate SIWs, using low-temperature co-fired ceramic (LTCC) [10], and
standard microwave integrated circuit (MIC) [11] etc. In these techniques, series of vias are
used to form the sidewall of the guides with metallization on the top and bottom substrates.
In [12], a 2D lattice of plated via holes are used to form the sidewalls of a RWG using
microwave laminates [13]. While keeping the advantages of conventional rectangular
waveguides, the dielectric filled waveguides have low cost, easy integration and size

/2, where ¢, is the permittivity of the dielectric material.

. -1
reduced by a factor of &,
However, these waveguides are still large for some applications at lower microwave

frequencies.

In recent years, two size reduction methods have become popular. The first one is the
substrate integrated folded waveguide (SIFW) [14]. Maintaining all the advantages of SIW,
it has a further reduction on the transverse size. Another one is the half-mode substrate
integrated waveguide (HMSIW) [15], which have the size reduction on the total metallic

cross sectional area.

The SIFW has a smaller package, compared with RWGs. In fact, since the height of the
guide is not important, the volume of SIFW can be much smaller. It can be easily integrated
with other planar devices and used at low millimeter-wave frequency range. This technique

has been widely used in antenna systems [ 16], filter systems [17] and couplers [ 18] etc.



The HMSIW almost reduced the width and total metallic surface of the SIW by half. For
the dominant mode of a SIW, it has the maximum E-field value in the symmetric central
plane along the transmission direction. Thus, if the waveguide is cut into half along the
vertical middle direction, the cutting plane can be considered as a magnetic wall. With the
large width-to-height ratio (WHR), the HMSIW can still keep the original field distribution
in order to propagate the half guided waves [15]. Based on this new technique, some
components have been designed such as couplers [19], filters [20] and the propagation

properties have been analyzed [21].

On the other hand, in recent years, electromagnetic metamaterials (MTMSs) have been
demonstrated with the properties of negative permittivity and permeability, backward-wave,
left-handed propagation, etc [22]. The most popular application of the MTMs is the left-
handed (LH) structure, in which the electric field, magnetic field and wave vector follow a
left-hand rule rather than the conventional right-handed propagation. A practical
transmission line is the composite right/left-handed (CRLH) line, which contains two pass
bands - right and left-handed regions. A stop band may occur between them. Under the
loss-less condition, the complex propagation constant of CRLH transmission line y can be
purely imaginary y = jf§ in the pass band and be purely real y = « in the stop band.
Dispersion and attenuation curves of CRLH line are shown in figure 1.1. For a given phase
shift @ [figure 1.1 (a)], the signals can propagate at the lower frequency f; in the left-handed
range, rather than the higher frequency /> in the right-handed range. Due to the frequency
dependant wavelength 4 (A = v/f, v is the constant phase velocity of materials, f is the
frequency), the size of the structure can be reduced corresponding to the reduced
wavelength in LH region. In figure 1.1 (b), an example of group velocity (V) curves versus
phase constant is shown. The group velocity presents the slope of the phase velocity (7)),
In left-handed range of CRLH line, the phase velocity becomes negative and the group

velocity keeps positive. This causes the backward-wave propagation.
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Figure 1.1. CRLH transmission line (a) dispersion and attenuation curves, (b) group

velocity curves

In this thesis, we introduce the stripline CRLH lines, multilayer substrate integrated folded

waveguides, half-mode substrate integrated waveguides and their novel applications.




Furthermore, theoretical analyses based on the transverse resonance technique are proposed

to build up mathematical models for systematic researches.

1.1 Outline of thesis

The aim of this thesis is the development of miniaturized guided wave structures and

applications.

Chapter 2 introduces the metamaterials line. Two novel types of CRLH transmission line
formed in the shielded stripline have been simulated and fabricated. In the same chapter, a

transmission matrix analysis is applied to define the equivalent circuit of the structure.

In chapter 3, a general discussion of multilayer substrate integrated folded waveguides is
proposed, including the designs of transitions to microstrip transmission. Furthermore, the

narrowband and half-mode waveguides are introduced.

In chapter 4, a novel planar half-mode substrate integrated waveguide is presented. We
discussed the propagation properties and how the configuration of the structure affects the
loss and bandwidth of the waveguide. Then, the determination of cut-off frequency of

planar half-mode SIW is described by using transverse resonance technique.

Chapter 5 shows a novel switchable SIW based on the design of chapter 4. The propagating
mode of the waveguide can be switched between two types of mode via the biasing of pin

diodes.

In chapter 6, a further research based on the transverse resonance technique explains how
loaded components in the SIW circuit affect properties of the propagations. Two situations
— distributed capacitance and periodically load components are presented. Furthermore, a
novel tunable phase shifter is demonstrated with the advantages of easy fabrication

processing and small size.

Chapter 7 summarizes the results of the thesis and gives suggestions for the further research

on the half-mode SIWs.
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2. Metamaterials lines

Electromagnetic metamaterials (MTMs) have been well developed in recent years. The
MTMs structures are effectively homogeneous that the average cell size p is smaller than a
quarter of wavelength (4/4) and the condition p=A/4 is the effective-homogeneity limit.
MTMs have properties of equivalently negative permittivity £ and permeability u that are
unusual in nature [1]. Most of the metamaterial lines are periodic structures, which contain
small electrical scatterers (inclusions) embedded into a dielectric host line. And the distance
between neighbouring scatterers is much smaller than a wavelength. The scattering
properties are similar to electric and magnetic polarizations, thus the permittivity & and
permeability 1 of the host line may be modified to be negative [2]. The double negative
parameters make the phase velocity V), propagate in the opposite direction to the flow of

energy, which relates to group velocity V. That is called backward-wave propagation [3].

The most popular application of the MTMs is the left-handed (LH) structure, in which the
electric field, magnetic field and wave vector follow a left-hand rule rather than the
conventional right-handed propagation. The pure LH circuit model consists of series

capacitors and shunt inductors (figure 2.1).

C
| |
o, O
I
- o 15
jwCy jwL,
o O

Figure 2.1. Pure left-handed circuit model of a single cell
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A transmission line approach of metamaterials has been introduced [4-7]. In the lossless

case, substituting Z and Y from figure 2.1 gives the propagation constant y

1 1
Jjw/L.Cy, w+/L;C;, 1)
Thus, the phase constant f is negative
Y (22)
~ wVIC '

The characteristic impedance Z,

_ A
ZC_\/;_\/; (2.3)

The phase velocity V),

v, = % = nl® i (2.4)

The group velocity V,

dw
Vg :ﬁ: w?\/L.C, (2.5)

The dimensions of L, and C;, are values per meter. Compared equation (2.4) and (2.5), the
phase and group velocities are antiparallel. They have the same absolute value, but opposite
in sign. The group velocity associates to the direction of the energy flow. Thus, the effect of

this property is that the phase shifts backward to the energy flow.

In wave propagation along structures, other natural effects are caused by the associated
currents and voltages. A series inductance Ly is presented by the current flow over ;. and a
shunt capacitance Cy is presented by the existing voltage between the upper conductors and
the ground plane. Hence, considering the right-handed (Lz Cj) contribution to the left-
handed (L, C}) reactance, the composite right/left-handed (CRLH) structure is introduced
[8] [9]- The equivalent circuit of CRLH transmission line is in figure 2.2.
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O I I VA A O
—— G =
[o2 O

Figure 2.2. Equivalent circuit of CRLH transmission line

At low frequencies, Ly and Cp are short and open, so the equivalent circuit is simplified to
be the left-handed (L, C;) which has antiparallel phase and group velocities. Therefore,
below a certain cut-off frequency, LH stopband is present. At high frequencies, L; and C;
are short and open, so the equivalent circuit is the right-handed (Lg Cp), in which phase and
group velocities are parallel. Therefore, above a certain cut-off frequency, RH stopband is
present. If four elements Lz Cr L, and C; all contribute to the transmission characteristic,
then it is called CRLH.

2.1 CRLH transmission line characteristics

Figure 2.3 shows the dispersion figure of a CRLH line [1]. The figure also includes pure
LH, RH and “balanced” CRLH dispersion curves

w
it —— CRLH dispersion curve
i
il A ] e Pure right-handed Transmission line
/ (+x axis range)
/ ; N Pure left-handed Transmission line
¢ PLH :"w,,;.:', 3 : (-x axis range )
. ~ .
4 S se / T " " . .
M ' /,. "‘Balanced" CRLH dispersion curve
i LI OAP: 1 ¥/ :
_..” 0 '{-.JT ﬂp

Figure 2.3. Theoretical dispersion figure of a CRLH line in [1]
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In this figure, the CRLH transmission line propagates between the LH and RH gap. The
left-handed propagation starts at w.; and stops at the resonance frequency ws,; then, the
right-handed propagation starts at the resonance frequency wgy, and stops at w.z. In the
dispersion, -n~0 is the LH range that contains pure left-handed (PLH) curve. Z; is the PLH

impedance.

Ly
Z, = \/;L (2.6)

and O~m is the RH range that has pure right-handed (PRH) curve. Z is the PRH impedance.

Zp = \/ICJ:}I: (2.7)

A CRLH structure has a LH range and a RH range, but the dispersion curve in each range is
different from that of PLH and PRH curves. That is caused by the combined effects of LH

and RH contributions at all frequencies.

Referred to the figure 2.3, the resonance frequency of series components is wg,

1

The resonance frequency of shunt components is wgy,

s = rad/s (2.8)

rad/s (2.9)

1

Wsp = m
Normally, if these two resonances are different, there is a gap between the LH and RH
ranges, which is called “unbalanced”. The CRLH has two curves in both ranges. However,
if two resonances are equal, which is called “balanced”, the gap disappears. The CRLH will
become a continuous curve and cross the Y axis at the transition frequency w, (referred to
figure 2.3). At this frequency, the phase constant f is zero and the propagation has an

infinite-wavelength. In this particular case, ws, = wgy, is equivalent to

LRCL = LLCR (2.10)
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or equivalent to
Z, = Zn (2.11)

The guided wavelength for the CRLH transmission line is

1 = 2 2 212
RRT] R ) (212)
Wp W
Where o is the operating frequency and two variables are
1 1
= = (2.13)

Wp = , W
kG LGy

This equation suits for the unbalanced and balanced case. At low frequency, 4, is small. As
the frequency increases, A, increases. At the transition frequency wg, 4, = oo, which means
the electrical length of the line is zero, 8 = [/1, = 0. When the frequency increases to the

RH range, 4, starts to decrease.

There are numbers of advantages under the balanced case in CRLH transmission line, such
as the constant frequency independent characteristic impedance, no stop band and broad

bandwidth, nonzero group velocity and zero phase shift at the transition frequency, etc.

The applications of metamaterials are widely covered in many areas, such as antenna
systems [10-13], coupler systems [14-16], filter systems [17], resonators [18] [19], etc.
Furthermore, the research for the waveguide to obtain the left-handed characters has been
proposed [20] [21]. Particularly, under the balanced case, the phase constant is zero and not

related to the physical length of the structure.

Referred to figure 1.1, we see that for a given phase shift and therefore wavelength, the LH
region occurs at a much reduced frequency and thus provides a reduced size for any device
that is dependent on wavelength. A waveguide miniaturization by the propagation below

cut-off frequency is shown in [22].

In this chapter, we will introduce two types of novel metamaterials models, then simulated

and measured results are presented.
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2.2 Designs of the shielded stripline CRLH transmission lines

The host line of our designs is the shielded stripline. The stripline is a purely TEM line as
well as being completely shielded and the model becomes easy to analyse [23]. Since
stripline is TEM, the geometry and equivalent circuit of the shielded stripline is shown in

figure 2.4.

Figure 2.4. Geometry of the shielded stripline and equivalent circuit

The stripline consists of the series inductors and shunt capacitors. The characteristic
impedance of the shielded stripline is determined by the capacitance and inductance per

unit length of the stripline.

L 1 N
RN Vo T T (214

Where L and C are the inductance and capacitance per unit length of the stripline, ¢ is the

speed of light in the free space, and €, is the dielectric constant of the substrate material.

It is well known that the capacitance per unit length C is determined by the values of a, b
and w in the shielded stripline. Therefore, in our design, the dimensions of a, b and w are

chosen to make the Zj equal to 50Q2.

The purpose of our design is to build periodic structures, which contain small electrical
scatterers to obtain the left-handed characteristics at lower frequency. There are two types

of unit cell designed in this chapter, one is called “planar” and another is “via”.
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Figure 2.5 shows the geometries of the unit cells and the equivalent circuit.

Propagation direction

C

o—

L

(@) (b) (©

Figure 2.5 Geometries of unit cells and equivalent circuit. (a) planar type, (b) via type, (c)

equivalent circuit.

In the figure, the dash line plane is the middle layer of the model and the dash arrow points
to the propagation direction. As we can see that the gap between two discontinuities will
perform as a series capacitor C;. For the planar type, the slim metal in each discontinuity
which connects to the side wall of the host line will perform as a shunt inductor Z,. For the

via type, the metallise vias can be considered as the shunt inductors L.

By embedding the circuit elements of inclusions, the original stripline will become the
conventional transmission line with series capacitors and shunt inductors. Therefore, the

equivalent circuit is complicated and the model of one unit cell is shown in figure 2.6.
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Figure 2.6 Equivalent circuit of CRLH stripline

2.2.1 The transmission (ABCD) matrix analysis

The transmission matrix formalism provides a convenient method to describe the
characteristics of two or more two-port networks [23]. Before the simulations, the ABCD
matrix analysis can approximately present the affects of all elements in the equivalent

circuit.

The characteristics of the waveguide parameters such as Z, Y and S can be represented by
applying the matrix method. In an N-port microwave network, once the voltages and
currents have been defined at various points, the impedance matrices of circuit theory can
be used to quantify the reactance. Then the matrix description of the network can be
determined. The impedance matrix (Z) of the N-port microwave network relates voltages

and currents in matrix form as
V] = [Z][1] (2.15)

The parameters of a two-port network can be defined by a 2 x 2 or ABCD matrix (figure

2.7) [23]. The total voltages and currents can be written as:
V, = AV, + BI, (2.16)
11 = CVZ + DIZ (2.17)

Or in matrix form as:

[[1/11] - [21 g] [‘1/22] (2.18)
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11 12
—» — s
+ A B *
Port 1 ; | c D Vs : Port 2

Figure 2.7. A two-port network

For the cascade connection of two-port networks (figure 2.8) [23], the individual matrix

CXpI‘CSSiOﬂS are:

11/11]:[?:1 gi”m (2.19)
‘1/22]: /cli gi] [11/33] (2.20)

To get the total ABCD matrix of the cascade connection of two-port networks, we can

substitute these two matrices.
Vil [As Bl] [A2 Bz] [V3]
fl=le oz 2ll: (2.21)

The order of the multiplication of the matrix must be the same as the order of the arranged

networks.
I I I3
— > —_— — >
PR ST S R,
= Ay By + [Az Bz] +
= ‘/1 61 Dl = Vz CZ DZ — V3

Figure 2.8. The cascade connection of two-port networks

The purpose of using this method is to define the change of phase constant g with the
frequency. As long as we get the f — w figure, we could compare it with the dispersion

figure of the composite right/left-handed transmission line.
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The equivalent circuit of our design (figure 2.9) can be considered as a cascade connection
of two-port networks. We could assume three two-port networks consist of one unit cell. If
the ABCD matrix of each individual network can be formed, the multiplication of all the
matrices will be the total parameter expression. The parameters of each part can be easily

found in the text book [23].

Part 1 Part 3
o Part2 o
{ & N Lz |/ \
'[0—1 I_o_\fwv\j__/vvv\. "ll
L.
'l\o cf} —l_CR O O /
7 > /
WL ~

Figure 2.9. Three two-port networks of our design

The circuit of part 1 is a series capacitor, which can be considered as a series component in

the circuit (figure 2.10).

C
o—”—o o— 2 —20
el

o 2 °

Figure 2.10. A series component circuit
And its ABCD parameters are:
A=1;B=Z2;C=0;D=1 (2.22)
Transferring the capacitance C;, to the impedance expression, it is:

_ 1
_ijL

(2.23)
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So the ABCD matrix will be:

A, Bl]

1
! ijL} (2.24)
0o 1

Part 2 is a small length of traditional transmission line with the impedance Z, and phase

constant S, and its circuit can be simplified in figure 2.11.

Lp_ LR.

o}

Q
o}
O

e
o
\J

Figure 2.11. Conventional transmission line circuit

The ABCD parameters are:
A =cosByl,B = jZysinfyl,C = jY,sin Byl, D = cos Syl (2.25)
In the parameters, [ is the length of the transmission line.

So the ABCD matrix will be:

4, Bz] _[ cos fiyl jZosin[i’Ol]
C, D3]~ |jYysin Byl cos Byl (2.26)

The phase constant f of the transmission line is:

By = (2.27)

| e
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Where V), is the phase velocity. Because the host line we use is the stripline, so in TEM

c

mode, V, = Here, ¢, is the relative permittivity of the stripline material. So:

N =

w  w\e,
. 2.28
bo= =" (228)

Part 3 is a shunt inductor, and figure 2.12 shows the circuit with a shunt component.

. . O I O
rtLL e Y
o—g—o 5 | &

Figure 2.12. A shunt component circut

The ABCD parameters for this circuit are:
A=1,B=0,C=Y,D=1 (2.29)

Y is the inductance value L, and transferring the inductance to the impedance expression is:

1
—_ —_— 2.
jwlL;, (2.30)
So the ABCD matrix will be:
1 0

A; B
[C3 1)3]: 1 1] (2.31)

3 3 ijL

Now, all parameters of three two-port networks have been settled. If we say matrix X is the

final multiplication of these three matrices. So

¥ = A B] _ [A1 Bl] [Az Bz] As 83]

~lc pl I¢, DlC, D,]IC; Ds

" 1
= [ joCy,
0 1 -

] . 1 0
[ cosBol  jZ, smﬁol][ 1 ] (2.32)
. .
jwLy,

JjY sin Byl cos B!l
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Our structure consists of symmetrical periodic unit cells along the transmission line and it
can be considered as the composition of the cascade connection of two-port networks.
Through the analysis of the infinite periodic structures, we could use the ABCD matrix to

define the voltages and currents on each side of the multiple unit cells [23].

Vn] _[A B [Vn+1]

[In B [C D] 1n+1 (233)
We define the length of each unit cell is d, so the propagation factor is e 7¥<.

Vll+1 = Vne_yd' I7l+1 = ['Ile_yd (2'34)
Comparing (2.33) with (2.34) gives

eyd_(A+D)iw/(A+D)2—4
B 2

(2.35)

y =a+jf . For symmetrical networks, if we only consider the lossless case, the

attenuation constant a is zero in the passband. So the formula could be transferred as:

1 ((A+D)+(A+D)*—4
JjB = a—ln 5 (2.36)
Now for our structure, we already have the ABCD matrix X of one unit cell.
A B |1 cosBol  jZysinBoll] T ©
_ _ , 0 0 0 1
x=[ p] joC, [jYO sinfByl  cos Byl ] [ ] (%37
1 JjwlLy

Now in the equation for X, if the transmission line has a certain length / and Z=509, there
are only two variables C; and L; except frequency w. By inputting the variables, an
approximate phase constant value can be calculated. If X matrix can be solved to get value
A, D, then the imaginary part of equation (2.36) can be plotted with w. The g — f plots are
shown in figure 2.13 under “unbalanced” and “balanced” cases. The length / is 0.5mm,
under “unbalanced” case, C;=0.067pF, L;=0.4nH and under “balanced” case, C;=0.095pF,
L;=0.24nH.
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This dispersion figure in figure 2.13 shows that our design could provide the left-handed
propagation. That is because in f < 0 range, the phase velocity V, = % < 0, and also the

group velocity V; = -i—;’ > 0. Thus, we have the left-handed propagation.

In the unbalanced diagram, the left-handed region is from 14GHz to 23GHz, and the right-
handed region starts at 38GHz. The stopband exists between them. The shape of this curve
is exactly the same as the theoretical CRLH plot (figure 2.3) [1]. The input PLH impedance
Z; does not match with the PRH impedance Zz

By changing the value of Z; and (7, the balanced condition can be achieved (figure 2.13b).

The dispersion has the perfect continuous curve across the special f = 0 point.

This method can approximately locate the value ranges of series capacitance C; and shunt
inductance L; before the actual structure design. However, the practical design will include

other contributions which make the circuit more complex.

{fijeilats. i o R B

B8r Right-handed
region

4' Left-handed
;,; ,¢'3- region «— | Stopband i

e 0E 0N eI ST ET e Bl
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Figure 2.13. f(rad) — f plots. (a) unbalanced case ( C;=0.067pF, L;=0.4nH ), (b)
balanced case ( C;=0.095pF, L;=0.24nH )

2.2.2 The calculations of series capacitance C; and shunt inductance L,

The values of the capacitance C;, and inductance Z; in the left-handed circuit part are very
important in the design process of the structures. There is a method to calculate the
approximate values in HFSS. We can simulate the single cell and plot the imaginary parts
of Y/Z parameters. By dealing with the slopes of plots, the impedance L, and C; can be
determined. Ansoft HFSS is the software we use to optimize and simulate the real project

models. Most of the simulated results in this thesis are from this software.

Series capacitance Cy,

The series capacitor C;, is formed by the gap with the length of d between each unit cell. To

calculate the series components, Y parameter is straight forward. In HFSS, two pieces of
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metallised planes are parallel set in the dielectric materials. Although the metallised planes
will have shunt capacitance contributions, the capacitance values are quite small and the
series capacitance C; will dominate the transmission characteristic. A simple simulation

can be set in HFSS.

E-plane ;

i ] N Port 2

l N /\_.‘ /
Port 1 Port 2 % .

/\\
Port 1 18
& S~ \/" ¢ ] I
3 E:} E-plane

@ (®)

Figure 2.14. Models of (a) planar unit cell, (b) HFSS.

The figure (a) is the geometry of the model, and (b) is the practical model in HFSS. The E-
plane boundary condition needs to be applied at the side walls. The top and bottom layers

are perfect electric boundaries.

If we let d=0.5mm, the imaginary Y plot is shown in figure 2.15. In fact, there is no
material dispersion. Therefore, the capacitance Cj, calculated at lower frequencies can be

assumed as the same value at higher frequencies.
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Figure 2.15. Imaginary Y parameters (d¢=0.5mm)

The magnitude of Y parameter is linear. The capacitance Cy is:

AY 1

6 =55 (2.38)

The point m1 is at 3GHz, and m2 is at 4GHz. Af = 1GHz. According to the Y values of

these two point, AY = 0.00074. So the approximate value of the series capacitance is:

_0.00074 1 RleE e
The value of (7, is related to the gap d between two units. Figure 2.16 shows the plot of the
series capacitance C, varies with gap d. It is clear that the series capacitance decreases as

‘the gap becomes larger.
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Figure 2.16. Series capacitances versus gap d

Shunt inductance L,

In our design, the shunt inductor Z; with the length / is formed by the metal plane or post
which is connected to the metallised wall of the structure. Figure 2.17 shows the

geometries and HFSS model of two types.

Port2

(a) (b)

Figure 2.17. Unit cell and HFSS simulation models of (a) planar type, (b) via type.
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Although the metal plane along the signal transmission direction will create a series
inductance, it has very little effect on the shunt inductance L;. The length of / will

determine the shunt inductance value.

The shunt inductance L, can be calculated by the slope of the Z parameter plot. If we take

the planar type as an example and let the /=1.4mm, figure 2.18 shows the Z-f diagram.

Name X Y XY Plot 3 HF SSDesign1
m | 20000 | 4.0827
m@ | 40000 | 5.4501 ; Curvehio
R : | —— mEg((WaveRor2 WavaFor )
1400 : T - - Setup? : Swespl
1200
1000
8 ;
6.0
: | f
4.00—] | [
] [ |
] ’ i
200 { |
0.00 : — | D SRS N S O S L ‘ = .
0.00 240 sdo 500 sdo 10,00 12:00
Fraq [GHZ]
Figure 2.18. Imaginary Z parameters (/=1.4mm)
Ly = Az 1 (2.40)
L™ Af2n '

The point m1 is at 3GHz, and m2 is at 4GHz. Af = 1GHz. According to the Y values of

these two point, AZ = 1.45. So the approximate value of the shunt inductance is:

1.45 1
L =To5 5~ 023nH (2.41)

The inductance value will increase if we make the metallic slot longer. The plot of the

shunt inductance L; varies with length / is shown in figure 2.19.
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Figure 2.19. Shunt inductances versus length /

The left-handed elements L, and C; can be calculated with respect to the pure LH
impedance Z; = +/L;/C,. The pure right-handed impedance Zr = \/Lg/Cy is related to

the characteristics impedance of stripline. The gap d and slot length / can be changed to
have the proper Z;. If we approach the balanced case of CRLH transmission line, the

condition Zr=Z; needs to be satisfied.

2.3 Planar type CRLH transmission line design and fabrication

The first design is the planar type. We embedded the host stripline with ten unit cells
periodically along the middle plane. The geometry of the HFSS model with ten unit cells

and the dimensions of the structure are shown in figure 2.20.

In the structure, each port has the stripline as the host transmission line. Between these two
striplines, there are series planar discontinuities in the middle plane. The gap between two
discontinuities is very small, only 0.5mm, which is much less than A/4. Each cell has a slim
slot which connects to the side-wall. The boundary condition of the shielded stripline box is

perfect electric conductor.
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Figure 2.20. (a) HFSS model of ten unit cells, (b) dimensions of the structure.

The animation plots of magnetic field in the plane passing through the axis of the structure
clearly show the propagation of the phase (figure 2.21). The energy keeps transmitting from
port 1 to port 2. The phase change in the right-handed propagation part follows the same
direction of the energy flow. However, because of the negative phase velocity during the
left-handed transmission, the phase shifts to the opposite direction of the energy flow. That
is the “backward-wave” [3]. The dash lines in figure 2.21 show the shift of the wave peak

in a certain phase change period.
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Figure 2.21. The animation plots of electronic field intensity at different frequencies

2.3.1 Phase constant dispersion figure and simulated results

The phase constant dispersion curve shows how the phase changes in degrees while the

frequency increases. At the beginning of the design, we need to check the dispersion

diagram to verify the left-handed propagation exist in our structures. Figure 2.22 shows the

dispersion figure of one unit cell of the planar type.




31

The simulation is set in HFSS eigenmode while the periodic boundary condition has been
applied to the unit. In this diagram, the dispersion curve has the same shape as the
theoretical plot (figure 2.13), but it is the unbalanced case. The left-handed range is
approximately from 14GHz to 15.7GHz. The stop band occurs around 16GHz. The left-
handed part, as expected, has the negative phase velocity which is opposite to the group

velocity. This proves that our structure is a CRLH transmission line.
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Figure 2.22. Dispersion curve of planar type CRLH line

Figure 2.23 shows the magnitudes of S parameters in HFSS. The blue line is S;;, and the
red line is S;;. Both are presented in dB. A clear stop band is between these two kinds of
propagations. Corresponded to the phase dispersion figure in figure 2.22, there is a left-
handed propagation between 14.4GHz to 15.7GHz and the right-handed propagation starts
at 17.9GHz. It is quite hard to locate ranges of the pass band and stop band precisely in S
parameters. Because at the stop band of a structure with the length /, the attenuation
constant o expresses in dB/m is 20log;q e~ % . Therefore, the slope of the curve is
determined by the length of the structure. Thus, we defined ranges of pass and stop band

from the theoretical dispersion plot in S parameters. In figure 2.23, the left-handed pass
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band propagates well and reasonably matches with the dispersion curve. Unfortunately, the

right-handed pass band S parameters are not good enough, that may because the transition

does not match properly for this band.
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Figure 2.23. Simulated S parameters of planar type CRLH line

We could not achieve the balanced case, because the limit distance can be reached in the
mechanical workshop. For instance, the gap of 0.5mm can only provide 0.12pF series

capacitance, which much smaller than required to satisfy the balanced condition Z; = Zj.

2.3.2 Fabrication techniques

By using the conventional PCB fabrication methods, all the waveguides and the
transmission lines can be manually made in the mechanical workshop. In this section, the

series of vias method and the standard fabrication processes are introduced.
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The traditional PCB board does not have the copper foil along the vertical direction. Thus,
the conducting wall is not straight forward to manufacture. In microwave circuit design, the
series of conducting vias along the wave propagation can be considered as the conducting
walls of the guide. The distance between two vias must be much shorter than the
wavelength. This technique is practical and the drilling machine can do the job perfectly in
the workshop. The drilling machine in the mechanical workshop is LPKF Protomat C60

machine. Figure 2.24 shows the process how the vias consist of the conducting wall.

Copper foil of the
PCB board

Conducting vias

Form array of holes

Metallise holes

Figure 2.24. Procedures of conducting walls substituted by series of vias

In HESS, the planar type of metamaterials line is set to be an example (figure 2.25). The
two series of conducting vias consist of the two side walls. It is clear to see that these two

series of vias are like the conducting walls and keep the energy mostly inside the guide.
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Figure 2.25 Simulated field plot where picket fence side walls substituted by series of vias

2.3.3 Standard PCB fabrication process

Our design is a two-layer structure. At the beginning, the masks for both layers need to be
printed on the plastic film individually. The position of the holes on both layers must be

corresponding to each other. The steps below show the process of one layer fabrication.

The PCB board needs to be cut in the approximate size by using the hand guillotine, and
put into the drilling machine to drill the holes. After the drilling, the photo resistive
laminated films apply to both sides of the board and then expose. After the exposure, the
PCB board will be etched.

The host transmission line in our design is the stripline. Therefore, the SMA connecter has
to be soldered on to the layer which has the middle circuit first. After soldering the SMA

connecters on both ends, the two layers PCB boards are assembled with copper vias.

Rogers 5880 material is used to fabricate the waveguide. The relative permittivity of the

substrate is 2.2 and the thickness is 3.175 mm. The total thickness of the structure which
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consists of two dielectric layers is 6.35 mm. The diameter of the metal conducting vias is

0.5 mm, and the distance between vias is Imm.

2.3.4 Measurements

The measurement is performed on the Anritsu 37397C vector network analyser with
coaxial calibration. Compared with the simulated results, the insertion loss increased
significantly to approximate 2-4dB. The dielectric and conductive loss are unavoidable.
Also, during the fabrication, the loss may be greatly affected by the solder work and the

gap that exists between layers and etc.

Figure 2.26 shows the measurement results. The frequency range of the left-handed
transmission is from 14.2GHz to 15.5GHz, which is roughly matched with the simulated
results. The right-handed part is from 18.9GHz to 21.5GHz, and the stop band range (S, <
-10dB) is about 3GHz. The insertion loss is less than 3dB for both parts.

The reflection line S;; is below -10dB at least in the two transmission regions. Both S

parameters compares well to the simulated ones.

Frequency (GHz)
0
1 22

-10 A

220 - E — 511
@ ! —_—521
© ' RH pass band

-30 A "

/ Stop band
40
LH pass band

Figure 2.26. Measured results of planar type CRLH line
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2.4 Via type CRLH transmission line design and fabrication

The via type CRLH transmission line is very similar to the first type, but using a via to
connect the top and bottom metallisation. The geometry of ten unit cells model and

dimensions of structure are shown in figure 2.27.

top Iayer\

bottom layer —

center conductor

A|B|C |D |E
105 |1

(@)

(b)
Figure 2.27. (a) HFSS model of ten unit cells, (b) dimensions of the structure.

In this design, the gaps between each discontinuity still form the series capacitors C; and
the distance between two unit cells still determines the series capacitance C;. The
metallised vias can be considered as the shunt inductors Z;. The height of the cylinder via
will determine the value of Z;. The advantage of this type is that the vertical vias have little
coupling with other components of the guide. However, due to the PCB fabrication
technique, the height of via which relates to the shunt inductance L, is difficult to change.

Figure 2.28 shows the dominant mode in the via type CRLH line.
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Figure 2.28. Dominant mode in the via type CRLH line

2.4.1 Phase constant dispersion figure

Figure 2.29 shows the dispersion figure of one unit cell of the via type CRLH line. As

shown in the planar type, the metal vias can also support the left-handed propagation.

2.5E+10 ~
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Figure 2.29. Dispersion curve of via type CRLH line
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From the dispersion curve, the left-handed range is approximately from 10GHz to 13GHz,

and the right-handed range starts at 14GHz. There is 1GHz stopband.

2.4.2 Simulated and measured results

Figure 2.30 shows the magnitudes of S parameters in HFSS. The blue line is S»;, and the
red line is S;;. Compared with the planar type results, the left-handed region of the via type
increases significantly. It is from 9.9GHz to 12.9GHz, which reaches 3GHz range.

Compared with the dispersion curve, the left-handed ranges show good agreement.
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Figure 2.30. Simulated S parameters of via type CRLH line

Figure 2.31 is the measured results from the analyzer. Actually, the results are not as
successful as simulated. The left-handed period only has a peak point at 14.5GHz; the
insertion loss is very high as well. The main reason is attributed to the crude fabrication

technique that was used and the complex structure. The vias in the center which forms the
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shunt inductors are difficult to adjust accurately. During the assemble process, the vias are
too easy to twist or move. The result may be much better if a professional fabrication

process is applied.

Frequency (GHz)

—S11
—S21

dB

Figure 2.31. Measured results of via type CRLH line

A photograph of the fabricated structures is shown in figure 2.32.

{

Planar type ] Via type

Figure 2.32. A photograph of the fabricated structures
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2.5 Summary

In this chapter, a general introduction of metamaterials (MTMs) is given. The composite
right/left-handed (CRLH) transmission line is presented, which is one of the most popular
of MTMs with unusual properties, such as left-handed propagation, double negative
parameters, negative phase velocity, backward-wave, etc. The dispersion curve of CRLH

line is shown and the advantages of the special f = 0 point are introduced.

We used the transmission matrix analysis to approximately compute the equivalent circuit
of the design and the dispersion curve of CRLH line is demonstrated. This method can be
used to roughly determine the left-handed range by changing shunt inductance Z; and series
capacitance (' in the matrix. This is very important for the structure to reach the
unbalanced case or balanced case. Then, the calculation through HFSS shows how the

dimensions affect shunt inductance Z; and series capacitance C;.

Two new types of CRLH transmission lines are presented - the planar type and via type.
CRLH transmission is achieved in the host shield stripline is novel. All embedded electrical
scatterers are shielded inside the stripline with the advantage of no radiation. By analysing
the field distributions and dispersion curves, both lines have the significant left-handed
range with backward-wave, negative phase velocity. Another advantage of our design is

that the periodic units are very simple, unlike the interdigital slots on the metal surface [21].

Both CRLH lines have good simulated S parameters in the left-handed propagations,
however, due to the crude fabrication technique and the complexity of the multi-layer
assembling, the measured results have more insertion loss, especially in via type. A better

fabrication environment can greatly improve the results.

This work has been presented at the third International Congress on Advanced

Electromagnetic Materials in Microwaves and Optics — Metamaterials, London, 2009 [24].
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3. Multilayer folded waveguides

In the microwave and millimetre-wave systems, rectangular waveguides (RWGs) have
been well developed for many years. However, it is quite hard to integrate planar circuits
with RWGs because of their three-dimensional nature. In recent years, some techniques
have been developed to allow integration, such as the post wall waveguide [1], laminated
waveguide [2], and substrate integrated waveguide (SIW) [3]. Compared with the RWGs,
these new waveguides have the great advantage of easy integration with planar circuit, low
cost and size reduction. SIW can be designed by using low temperature co-fired ceramics
(LTCC) [4], microwave laminates [2] and photoimageable thick-films [S], which are the
conventional microwave fabrication techniques. Based on the research on the
characteristics of the SIW [6-8], lots of high performance devices have been demonstrated
[9-12]. But at low frequency, the SIW is very wide. In order to reduce the transverse size of
SIW and enhance the bandwidth, the folded substrate integrated waveguide (FSIW) has
been proposed [13] [14] and applied for filters [15], antennas [ 16], couplers [17] etc.

In this chapter, the multi-layer substrate integrated folded waveguides are presented. The
designs of transition and tapers are introduced. Then the narrowband waveguides are
presented, which have applications on filters [18]. In the end, the multilayer folded
waveguides are cut in the middle vertical, and each half part can support the half mode

guided waves.
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3.1 Two, three, four layers folded substrate integrated waveguides

The multiple layers folded waveguides have been widely applied in many fields, such as
the folded waveguide filter, the antenna, the power divider, etc. There are two types of the
folded waveguide. One is T type, which means the rectangular waveguide is folded from
both ends to the centre. Another one is C type, which means the rectangular waveguide is

folded from one end to another end. Both types can have the vary size reductions.

An example of two layers folded T type waveguide is shown in figure 3.1. Compared with
the conventional waveguide, the typical folded guide has the half width a/2, but the double
height 25. The design of the multiple layers folded waveguide need to consider the
efficiency and the loss. Based on the design theory [19], the width of the waveguide, the
height, and the width of the middle layer will have a direct affect on the bandwidth and the

phase dispersion.

2b

r
 J

al?

Figure 3.1. Geometry of two layers folded waveguide

The attenuation constant plots are shown in figure 3.2 [19]. The losses of the folded
waveguide will increase as the number of layers increase. The conventional rectangular
waveguide has the lowest loss compared with the multilayer folded waveguides. The four
layers folded waveguide has the maximum width reduction; however, its loss is higher than

others.
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Figure 3.2. Attenuation constant plots in Rogers™ Duroid (&, = 2.2,tan 8 = 0.0009)

The geometries and dimensions of two, three and four layers folded waveguides are shown

in figure 3.3.

a/2 2b w a/3 3b w a/4 4b w
1548 127 3.06 1132651905 46 9 254 | 22
(@) (b) ©

Figure 3.3. Geometries and dimensions of (a) two layers, (b) three layers, (c) four layers

folded waveguide. (unit: mm)
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3.2 The transition design for multilayer folded waveguides

3.2.1 Microstrip transmission line

The microstrip line has been chosen to be the transmission line to be transitioned to the
folded waveguide. The main condition to choose the transition is that the field distribution
needs to be similar to the folded waveguide. The electric field of the microstrip line has the

maximum between the centre conductor and the ground plane (figure 3.4).

Ground plane

Figure 3.4. Microstrip line model

The electric field of the T type folded waveguide has the maximum between the top
metallise layer and the first layer. Figure 3.5 shows the E-field plots of the fundamental
mode in the folded waveguides. In each folded waveguide, the dominant region of the E-
field matches with the microstrip’s at the fundamental mode. The input impedance can be
easily controlled by changing the width of the microstrip line. The required impedance is
50 ohm.
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Figure 3.5. Fundamental E-field plots of (a) two layers, (b) three layers, (c) four layers

folded waveguide.
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3.2.2 Taper design

The taper is used to transform the 50 ohm impedance on the microstrip line to the
impedance of the folded waveguide. It is also important in the matching of the magnetic
field from the input line to the folded waveguide. Figure 3.6 shows the magnetic field
matching by the taper.

The middle layer

-+ Z
/’,//*tﬁ “
N—/ )
== X
(a) (b) (c)

Figure 3.6. Magnetic field in (a) Microstrip line, (b) Taper, (c) Folded waveguide.

In this figure, the red line denotes the magnetic field flow. In the microstrip line (a), the H-
field only has two components Hy and Hy. In the waveguide (c), the H-field has another
direction H, — the red dash line underneath the middle layer. The function of the taper (b) is

to make the magnetic field have a component in the Z direction.

The width and length of a taper will determine its performance. Normally, the length needs
to be less then A/4. Quite a few simulations of the optimization need to be done in HFSS, in

order to reach the maximum H-field matching.

Figure 3.7 shows the dimensions of the microstrip transmission line with the taper for each
type of folded waveguide. Because of the different width of each waveguide, the widths of

the microstrip line are different, which will give 50 ohm impedance on the port.
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Figure 3.7. Dimensions of the transitions for multilayer waveguides

The microstrip transmission line is always connected to the top metal layer of the folded

waveguide. The ground plane of the microstrip line will connect to the first metal layer of

folded waveguide. Figure 3.8 shows the geometries of the transitions. The two layers

folded waveguide is used as an example.

Microstrip line with the taper

Figure 3.8. Geometries of transitions

Ground plane for microstrip
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3.3 Simulated and measured results

Ansoft HFSS is the software we used to simulate the waveguides with transitions. The
dielectric material is Roger RT Duriod 6010 with the dielectric constant of &~=10.8. The
thickness of the material is 0.635mm. Figure 3.9 to 3.11 show the S parameters for
different numbers of layers. The brown lines are the magnitudes of Sy; in dB, and the red

lines are the magnitudes of S;; in dB.

Also, the bandwidth of each type has been calculated by f.»//.;. fe1 is the cut off frequency

of the fundamental mode and f;, is the cut off frequency of the second order mode.
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Figure 3.9. Simulated S parameters (dB) of two layers folded waveguide

The bandwidth of two layers folded waveguide is f.»/f./=2.9.
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Figure 3.10. Simulated S parameters (dB) of three layers folded waveguide

The bandwidth of three layers folded waveguide is f.»/f;=3.3.
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Figure 3.11 Simulated S parameters (dB) of four layers folded waveguide

The bandwidth of four layers folded waveguide is f.»/f./=4.
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The traditional PCB fabrication techniques are applied to manufacture the folded
waveguides. Figure 3.12-3.14 shows the fabricated waveguides with SMA connectors and
the measured results. We can see that the results are not as good as simulated. The
transmissions only operate in the limited range in each folded waveguide. However, the
crude fabrication techniques cause more losses and reflections. Additionally, assembling
the multiple boards manually is very difficult which has a negative affect on the

propagation.
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Figure 3.12. Measured S parameters of two layers folded waveguide
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Figure 3.13. Measured S parameters of three layers folded waveguide
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Figure 3.14. Measured S parameters of four layers folded waveguide
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A photograph of the fabricated structures is shown in figure 3.15.

Three layers

Figure 3.15. A photograph of fabricated structures

3.4 Narrowband folded substrate integrated waveguides

In last section, the broadband folded waveguides had been introduced, that have the
bandwidths f../f.; vary from 2.9 to 4. This section shows a brief design of the narrowband
folded waveguide, which will decrease the bandwidth to a certain level. Although the
bandwidth has been reduced, the size of the folded waveguide becomes smaller. This could
be the advantage in some narrowband application. However, the narrowband waveguides
have the disadvantage of high insertion loss, because the metallised planes are closed to the

side walls.
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Figure 3.16 shows the dimensions of the three types of narrowband folded waveguide.
They keep the same height, but the widths of the guides are shorter. The widths of the

planes inside have been increased to decrease the bandwidth.

b
a b w a b W a b W
11.5 127 10.35 8 1.905 6.6 4] 2.54 465
(a) Twolayers (b) Three layers (c) Four lavers

Figure 3.16. Dimensions of narrowband folded waveguides

Figure 3.17 shows the reduction of the bandwidth in each type of the folded waveguide.
Approximately, all the bandwidths have been decreased to 2, which is the same as

conventional waveguide.
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Figure 3.17. Bandwidth comparison between broadband and narrowband waveguides
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3.5 Multilayer half-mode folded waveguides

In this section, the half mode folded waveguide will be introduced. It is well known that the
folded waveguide has the maximum E-field in the first layer at the dominant mode. If the
guide is cut in the middle vertical plane, there will be an open plane in the first layer, which
is at the maximum E-field region. At the dominant mode, the open side can be considered
as a magnetic wall, and it will keep the original field distribution along the transmission
direction. The guide will propagate the half TE ;o mode, which is called as the half mode
folded substrate integrated waveguide. Some other groups had the publications at half mode

transmissions, such as [20].

Figure 3.18 shows the cross section views and the field distributions of each type of half

mode folded waveguide

[T 117

(a) Twolayers

(b) Three layers (c) Four layers

Figure 3.18. E-Fields of each type half mode folded waveguide

3.5.1 Simulations

In order to match the field distribution, the taper of the feed line need to be half as well.
The microstrip is still used as the transmission line. By optimizing the transition, the
propagations of half mode folded waveguides are shown in figure 3.19-3.21. The brown

lines are the magnitudes of S; in dB, and the red lines are the magnitudes of S;; in dB.



57

Ansoft Corporation XY Plot 1 HFSSDesign1
5.00

Y1
o
Q
o

Ll

Curve Info

—  dB(S(WavePort1,WaveFort1))
Setup1: Sweep1
— dB(S(WavePort2, WaveFort1))
Setup1: Sweep1

4.00
Freq [GHz]
Figure 3.19. Simulated S parameters (dB) of two layers half mode folded waveguide

The bandwidth of two layers half mode folded waveguide is f../f./=1.4.
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Figure 3.20. Simulated S parameters (dB) of three layers half mode folded waveguide

The bandwidth of three layers half mode folded waveguide is f.o/f.;=1.7.
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Figure 3.21. Simulated S parameters (dB) of four layers half mode folded waveguide
The bandwidth of four layers half mode folded waveguide is f..//.;=2.6.

Although the bandwidth of the half mode folded waveguides are narrow compared with the
normal folded ones, the sizes of the structures are further reduced. With some more

optimizations, the bandwidth of the half mode folded waveguide can be greatly improved.

3.6 Summary

In this chapter, the multilayer folded substrate integrated waveguide (FSIW) has been
presented. The purpose is to study how the FSIW works by optimizing the microstrip
transmission line and the taper. Novel transitions designed for the multilayer folded
waveguide are demonstrated. The four layers FSIW has the maximum bandwidth, which is
approximately twice than the normal SIW. However, due to the layer increases, the

fabrication becomes more complicated.
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Then a brief study of the narrowband waveguide is proposed. The cross section size of the
waveguide has been reduced as the bandwidth becomes narrow. A bandwidth comparison

of broad and narrow bands is shown.

The novel folded half-mode substrate integrated waveguide (FHMSIW) is presented which
has the further cross-sectional size reduction. The FHMSIW propagates half guided waves
and can keep the original E-field distribution. The half-mode SIW has been independently
discovered by other groups as well. A further research based on the half-mode substrate

integrated waveguide will be demonstrated in the next chapter.
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4. Planar half-mode substrate integrated

waveguide

The substrate integrated folded waveguide (SIFW) has been introduced in previous chapter,
and it has a further reduction on the transverse size of the SIW. However, for the multilayer
folded waveguide, the total metallic cross section area is not reduced [1], which means the
conductive loss keeps the same level as SIW. Recently, a half mode substrate integrated
waveguide (HMSIW) has been demonstrated, which has further width and metallic surface
reduction when compared to SIW. For the dominant mode of a SIW, it has the maximum
E-field value in the symmetric central plane along the transmission direction. Thus, if the
waveguide is cut into half along the vertical middle direction, the cutting plane can be
considered as a magnetic wall. With the large width-to-height ratio (WHR), the half part
can still keep the original field distribution in order to support the propagation modes. Each
half part can propagate the half guided waves [2]. This improved new structure is called
“half mode substrate integrated waveguide (HMSIW)”. Figure 4.1 shows the fundamental
mode E-field of these two kinds of waveguide. It is clear that HMSIW keeps almost half

field distribution and the open side works as an equivalent magnetic wall.

L
Y

e e g e

[

TTY

E-field in SIW
P
I I <+——equivalent magnetic wall
E-field in HMSIW

Figure 4.1. Fundamental mode E-fields in SIW and HMSIW
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While keeping most advantages of SIW, the size of the HMSIW is almost reduced by half
and the bandwidth becomes much wider [3]. Many applications have been designed based
on this new technique, such as antennas [4] [5], couplers [6][7], filters [8-11], and power
dividers [12] etc. Furthermore, half-mode waveguides can be easily integrated with other

planar circuits [13] or components [14].

In this chapter, a new planar half-mode substrate integrated waveguide is presented. This
new type HMSIW can easily integrate with other electric components and the bandwidth

can be well controlled by the slot on the top.

4.1 The design of planar half-mode substrate integrated waveguide

In this section, we present a new waveguide based on the HMSIW. Figure 4.2 shows the
process of the planar half mode substrate integrated waveguide. A metal plane has been
added on the right side which was the open side in HMSIW. On the top layer, a new plane
is added. Because of the plane on the top layer of the HMSIW, we call it as “planar-
HMSIW”. In PCB fabrication, components are hard to integrate between the top and
bottom layers on the open side of the HMSIW. In our design, a metal part is put on the top

layer of the open side in order to integrate other components along the slot.

HMS W planar-HMSIWY

A metal plane

The metal side
wall

Figure 4.2. Process of the new planar-HMSIW
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By adding this planar slot on the top, a very low capacitance exists along the air gap.
Additionally, even with this metallic surface, the field distribution is still very similar to
that of the HMSIW. We use HFSS to simulate the waveguide modes, and figure 4.3 shows
the port E-field comparison.

/ : -~

(a) HMSIW

{b) planar-HMSIVW

Figure 4.3. E-field comparison between HMSIW and planar-HMSIW

For the HMSIW, the maximum E-field is at the right edge of the waveguide, which is
considered as a magnetic wall. For the planar-HMSIW, the E-field plot is very similar to
the HMSIW, with the addition of fields under the planar part, which have little affect on the

fundamental propagation. Figure 4.4 shows the dominate mode with the transition.

Figure 4.4. Dominate mode with the transition
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The total width of the waveguide is a, and the height is . The geometry of planar half-

mode SIW is shown in figure 4.5.

o el | v
o
O

a
planar-HMS IV

Figure 4.5 Geometry of planar-HMSIW

According to the actual port field plot (figure 4.5), the dominant field distribution is very
similar to the traditional HMSIW. Because the planar part has little affect on the
fundamental mode propagation, we can approximately consider the effective width of the
planar-HMSIW is a.; = 2w. Thus, the cut off frequency of the fundamental mode can be
calculated approximately by:

C

_ (4.1)
2ae55\Er

fe

Here the effective width a,gf is the width of the full mode waveguide which has the same

dispersion curve as the half-mode SIW with the width of a.

We use the microstrip with 50Q port characteristics at the operating frequency as the
feeding transmission line. A well-designed taper integrates the microstrip to the waveguide.
Furthermore, the magnitude of the electric field only propagates half in the guide.

Therefore, the taper must be designed as the half model.

Figure 4.6 shows the difference of magnitude of the electric field on the top layer between
the full and half mode taper. These two kinds of taper all spread E field very well to match

the fields in the waveguides.



(a) Full mode taper

(B) Half mode taper

Figure 4.6. E-field comparison between full and half mode taper

4.1.1 Planar half-mode SIW simulation

The layout and dimensions are shown in figure 4.7.

Top view

¥ ]

Front view
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Figure 4.7. The layout and dimensions (unit: mm) of planar half-mode SIW
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Here we use the dielectric material with the permittivity 2.33, the effective width is 2w.

Thus, the fundamental mode f; is:

fe

€
=—— ~327GHz (4.2)
¢ 2aeff\/£,.

The Ansoft HFSS is used to design and optimize and the structure. The dispersion figure of
S from HESS is shown in figure 4.8.
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Figure 4.8. Simulated phase constant dispersion figure of the fundamental mode

This figure shows the imaginary part of the Gamma. The cut off frequency is
approximately at 3.2GHz, which is the same as the calculated result. The S parameter result

is shown in figure 4.9.

The simulation is set in a perfect environment without any conductive and dielectric losses.
All the metallic surfaces are perfect electric planes, and the PML boundary is set to absorb

any leaky waves. We see from figure 4.9 that Sy; has very little insertion loss during the
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propagation, and its cut off frequency is about 3.2GHz. The reflection S;; is almost below -

20dB over the entire band.
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Figure 4.9. Simulated S parameters (dB) of planar half-mode SIW

4.1.2 Fabrication and measurements

The convertional PCB fabrication technique is used to build up this waveguide in the
mechanical workshop. The material we use is Rogers RT Duriod 5870 with dielectric
constant g =2.33 and 1.57mm thickness. The drilling machine is used to drill series holes
on both sides, through which the copper vias could form the conducting walls. The vias’
diameter is 0.5mm and the distance between adjacent vias is Imm. In the end, a 50Q
impendence SMA connector is soldered on each port. Figure 4.10 shows the picture of the

fabrication.

The length of the structure is three times of the wavelength at SGHz. That is because we try

to put components on the top for further researches.
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Figure 4.10. Pictures of fabricated structure

The structure is measured by the Anritsu 37397C vector network analyzer. The frequency
range we use is from 1GHz to 8 GHz. Figure 4.11 shows the S parameter measurement

results compared with the simulation results.

The measured results and simulated results compared very well. Both cut off frequencies of
these two S, are around 3GHz, the insertion loss of measured one has about -1~2dB during
the fundamental mode and increases to -3dB above 6.5GHz. The manual fabrication

method and dielectric material and conductor loss may cause this problem.

The measured reflection S;; are all below -20dB in the fundamental mode, except two

reflection points reach to -17dB.



Frequency (GHz)

dB

—— Simulated S11, S21

--------- Measured S11, S21

Figure 4.11. Comparison between simulated and measured S parameters

4.1.3 Propagation modes discussions of the planar HMSIW

71 l
:
Conventional half-mode waveguide propagates half the guided TE,;(, mode as the
fundamental mode, which is called the TEqso mode. In the second order mode, which is |

TE, 5, the relative cut off frequency is three times that of TE .

Figure 4.12 is the field plots of these two modes in the typical half-mode waveguide. The
dominant mode has the maximum E-field near the magnetic wall which is the open side.
The TE, 5o mode varies with two maxima. This mode has one peak near the left edge and

another half peak on the open edge.
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Fundamental mode of
the HMSIW

1111

Second order mode
of the HMSIW

o 1

Figure 4.12. Simulated E-vector plots for the fundamental and second order modes for the

conventional half-mode SIW

In the planar half-mode SIW, we have the planar part on the right edge of the guide. Thus,
the field distributions are different from the conventional half-mode SIW. We found the
second order mode occurs at 6.2GHz, and the E-field has a maximum on the right edge.
Figure 4.13 shows the phase constant dispersion curves for three modes. Fig4.14-4.16

shows the E-field distribution on the port of each mode.

At the end of this chapter, we will have a theoritical discussion about the propagation

constant of this new planar half-mode SIW.
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Figure 4.13. Simulated phase dispersion curves for the fundamental, second and third order

mode for the planar half-mode SIW

Figure 4.13 shows the phase constant of the first three modes. The operating frequency is
10GHz. In fact, if they are the actual propagation modes, they should all converge to the
lightline, which is /€, k .
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Figure 4.14. Simulated E-vector plot for the fundamental mode of planar half-mode SIW

Figure 4.14 shows the dominant mode, and the field distribution is exactly the same as the

conventional HMSIW. The cut-off frequency of the fundamental mode is 3.2GHz.
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Figure 4.15. Simulated E-vector plot for the second order mode of planar half-mode SIW

The second order mode has a maximum E-field at the right edge of the waveguide. We

consider it is a propagating mode, and its cut-off frequency is 6.2GHz.
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Figure 4.16. Simulated E-vector plot for the third mode of planar half-mode SIW

The third order mode matches with the TE; 5o mode of the conventional HMSIW. The cut
off frequency is 9.4GHz, which is about three times that of the fundamental mode.

4.2 Optimization and loss discussions
In this section, the attenuation of the planar HMSIW has been investigated. The loss
tangent and the conductivity of the metal will be added into the model.

On the top layer of the design, there is an air slot. The size of the slot and the position will

have some affect on the characteristics of the waveguide. By changing the slot width and
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the position, we are about to see how the attenuation and bandwidth change. All the

attenuation plots are based on the fundamental mode.

4.2.1 Conductive loss and the dielectric loss

The original simulation in HFSS has no loss in the materials. Actually, the material,
RT/duriod 5870, has a dielectric loss tangent tan § = 0.0012, and the copper foils have the
conductivity 6=5.8x10 S/m. The loss plot is shown in figure 4.17.

08

06

No loss
04 -

e Add lOsS

Attenuation constant (Np/m)

2 3 4 5 6 T4 8 9 10

Frequency (GHz)

Figure 4.17. Plot of attenuation constant (Np/m) versus frequency (GHz)

This figure is the comparison of the loss. The blue line is the attenuation constant o of the
half-mode waveguide without any loss. We can see that the radiation loss does not exist in

our structure.

The red line is the attenuation constant of the guide with dielectric and conductive losses.
The attenuation constant of the corresponding waveguide with the losses is less than
0.2Np/m at 3.4GHz, which is 1.7dB/m, and then at the higher frequency range, it increases
a bit.
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4.2.2 Changing the slot width

In this section, we will simulate the half-mode SIW to get the attenuation constants. The
first one is to change the slot width d, and another one is to change w and m while keeping

the width d constant. Geometry is shown in figure 4.18.

m
| w > |»

AL

Figure 4.18. Geometry of planar half-mode SIW

The electric field near to the gap relates to the width of the slot. If d decreases, the E-field
will get more concentrations on the slot. By changing the slot width d, the various
attenuation constants are plotted in figure 4.19. In this simulation, the six slot widths of

0.1mm, 0.2mm,0.3mm,0.4mm,0.5mm and 1.5mm are applied to the half-mode SIW.

In this figure, as the width increases, the attenuation reduces. However, if the width keeps

increasing, the attenuation will not vary much. At @=0.5mm, the loss is the lowest.
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Figure 4.19. Plots of attenuation constants (Np/m) versus frequency (GHz) in different d. Dielectric

material: RT/duriod 5870 (g, = 2.33, tand = 0.0012).




4.2.3 Changing the slot position

In this simulation, the width of the slot remains as 0.5mm and its position shifts. The total
width of the waveguide a is 21mm. The width of the top layer is w, and we choose series of
w/a ratios from 0.57 to 0.8 for the test. The attenuation constants versus frequency are

plotted in figure 4.20.

The variable w relates to the effective width of the half mode waveguide. The cut off
frequency increases while the effective width decreases. During the lower frequency range
up to 4GHz, the loss has the lowest value when the w/a ratio is 0.8. At the higher frequency
range above 4GHz, the w/a ratio of 0.76 has the lowest loss. However, the attenuation value
does not vary much except the case of w/a=0.57. Therefore, as long as the slot position is

not too close to the center, it has little affect on the attenuation constant.
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Figure 4.20. Plots of attenuation constants (Np/m) versus frequency (GHz) in different w/a ratios.

Dielectric material: RT/duriod 5870 (e, = 2.33, tan§ = 0.0012).



4.2.4 Relative bandwidth

The bandwidth of a waveguide is one of the most important issues. Figure 4.21 shows the

relative bandwidth plot in different situations. It is clearly to see that with a slot width

0.Imm and the w/a ratio of 0.76, the relative bandwidth f..//.; reaches the maximum of 3.83.

However, according to the figure 4.19, at d=0.1mm, the attenuation constant is greater than

the other cases.
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Figure 4.21. Relative bandwidth (f.,/f./) versus d
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4.3 Transverse resonance technique and propagation constants analyses

In this section, we will introduce a method to determine the cut off frequency for the
waveguide which has the complex impedance components in the circuit. This method is
based on the transverse resonance technique (TRT). The TRT is a wave equation solution,
which is easy and direct to determine the cut-off frequency. The propagation constant can

be easily solved by analyzing the transmission line equivalent circuit [15].

4.3.1 Conventional rectangular waveguide

In the normal propagation, the wavevector in the waveguide is:

|k| = w/ue = /B? + k% (4.3)
At the cut off, =0. The wave bounces back between the two side walls (figure 4.22).

And therefore,

k| = ky = w[ue (4.4)

a) Normal propagation b) At cut-off
prop

Figure 4.22. Wavevector at (a) normal propagation, (b) cut-off
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In this case, we could consider the waveguide as a parallel plate transmission line which is

terminated by short circuits (figure 4.23).

a
— ~~
¢ - o A
! ] | |
— we Ul
]\ 1 vy
7y /'\ =7
h W " short circuits
(a) Parallel plate waveguide {b) Transmission line terminated by short circuits

Figure 4.23. (a) geometry of parallel plate waveguide, (b) equivalent circuit of the

transmission line terminated by short circuits.

n is the intrinsic impedance of the medium between the parallel plates:

— [H
= \/; (4.5)

Therefore, the characteristic impedance in the waveguide with the length of w is:

T wI T wye fhi

To determine the cut-off frequency, we need to find the resonant frequency of the
terminated transmission line. If a point along the line has been taken, then the resonance
occurs when the value of the impedance in both directions are equal (but opposite in sign)
(figure 4.24) [15].

Zint = — Zinz (4.7)




81

r—e
N
=
[
N
=
(]

A
A J

Terminated transmission line

Figure 4.24. The impedances at the resonant point

The input impedance of a terminated transmission line with the load end Z;, (figure 4.25) is:

ZL +jZO tan kxl

Lin = :

0z, +jZ tank, | (4.8)

- l -
Zin B 201 Ky
Figure 4.25. Terminated transmission line with the load end Z;,

In our case, the load end is the short circuit. So Z; = 0.
And therefore,
Zin = jZytan k,l (4.9
[f we choose the point at the end, the width of the transmission line is a, then
Zin1 = jZotank,a (4.10)

And Z;,, = 0. So we make Z;,; and Z;,, equal,

JjZytank,a =0 (4.11)
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Hence

k;a=ng n=123:.: (4.12)
nm

k,= o (4.13)

At the cut-off, from equation (4.4) we get k, = w./pi€, where w,. is the cut off frequency

in rad.
And
o 4.14
fo=5 (4.14)
So
nm
k, =2nf.\/ue = - (4.15)
... =1,2,3 4.16
fc—Za\/E =5 T . (4.16)
And
1
€ = €p€y, Egllg = pe (4.17)

Where ¢, is the relative static permittivity and ¢ is the light speed in the free space.

Equation (4.16) can be reform as:

nc

2av/€;

£ = n=1273.. (4.18)

which is the familiar result for rectangular waveguides [15].
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4.3.2 Cut-off frequency of planar half-mode SIW

In our design, the waveguide has a slot on the top. We can represent the slot by impedance

in the transverse resonant circuit (figure 4.26).

Ly J Lz
"7
o7 |
Zim1 4—:
|
!_. Z!'.nz

Figure 4.26. The equivalent circuit of planar half-mode SIW

As the slot is quite narrow, it could generally be considered as a capacitor. C is the

capacitance value.
) 1
Z=jX=—— (4.19)
X = —— 4.20
wC v (4.20)

Therefore, based on the results above, two impedance expressions are:

Zin1 = jZotank,L, (4.21)
And
Zinz =2 +jZ0 tan kaz (4.22)

At resonance,

Zin1 = —Zinz (4.23)
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This gives:
X
tank,L; = —— —tank,L, (4.24)
Zo
where k, = w+/ue, and for capacitor, X = — i So
1
tan w,/ueL, = FZO — tan w,/ueL, (4.25)

We could solve this equation to determine w,, then f; can be solved.

Now, the characteristic impedance with length of w is:

b [u

where b is the height of the waveguide and w is its longitudinal length.

If we define C” as the capacitance per unit length, then in a length of w, € = C'w. So

anls = C’bjg (4.27)
Therefore,

1
tan w./ueL; = ————=—tan w,/ueL, (4.28)

wC’b\/E
€
Let us reorganize the equation.
€
tan w./ueL,; +tanw,/uel, = ——— 4.29
UeLy WL/ HELp (,U\/ECb ( )

At the cut off, k,, = w+/ue , so the equation can be written as:

€
k.Ch

tank, L, +tank,L, = 4.30
X X
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Let us say the left part is tank,L, + tan kL, , and the right part is ﬁ . If we plot the

both parts of the equation, the cross point in each region will be the cut off frequency of

each mode. Figure 4.27 is an example of this method.

The data used in this example is from the designed planar half-mode SIW. The width of the
slot is 0.5mm, L; is 15mm and L, is 5.5mm. By using the method to measure the
capacitance between two metal planes in chapter 2, the slot capacitance € is calculated as

20.1pF per meter. The rest of the data are constant numbers in different units.

80 F C ‘i 8
Bl | Leftside { |
|
40
[ Right side

o 201 \ ) X: 3018
u] Y:6.771
=
S A
g Op—" —
&
Ee]
8 20
-
S

40+~ f cl
= f c2

_60 -

'80 o r

0 5 10 15

Frequency: GHz

Figure 4.27. Plot of equation (4.30) versus frequency (GHz) in theory

There are two colour lines in the plot, the red one is the left part, which is a typical tangent
function; the blue line is the right part. The cross points shown in the plot give the cut off
frequency of the different modes. The cross points on the vertical lines of left part are not

the real solutions.
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The cut off frequency of the fundamental mode /., is at about 3GHz, /. is approximately
6.9GHz and /¢ is 9.6GHz. Compared with the simulated results in figure 4.13, the cut off
frequencies of each mode compared reasonably well. However, the second and third modes
have higher cut-off frequencies in the theoretical results. The curves from theoretical
equations are very sensitive to the input capacitance and the difference between theoretical

and simulated results is due to the value of €.

4.3.3 Phase constant dispersion curve of half-mode SIW

From the equation (4.30)

1
wCZ,

tank,L, + tank,L, = (4.31)
Because at the cut-off, k, = w./ue. The cut off frequency w, of each TE mode can be
determined by k,. When we get the value of k, in each mode, we could plot the phase

constant for every mode.

The frequency dependence £ can be expressed by

B = /e,lkg — kZ (4.32)

Where ky is the free space wave-number.

k():

oo (4.33)
C

c
Here c is the speed of light in the free space and fis the operating frequency. Due to the
frequency dependent Z, strictly speaking, k, is not constant and changes by the frequency.
However, in the planar half-mode waveguide, the capacitance of the slot is very small, for

small C, k, is almost a constant number.

Take the example of the planar half-mode SIW in this chapter. The slot capacitance is

20.1pF/m. According the results of figure 4.27, we know the cut-off frequencies of each
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mode, and then the phase dispersion plot for the waveguide is shown in figure 4.28. The

lightline is added. It is clear that the dispersion curves of each mode are all

converged to

the lightline, and they compare very well with the simulated curves in figure 4.13.

500 T T
450
400
30T The lightline The
fundamental
< 300}
c mode
o
-\'3 250 R
%
2 200 The second
order mode
160 |
100 + 23 -I
P The third
50 // order mode
///
0
0 5 10 15

Frequency: GHz

Figure 4.28. Phase dispersion curves of theoretical results

Figure 4.29 shows the field lines of the three modes, and the line colour corresponds to

figure 4.28. Actually, the right part (green line shown in figure 4.29) could be

support another half mode signals in the waveguide (referred to section 4.1.3).

considered to




The fundamental mode 88

The second
The third order

order mode
mode

Planar half-mode SIW model

Figure 4.29. E-field trend plots of three modes

4.4 Summary

In this chapter, we introduced a new planar half-mode substrate integrated waveguide. This
novel design provides the original propagation characteristics of half guided waves and
keeps the advantage of the cross-sectional size reduction, bandwidth enhancement, low cost
etc. Furthermore, compared with the conventional half-mode waveguide, the open side is

closed, in which case, no radiation loss in our design.

The open slot has been moved to the top layer in our design. We also presented the changes
is the loss and bandwidth by changing the slot width and position. This is quite important in

the procedures of waveguide design and optimization.

At the end, the transverse resonance technique has been introduced and used in defining the
propagation constant and the cut off frequency of the planar half-mode waveguide. This
theoretical method can present how the characteristics of the waveguide are affected by
loading different components accurately. The theoretical results have great matching with

that of simulation and measurement.
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S. Switchable substrate integrated waveguide

The diode control system has been developed since 1955[1]. The diode switch which is one
of the most important components in microwave engineering has been widely applied to
the radar systems, communication and instrumentation systems, antenna systems etc. The
diode switch has the advantage of fast switching time, great isolation period and high

power handling capability [2].

The pin diode is an ideal component for signal selection system and can be applied in the
switches [3] [4], attenuators [5] [6], photo-detectors [7], limiters [8] and amplifiers [9].
Furthermore, in the digital phase shift area [10], the diode switch is used to toggle the

signal between sections of microwave transmission lines [11].

In this section, a novel switch has been presented by embedding pin diodes with the planar
half-mode substrate integrated waveguide (HMSIW). This design performs good switching
properties, and has achieved >50dB of isolation up to 4GHz.

5.1 Model of the structure and equivalent circuits

5.1.1 Model design

This design is based on the planar HMSIW, which has been introduced in the previous
chapter. On the top layer of the planar HMSIW, there is a slim air slot. The slot forms an
effective magnetic wall to make the waveguide operate in the half mode. If this slot is
shorted, the magnetic wall will disappear and the characteristics of this HMSIW will
change to a normal full mode waveguide. Because of the different cut off frequencies of

these two kinds of waveguide, there will be an isolation area between two frequencies,
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where the HMSIW configuration will propagate but not the full mode. It could be used as a

switch. This is the fundamental idea of this chapter.

By using the performance of the pin diode, we can switch between these two configurations.
A series of pin diodes can be put on the slot to couple the two parts of the top layer. Then, a
power supply can control the working status of the pin diodes. Under the zero voltage
condition, pin diodes only have very low capacitances and therefore except very little affect
on the half mode transmission. Under the working voltage condition, pin diodes become
very good RF conductors and short the air gap to force the waveguide to propagate in full

mode configuration. Figure 5.1 shows the model of this design.

Copper tape

insulator

half mode waveguide Er=2.33

Figure 5.1. Geometry of the switch design

Along the slot, a high temperature insulator is put in order to avoid short circuiting of the
bias power supply. The reason of applying the high temperature insulator is to prepare for
the solder work on the structure. The diodes are then capacitively coupled to the slot via
copper tape plates. Following the right diode bias rule, the power supply connects to the
copper tape by using copper wires. A series resistor is put in the circuit, which protects the

pin diodes and the power supply. The bias resistance value is 1kQ.

Infineon BAR64-02V silicon pin diodes are chosen in this design. It is a two pin RF
component. The reverse capacitance above 1GHz is very low and the forward resistance is

low as well.
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5.1.2 Equivalent circuits and components

Fin diode

-—1 }-- - + <——copper tape

<+— insulator

F—a <—top layer of the waveguide

I——I
—p

Slot

Figure 5.2. Geometry of the circuit components around the slot

An important thing we need to think about is that there will be parallel capacitances C,; C
exists in the insulator between the copper tape and the waveguide (figure 5.2). While the
pin diode is forward biased, the capacitances in both sides are series coupled. As long as
the active values of capacitances are very high, these two capacitors are shorted. In this
case, the magnetic wall created by the open slot will disappear, and the E-field distribution
will become that of the full mode. To calculate the plate capacitance, we use:

&r&A

o =220 (5.1)

Here €, is the dielectric constant of the insulating material, 4 is the overlapping surface
area of the plates and D is the distance between the plates. The permittivity of the insulator
g is about 2.1 and its thickness is 60pum in this design. Through the calculation, a size
3mmx3mm copper tape could create 2.66pF capacitance. In the real fabrication, the size

may be much bigger, which will create a much larger capacitance.

Another important potential component is the slot capacitor C, (figure 5.2), which is

created by the top two parts of the waveguide. The width of the slot is 0.5mm. However,
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the top metallic surface is quite thin and the slot is only an air gap, so the value of

capacitance C, is very low. It is only 20.1 pF/m (result is referred to Chapter 4).

The gap between the copper tapes also may have various low capacitances C., which is
marked by the dash line in the figure. However, due to the actual PCB fabricating situation,
the thickness of the insulator and the copper tape on both sides can not be matched

perfectly. Also the value of C. is very small, and only has little effect on the circuit.

5.2 Analyses of Biased conditions of pin diodes

The equivalent circuit of the pin diode is shown in figure 5.3. In the datasheet of the
Infineon BAR64-02V pin diode [12], L is 0.6nH, C7 is 0.2pF, Rp is 3000Q and Ry is 2Q.
When the pin diode connects to the waveguide, it will combine with the insulator
capacitances and the slot capacitance of the waveguide. The impedance of the whole
section (figure 5.2) will change based on the different biased condition. By analysing the
actual equivalent circuits, it will help us to understand the impedance changes and how the

pin diode affects the substrate waveguide.

(a) Reverse or zero biased (b) Forward biased

o]

O—AM—"V D)
~

Figure 5.3. Equivalent circuits of the pin diode. (a) reverse or zero biased condition, (b)
forward biased condition. (Rp: Reverse parallel resistance; Rg: Forward resistance;

C7: Diode capacitance; L: Forward inductance)
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5.2.1 Reverse or zero biased condition

It is well known that the pin diode acts as a low value capacitance Cs when it reverse or
zero biased. Considering the capacitance C, exists in the slot of the waveguide, we could

draw a simplified equivalent circuit of one diode section as in figure 5.4.

capacitance of the pin diode

CS/

| |
I

Cye— capacitance in the insulator

1
| T
AN

capacitance in the slot

Figure 5.4. Simplified equivalent circuit on the slot under reverse biased condition

The total capacitance C can be written as:

1 1 1., B
C=C+(F+m+t)'=C (5.2)
S

+ ———

n & € S SO . o

The pin diode has a very low capacitance C; at zero bias, which is below 0.5pF from the
datasheet. The insulator capacitance C), relates to the size of the copper tape, but definitely

the value will be much greater than C. So in the case of:

Cs < C, (5.3)
Therefore:
) (5.4)

From the previous chapter, we know that the capacitance in the slot C, is very small.
Therefore, the slot circuit could be considered as a small capacitance when the pin diode is

zero biased. [t means the waveguide will still remain as a halt mode waveguide.
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Using the actual equivalent circuit of the pin diode, a more accurate zero biased equivalent

circuit of one pin diode section could be drawn in figure 5.5.

Reverse or zero biased pin diode

! ;
 —F :
: L :
: g 20 g S
‘| Rp I
Cm g . sz

_______________

Figure 5.5. Actual equivalent circuit on the slot under the reverse biased condition

With reference to figure 5.5, the total impedance Z across the slot can be written as:

1
7 o= 5.5
S (55)
1
G
7z, =—3 “’1 T 4wl (5.6)
Rp ++——
P joC
Zy = ! + ! +Z 5.7
= JaCy Gy, |2 (5.7)
Zi X 73
5.8
where
w = 2nf (5.9)

We plan to use the Infineon BAR64-02V pin diode in the design. The pin diode has
Rp=3000Q, C7=0.2pF and L=0.6nH at the reverse biased condition [12]. The Cp; and Cp;



97

are much higher, we set more than 10pF for each. With all these values we have, the

impedance figure from 1GHz to 6GHz in figure 5.0.

2000 T T T L T

—Re(®

1500 *1\ Im(2) o
— Only C under reverse biased condition

1000 - | 1

500 - \ .

ohm
(5}
|
(
|
|

-500 -

-1000Wl / e i
i

-1500

-2000°¢ : s -t
0 1 2 3 4 5 6

Frequency: GHz

Figure 5.6. The plot of equation (5.8) - Impedance contributions figure under reverse biased

condition

The blue line is the real part of Z, and green line is the imaginary part. As the frequency
increases, the real part goes down rapidly and nearly reaches zero. In the mean time, the
imaginary part reduces as well, but it still has a small negative value at the high frequency.
It means that the reversed circuit can be simplified as a small value capacitance, and it will

not affect the half mode guide propagation.

In this figure, we also plot the approximate capacitance C of equation (5.4) in theory. This
plot does not include any inductance or resistance. In this case, the circuit of the slot is a

pure capacitor.
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Therefore, when the pin diode is zero biased (off condition), it can be considered as a low
capacitance bridge over the gap (figure 5.7). It has very little affect on the half-mode

guided waves propagation.

Figure 5.7. Geometry under diode-off condition

As we discussed in chapter 4, the half mode folded waveguide keep half of the original
field distribution and the effective width of the waveguide is approximate 2w. w here is
15mm, and the dielectric constant is 2.33. Thus, under the diode-off condition, the cut off

frequency is:

fr = 3.27GHz (5.10)

&
- Zaeff\/f_r

5.2.2 Forward biased condition

The pin diode will become a good RF conductor when forward biased, and it provides a
small resistance. We could assume it turns to a short circuit. A simplified equivalent circuit

is created in figure 5.8.
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assumed short circuit

Cp <— capacitance in the insulator

|
|
Cy

/
r—
|

N

capacitance in the slot

Figure 5.8. Simplified equivalent circuit on the slot under forward biased condition

Hence, the total impedance C is:

C===4+C, (5.11)

C, is quite large, and the slot can be considered as a short circuit under the forward biased
condition. For the whole waveguide, as the gap has been shorted, the guide switches from

half mode to full mode.

We can simulate a more accurate equivalent circuit with the actual forward biased circuit of

the pin diode. Figure 5.9 shows the circuit mode while forward biased.

Forward biased pin diode

Cpy ——

Figure 5.9. Actual equivalent circuit on the slot under the forward biased condition



The total impedance Z can be written as:

1

7, =
T jwG,

1 1
7 = + + R+ jwl
25 jwCy, | jwCy, T Y

_Zy X7,
Zi+ 7,

100

(5.12)

(5.13)

(5.14)

At the forward biased condition, the series R; is about 22 and L is 0.6nH. C,;, Cp2 keep the

same values. The impedance Z plot is shown in figure 5.10.

50 e

-100 - |
|

ohm

|
150+ |

|
200

-250

——Re@
“Im(2)

— Assumed short circuit

r

-300 =
0

3 4 5
Frequency: GHz

Figure 5.10. The plot of equation (5.14) - Impedance contributions figure under forward

biased condition
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The real part of impedance Z is the blue line. It has a constant small value in the frequency
range. The imaginary part (Green line) has a negative value before 3GHz, and then turns to
a positive value. Therefore, the equivalent components in the circuit after 3GHz could be
considered as a small resistor and an inductor. In this case, above 3GHz, the diode section

works as a short circuit over the slot.

There is another red line in the figure, which shows the approximate calculation in equation

(5.11). As the frequency increases, it turns to zero very rapidly.

Therefore, when the pin diode is forward biased (on condition), it becomes a good RF
conductor (figure 5.11) and effectively shorts the top layers. It makes the gap closed and

the waveguide propagates in the full mode.

Figure 5.11. Geometry under diode-on condition

Therefore, the effective width of the waveguide is a. Here a is 21mm, so under the forward

biased condition, the cut off frequency is:

oz = 4.68GHz (5.15)

¢
2y
Theoretically, the isolation frequency range should be:

fea = fer = 1.41GHz (5.16)

WENF

TEMPLEMAN
LIBRARY
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5.3 Simulations

We use the silicon PIN diode (BAR64-02V). The diode capacitance at 0V is 0.2pF; the

forward resistance is about 2€) at the high voltage and the series inductance is 0.6nH.

In HESS, we set the design into a perfect situation without dielectric and conductive losses.
We defined the lumped RLC boundary condition in the slot of the top layer (figure 5.12).
Then, we could simulate the different diode status by changing the type of the boundary

condition.

Lumped RLC boundary condition
|

Figure 5.12. Lumped RLC boundary condition (HFSS)

5.3.1 Reverse or zero biased condition result

The equivalent circuit of the pin diode shows that there is always a series inductance. We
assume that the diodes are pure capacitances under zero biased, and the boundary we set

includes the capacitance and the inductance.

The diode capacitance at 0V and the inductance are applied to the condition. Based on the
dimensions of the structure, we set C7=0.2pF (1.7pF/m) and L=0.6nH (0.072nHem). There
is also a reverse resistance R=3000€2 (360 Qem). Figure 5.13 shows the S parameter
results. From the results, the cut off frequency is still around 3GHz, and the return losses

are all below -20dB in the fundamental mode.
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Figure 5.13. Simulated S parameters (dB) under reverse or zero bias condition

5.3.2 Forward biased condition result

Under forward biased, we assume the diodes are low value resistors. The boundary only

has the resistance and the inductance.

When the voltage is added to the pin diode, it turns to the R, L condition. We set the
forward resistance R=2Q (0.24Qem) and L=0.6nH (0.072nHem). Figure 5.14 shows the
simulation results. It is clear to see that the cut off frequency increase to 4.9GHz. Actually,
the propagation starts at about 4.6GHz, at which point the S11 already begins to go down.
The insertion loss is a little higher than the C, L condition. That is mainly caused by the

resistance of the diode. Over 3~4.6GHz ranges, the isolation is mostly above 50dB.
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Figure 5.14. Simulated S parameters (dB) under forward bias condition

5.4 Design with Continuous copper plane and measurements

We designed the pin diode switch with a continuous copper tape plate first. We use two
pieces of copper tape to cover the top layer except the slot. Above that, six pin diodes are
soldered on the copper tape at a spacing of 2.5mm. Figure 5.15 shows the picture of this

design.
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Figure 5.15. The picture of design with Continuous plate

We use the Anritsu 37397C vector network analyzer to measure the structure. The pin

diodes are controlled by a dual 35V power supply.

Figure 5.16 shows the S parameter results, when the diodes are reverse biased.

Frequency (GHz)

o 511

= == s i e

ﬂz

Figure 5.16. Measured S parameters under reverse biased condition
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Figure 5.17 shows the S parameter results, when the diodes are forward biased.

Frequency (GHz)
0
| 2 3
-10 A
Resonate
-20 4 points
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fer
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Figure 5.17. Measured S parameters under forward biased condition

In this case, the cut off frequency has been pushed up to about 4.2GHz. The return loss is

below -10dB in the fundamental mode.

This structure generally follows the purpose of our design. However, this is not the ideal
situation we expected. Firstly, there are a few resonant points in the isolation area, which
are shown in figure 5.17. Secondly, the isolation range is shorter than the calculation result.

Additionally, a great deal of noise is present on the Sy, plot.

The resonance is caused by the length of copper tape. If the length of the copper tape is
larger than A/2 of the waveguide, it can cause resonance in the insulator. This can be solved

by reduce the size of the copper tape.

The noise can be reduced by adding inductors in the bias circuit. After lots of

improvements, finally we achieve our design with discontinuous copper tape.
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5.5 Improved design with discontinuous copper tapes and measurements

5.5.1 Model design and fabrication

Figure 5.18 shows the top view of the final design with discontinuous copper tape. In this
figure, there are four sets of the copper tape in the centre. On each set, there are three

diodes.

Iarge|aaqk Pin Diode

S— &

small part

Figure 5.18. Geometry of the design with discontinuous tapes biased

There are two copper parts in each set. The area of the large plate is 7.5mmx=9mm, and the
small plate is 7.5mmx>3mm. The distance between each set is 2.5mm. The distance between

each diode is also 2.5mm. The whole structure is symmetrical on the top of the waveguide.

By using the formula (4.1), the values of two parallel capacitances can be calculated
approximately. The C,; at the large part is 19.9pF and C), at the small part is 6.64pF. Both
of them are quite large capacitances. While the pin diodes are forward biased, C,,; and C);

are shorted.

The length of each copper tape is 7.5mm, which is much shorter than A/4 at the middle
frequency. This will avoid the resonance when the diodes are switched on. To reduce the
noise, the ferrite chokes are soldered at the end of the copper wire. See figure 5.19. The
dominate part of this design is much smaller than the previous one (only takes 1/3 length of

the waveguide). On each copper set, we have the ferrite choke to connect the biasing wire.
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Ferrite choke

i

Figure 5.19. Solder work with ferrite chokes

We use the traditional PCB fabrication technique to manufacture the structure in the
workshop. The insulator and the copper tape have sticky sides, which is the benefit of easy

reconfiguration. Figure 5.20 shows the final structure.

Figure 5.20. The picture of the structure
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5.5.2 Measurements

Frequency (GHz)

T L] T 1

-10 A

-20 A
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Figure 5.21. Measured S parameters under reverse biased condition

Under reverse biased condition, measured S parameters are shown in figure 5.21. The cut
off frequency is at about 3.2GHz, which is approximately the same as the planar HMSIW.
The S,; works well in the fundamental mode with some losses. After 6GHz, S, is affected

by the higher mode propagation.

The Sy, is below -10dB at 3~4GHz range, and then goes down to below-20dB until 5GHz.
The insertion loss is about 3dB in the whole fundamental mode range. The main reason for
the increase in the loss is because of the resistance of the pin diodes. A further discussion

about the loss will be shown in the next section.
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Figure 5.22. Measured S parameters under forward biased condition

When the pin diodes are forward biased, measured S parameters are shown in figure 5.22.
The cut off frequency is increased to 4.6GHz. The measured result shows a very good
agreement with the calculation. Compared with the first design, the resonance points have
disappeared at the low frequency. Before 4GHz, the isolation are all below -40dB, which is

necessary for a switch.

The Sy; is below -10dB, and from 5.4GHz to 6.5GHz, it goes down below -20dB. The

insertion loss is about 2~3dB.

We put the S;; under different biased conditions together. Figure 5.23 shows the
comparison. The design has achieved -40dB of isolation up to 3.7GHz. The resonance has

disappeared and the noise reduced. The switching range is up to 4GHz.
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Frequency (GHz)

Diode-off

Isolation

s

= Diode-on

Figure 5.23. Comparison of measured S,; between reverse and forward biased conditions

5.5.3 Losses

From the S parameters of the measurements, we realize that the insertion loss increased if
we add the diodes on the waveguide. Furthermore, under different biased conditions, the
losses vary. Figure 5.24 shows the plots of the insertion losses in different conditions of the

guide.

Frequency (GHz)

5 6

No diode

Diode off

Diode on

Insertion loss
(dB)
w

Figure 5.24 Comparison of measured insertion losses under different conditions
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The green line shows the loss when there is no diode on the planar HMSIW. This loss
includes the dielectric and conductive loss, and it has average -1.5dB insertion loss in the

fundamental mode. The loss increases as the frequency increases.

The blue line shows the insertion loss when the diodes are reverse biased (off condition)
and it is about -3~4dB. The red line shows the insertion loss when the diodes are forward
biased (on condition), and it is about -2~3dB. In both conditions, it has not only the

dielectric and conductive loss, but also the diode resistance and insulating loss.

Also we found that the loss under forward biased condition is larger than that of reversed
biased. One possible reason is that when diodes are active, the resonant loss may occur

among the diodes by the operating current.

There is no radiation loss in these three conditions (referred to chapter 4), and the crude
fabrication technique can cause more loss. Figure 5.25 shows the HFSS results of the

attenuation constants in different conditions. It matches well with the measured one.

w
Il

B
1

= NO diode

= Djode off

Diode on

Attenuation constant (dB)
[~ w

[ury
I

0 T T T 1

5
Frequency (GHz)

Figure 5.25. Comparison of simulated attenuation constants (dB) under different conditions
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5.5.4 An analysis for the different number of copper tapes

In the design above, there are four copper tapes on the top of the waveguide. In the
measurement, those tapes are connected to the power supply at the same time. If we choose
different number of the tapes to switch on each time, for instance, only connecting one tape
at the first time and two tapes at the second time, the active length of the structure will be
different (referred to figure 5.20). If we plot the S;; parameters of every change, the affect
near cut-off is shown in figure 5.26. It is clear to see that as the number of the tapes

increases, the angle ¢ will become smaller.

1
-10 4
-20 -
one tape
g — ot
5 -30 pes
- - three tapes
-40 - — four tapes
-50
-60 -

Figure 5.26. The curves of Sy; below cut-off frequencies with different tape numbers

This figure shows the loss in dB before the cut off. The attenuation constant below cut off

expressed as loss is:
Loss = g~% (5.17)
Where we assume each tape has the length of /. Transfer the loss to dB/m expression is:

Loss(dB/m) = 20log,, e~ = —8.686al (5.18)
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Therefore, if the length / becomes double, the loss will be double. At 4GHz, the loss of
point 2 is approximately -20dB which is the double value of point 1, which is -10dB.

5.6 Summary

The diode switch is applied widely in the microwave signal selection area. In this chapter, a
novel pin diode switch has been presented. The device is based on the planar half-mode
substrate integrated waveguide. The propagating mode of the waveguide can be switched

between two types of mode via the biasing of integrated pin diodes.

We analyze the affects of the equivalent circuits to the waveguide by changing the diode
biased condition. Although the design with continuous plate achieves the frequency
switching, we improve the structure by using discontinuous copper tape to remove the

resonance. In the range of 3.2 ~3.7 GHz, the isolation is approximately 40dB.

The loss has been discussed. The insertion loss increased while the diodes are added and it
attributes to the dielectric loss of the top insulator and the diode resistance. The affect of

diode numbers was also discussed in the end.

This work has been accepted by IEEE microwave wireless component letter.
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6. Theoretical analyses and applications of circuits

with loaded components

In the first part this chapter, the transverse resonance technique (TRT) is used to analyze
the planar half-mode substrate integrated waveguide (SIW) with embedded components.
Lots of the studies based on the full-mode SIW integrated with periodic components are
proposed [1] in antennas [2]-[5], filters [6]-[8], transverse electromagnetc (TEM)
waveguides [9], metamaterial structures [10], miniaturized waveguides and antennas [11]
[12], high quality resonators [13] [14], etc. However, the research for integration of half-
mode waveguide is rare [15] [16]. Till now, very little theoretical method has been
developed to simulate the characteristics of the guided modes. We introduce the
mathematics model to get the affects of non-periodic and periodic loaded components. The

theoretical and measured results have been presented.

In the second part, the applications of non-periodic loaded capacitance and periodic loaded
varactor diodes are introduced. Finally, a novel phase shifter is presented that is shown to
have up to 60 degrees phase shift in the 5.3 — 6 GHz range with insertion loss better than 3
dB and return loss generally better than 20 dB.

6.1 Embedding components with planar half-mode SIW

In this section, we will try to change the performance of the half-mode substrate integrated
waveguide by adding different components along the slot of the top layer of the SIW. The
expression of the phase constant can be written as: § = \/€,.ki — k2 , where due to the

frequency dependent loading impedance, k,. is a function of frequency.
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From the Chapter 4, we consider a SIW with a slot that is loaded with an impedance Z. The
equivalent transverse resonance circuit mode is shown in figure 6.1.

L

e

Zin1 «—! Z
|
]
x —> Zina

.

Figure 6.1. The equivalent transverse resonance circuit
And the resonance condition we need satisfy Z;,;=Z;,> [ 17], which is:
jZotank,L, = —(Z + jZytank,L,) (6.1)

When considering TE problems using the transverse resonance technique the characteristic
impedance is given by Z, = E, /H, [17] and the equivalent voltage and current are set
equal to the electric and magnetic fields respectively. However, because we will later
embed discrete components into the waveguide we need to ensure that the equivalent
waveguide voltage and current value (and therefore Zy) are compatible with the voltage and
current presented to the embeded impedance Z. If the electric field is independent of y then
the voltage at the impedance will be Ey,b , where b is the height of the waveguide. The
surface current density (per unit length) at the embedded impedance is J, = H,. Hence we

choose
Ly == (6.2)

Therefore, above cut-off

bwu
Lo 1=
0 ky

(6.3)

where k, is now unknown, b is the height of the waveguide. As we have introduced, at the

resonant point of our new waveguide,

tank,L, +tank,L, = (6.4)

wCZ,



must hold, where C is the capacitance per unit length,

Hence
1 _ k.
wCZ, w?ubC
and we set
L,
9 = kali T - L_l

here L, < Ly, thus 7< 1.
If we let

_ 1
~ w?ublL,C

Then equation (6.4) becomes:

tan@ + tanTO = —NBO

Our task, therefore, is to solve for 8 (and thus k) for a given frequency w.

6.1.1 Solutions of propagation modes
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(6.5)

(6.6)

6.7)

(6.8)

Figure 6.2 shows plots of the left and right hand side of equation (6.8). In this figure, the

red line is the left part ( tan 8 + tan T@); and the blue line is the right part (—N8@). The x

axis is theta ().
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Figure 6.2. Plots of the equation (6.8) with the first solution
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We see that, as expected, there are a number of solutions to equation (6.8) (modes). The

first solution only occurs if —N is sufficiently large. In the figure, we can see that the slope

of the —N@ line will become small if —N is small. The value of —N is determined by C,

which is the capacitance per unit length. It means if the capacitance we add on the half-

mode SIW is too large, the fundamental mode will disappear; and when we decrease the

capacitance, the fundamental mode will come back.

At the fundamental mode, the value of the x axis, which is 8, is quite small. So for the

small 8, we can approximate tan 8 as:

tanf ~ 6

(6.9)
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So the left part of equation (6.8) is:

tanf +tanT0 =~ 6 +TO =60(1+T) (6.10)
If we want to have the first cross point in the figure, this condition needs to be satisfied:
6(1+T)<—Nb (6.11),whichis —N>1+T (6.12)
Substituting (6.6) and (6.7) into (6.12), we get

1

L —— 6.13
w?ub(Ly + Ly) (6.13)

Therefore, the fundamental mode only occurs under a limited capacitance range. If the

capacitance is above this value, we will not have the first root (figure 6.3).

For the half-mode SIW we designed, 7=1/3. Thus if we let - N = 1 which is less than 1+7,
in this case, there will have no root for the fundamental mode. Figure 6.3 shows the

example plot without the first solution.
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Figure 6.3. Plot of equation (6.8) without the first solution
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In HFSS, the lumped RLC boundary is set by different capacitance values to verify with the

theoretical results.

This is the phase dispersion figure and E-field distribution of small capacitance applied on

the slot. The operating frequency is 10GHz for the field plot.

Under the small capacitance case, the fundamental mode keeps the half-mode performance
according to the port E-field plot. The higher order mode is like the TE,y. These two modes

match with the two roots in figure 6.4.
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0 -+ ! Y Y Y T Y T T ——I-_I ————————— i i L3
0 1.2 3 4 5 6 7 8 9 10 E-field plot at operating frequency 10GHz (mode 2)
Frequency (GHz)

Figure 6.4. Phase constant dispersion curves and E-field plots with the first solution

Under the large capacitance, the waveguide will lose the half-mode transmission, and at the
low frequency, the electric field has a maximum around the slot. As the frequency increases,
only the full-mode transmission occurs. Thus, in this case, the condition (6.13) is not met

then the first mode occurs in the higher order mode range (figure 6.5).
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Figure 6.5 Phase constant dispersion curves and E-field plots without the first solution

6.1.2 Fast and slow mode propagations

In figure 6.1, if y,is the propagation constant in the x direction, y,, = @, + jk,. It leads to
two types of propagation which can be categorised as fast and slow modes, where fast and

slow are defined with respect to the velocity of propagation in the substrate material.

For fast mode propagation, y, = jk, is the priority and a, becomes the loss part. In fast
mode propagation, the field varies sinusoidally across the waveguide cross section, as is the
case in conventional waveguide. Referred to the chapter 4, it is easy to determine, where

the solutions lie by solving:
tanfd +tanT6 + N0 =0 (6.14)
where we let 6 = kL.

The phase constant is related to k,.:

B = /erkg — k2 (6.15)
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The slow mode propagation is another class of solution that is unusual. For slow mode
propagation, y, = a, is the priority and jk, becomes the loss part. Then the fields will vary

as combinations of exponential functions. Under this condition equation (6.14) becomes:
tan(—j0') + tan(—jTO') + jNO' = 0 (6.16)
where we let 8' = a, L.

Therefore, the slow mode solution is governed by the equation

tanhf' + tanhT6' + N6’ =0 (6.17)

Using the method discussed before, for hyperbolic tangent function, the solution only

occurs if the condition
1+7T>—-N (6.18)
is satisfied.

That is impedance Z must be capacitive with

1

—_ 6.19
> b, ¥ L) (6.19)

The phase constant is given by:

B = }e,.kg + a,? (6.20)

From the analyse above, we know that the fast mode solution only occurs if the condition

1

—_— 6.21
< @2ub(L, + L) (6.21)

is met (C is the capacitance per unit length). Combining with the expression (6.19), the

transition point between slow and fast is

1

- 21\ uCh(L, + L;)

(6.22)

fe
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Thus, in the fundamental mode, theoretically, the fast mode propagates below £, and above

frequency f; the propagation will be in the slow mode region.

We compare the phase constant dispersion graphs by using theoretical analyses and HFSS.
The impedance Z we used is purely capacitive with value of 60pF/m. The dispersion curves
and field variations at different frequency points are shown in figure 6.6. The structure with

periodic boundary conditions is shown in the figure as well.

In the dispersion figure, the solid lines are the theoretical results, and the dash lines are the

HEFSS results. A light line is added.

In the fundamental mode of both results, the fast mode propagates below the light line. By
checking the fields in figure 6.6, it is clear that the E-field keeps the half mode distribution,

which is like the sinusoidal function.

Above the light line, the slow mode propagation occurs, and the electric fields start to

concentrate around the slot like the hyperbolic sine function.

We can see that the higher order modes compare very well in both methods. The
fundamental mode however does not compare very well. In the theoretical analysis, we
consider the component Z in the circuit as a capacitance of 60pF/m. But in HFSS, there are
other unavoidable affects to the circuit, such as the capacitance exists in the slot, and the
vertical capacitances of the waveguide. These will slightly change the actual capacitance
contributed to the waveguide. That is a reason why the curves in this mode have different

slopes.

Another reason is that in the simulation environment, the electric field of slow mode does
vary along Y direction. In the field distribution, it is clear to see this variation. However, in
the theory of TRT, we assume that the E-field has no variation with Y. Even though, both
solution curves in the fundamental mode follow the same shape and demonstrate slow

mode propagation.
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Figure 6.6. The dispersion curves and E-field variations at different frequency points

(solid line- theoretical results based on equation (6.15) and (6.20), dash line-HFSS results)
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Using the equation (6.22) to calculate the transition point between slow and fast mode is:

1

b= 2muCb(Ly + L)

This approximately matches with the theoretical result. In HFSS result, this point is a bit

~ 3.2GHz (6.23)

higher than the calculated.

6.1.3 Losses

The loss is mainly caused by the resistance of component Z in the circuit. Especially in the
slow mode propagation, the loss is much higher than that of fast mode. In this section, we

introduced the theoretical method to calculate the loss of the circuit.

We let the component Z include the series resistor » and reactance X. Therefore, written as

the impedance form, Z is complex.
Z=r+jX (6.24)

The equation is

jZotank,L, = —(Z + jZy tan kyL,) (6.25)
with Z, = Ly
fex

Thus,
1 A
-k—x(tan k.Li +tank,L,) = _jb_a)u (6.26)
Let

1 oz r X
k) = k—x(tan k.L, +tank,L,) (6.27).andZ’' = b = b S b
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So

Flled = ———— = jZ' = j(’ +jX') (6.28)
jbop

Because Z is complex, so k must also be complex. Then we replace k, with k-ja, . Now,

flhy —ja) = jOr' +jX) = jr' =X’ (6.29)

If ay is small, we can use the Taylor series to expand this function as:

flky —ja,) = f(ky) — jaof'(k,) + higher order terms (6.30)

Where f'(k,) is the derivative of f(k,).

[f we only take the first term as the approximate value of the ., function, we will get:

fley) —jarf'(ky) = jr' — X’ (6.31)

Hence, equating the real and imaginary parts yields:

fly) ==X’ (6.32)
And
,rl
ay = A0S (6.33)
X
So
1 !
flk,) = k—(tan kyL; +tank,L;) = —X (6.34)
P
Now,

1 1
(k) = ——(tank,L; + tank,L,) + — (Lysec? kL, + L, sec? kyL,) 6.35
K2 K

X
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So if we set
X' r! L,
XII :_’ru — —‘,T -
Ly Ly Ly
then
1
f'(ky) = = (X' + Lysec? k, Ly + Lysec? k. L,) (6.36)
X
Substituting with (6.33), we get
il ke
ax = = = — (637)
(X' + Lysec? kL, + Lysec? kL) (X" +sec? kL, + T sec? k,L,)
Now the phase constant is:
1
K2 \2
Bky) = Erkg —ki= \/E_rko <1 - 2> (6.38)
€rkj
If we include the loss, then let the phase constant with the loss to be B(k, — ja,)
Bk, —jay) = B(ky) — jaB'(ky) + higher order terms (6.39)
And
g 8o
\/é—rko —2k, ke z Ky
"(k.) = 1 = = - 6.40
ﬁ ( x) 2 Erkg Erkg ,B(kx) ( )
So
Bl = jate) = Blle) +j o (641)
—Jja.,.) = .
X _I X X _] ﬁ(kx)

And the propagation constanty = a + jf5, then

p=—jy+ja (6.42)



Let the phase constant be (k, ), when the loss is zero, then:

y =B (ky)

Thus, including the loss, the phase expression will be:

Bky = jay) = Blky) + ja

So equalling (6.41) and (6.44), the attenuation constant will be:

axkx
o=

Bl

For the slow mode case, a similar analysis yields:

rllax

(X" +sec? a L, + T sec? a,L,)
o s | X

k, =

and the phase constant is

B = ferk(z) + aZ

The attenuation constant of slow mode propagation becomes

Ak

Jerkd + a?

a =

130

(6.43)

(6.44)

(6.45)

(6.46)

(6.47)

(6.48)
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Figure 6.7. The theoretical attenuation constants (dB/m) including fast and slow modes

(series resistance #=0.01125Q+m)

Here is the theoretical attenuation plot in figure 6.7. The series resistance is
0.01125Q+m.The unit of the Y axis is dBs/m. The loss in the fundamental mode is slightly
larger than the second one’s. The blue lines are the fast modes, and the green line is the
slow mode. It is clear that the attenuation constant increased rapidly in the slow mode range
above the transition frequency point. It will cause a dip between the first and second mode.
At 3GHz, the fundamental mode has about 5dB/m loss; the second mode has about 3dB/m
loss at 8GHz. Those results relate to the perfect condition, which has no dielectric loss or

conductive loss.
In HFSS, we use the periodic boundary condition to simulate the waveguide contributed by

60pF/m capacitance. The quality factor Q is related to the attenuation constant [18].

a=—X % (6.49)

NSRS
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Where the phase velocity is V,=w/f and the group velocity is Ve=Aw/Ap.

The unit of attenuation constant from HFSS is Nepers (Np) per meter. Transformed from

dB/m to Np/m is
Np/m = dB/m =+ 8.686 (6.50)

Therefore, the attenuation constant comparison between theoretical and HFSS results is

plotted in figure 6.8.
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Figure 6.8. Comparison of attenuation constants (Np/m) between theoretical and simulated

results

Compared with the theoretical result, the simulated slope of the attenuation constant curve
is smaller in slow mode range. Referred to section 6.1.2, that is the same reason as in the
phase dispersion figure (figure 6.6). However, the attenuation constants of both results at

the fast mode compare reasonably well.
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At the second order mode, the simulated result has much less attenuation at the cut-off
frequency. The theoretical attenuation dropped very quickly and converged with simulated

curve at 8GHz.

6.2 Distributed capacitance and periodically loaded components to planar

half-mode SIW

6.2.1 Distributed capacitance

In this design, the purely capacitance C is added to the planar half-mode substrate
integrated waveguide (the waveguide is referred to chapter 4). At cut off frequency w., the

expression on the resonant point needs to be satisfied as:

1

w.C

Zotank, Ly + Zytan kL, = (6.51)

Here C is the capacitance per unit length.

As the value C increases, the cut off frequency w, needs to be decreased. Therefore, this

can be used to decrease the cut off frequency of the SIW.

We use the planar half-mode substrate integrated waveguide as the foundation. The purpose
of our first design is to increase the capacitance of the slot. In order to avoid the effect of
periodic structures, we put a continuous PTFE material along the slot on the top. Then, a
piece of copper tape with the same length fully covers the slot above the PTFE. This design

acts like a capacitor. The model of the structure is shown in figure 6.9.
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Figure 6.9. Geometry of the structure with non-periodic capacitance

The parallel capacitors C,;, Cp> are created inside the PTFE material, and they are series
connected by the copper tape. C, is the capacitance inside the slot of the top layer, and its

value is very small. Therefore the total capacitance of this circuit C is:

11 Doy
C=Crt(—+=)"=C+-2 if Cp = Cp (6.52)
B | 2

The widths of the PTFE material on each side are the same, so the C,; is almost equal to

Cp2. For a parallel capacitor, its capacitance is determined by:

57.5014
p = D

(6.53)

Where ¢, is the relative permittivity of the material, A is the overlapping surface area of the
plates and D is the distance between the plates. For the PTFE material, its thickness is

about 0.6mm, and the dielectric constant is approximately 2.07.

We select the width of the PTFE material on each side as 2mm. the total length of the half-
mode SIW is 120mm. So the area on each side is then 2mmx120mm=240mm?”. Thus, the

capacitance on each side is:
Cpy = Cpy = 7.08pF (6.54)

The added value of the capacitance will be half, which is 3.54pF. Converting to the same

unit of equation (6.51), it is 29.5pF/m.
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Figure 6.10 is the simulated results in HFSS. The cut off frequency of the fundamental
mode now is about 2.6GHz. There is a significant dip in S,; approximately from 5.5GHz to
7GHz caused by the higher order mode. We suspect that the transition can couple for both
modes. In the fundamental mode, most of the S;; are just below -10dB; the S;; has small
insertion loss because the PTFE material has very low loss. In our particular case, the PTFE
excited the microstrip mode during the transmission, and it may reduce the bandwidth of

the waveguide.
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Figure 6.10. Simulated S parameters (dB) with non-periodic capacitance
The fabricated structure is shown in figure 6.11. The size of the PTFE material is a bit

larger in the practical work. However, the coverage area of the copper tape which consists

of the added capacitance remains the same as the simulation.
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Figure 6.11. The picture of fabricated structure

The measurement is performed using an Anritsu 37397C vector network analyzer. The

result is shown in figure 6.12.

Frequency (GHz)

— 521
11

dB

Figure 6.12. Measured S parameters with non-periodic capacitance



It is clear to see that the cut off frequency of the fundamental mode matches with the
simulated result of 2.6GHz. The return loss of S, is quite small from 2.6GHz to 5GHz, less
than 3dB. There is a dip from 5GHz to 7GHz because of the higher order mode interruption.
The second order mode has the normal propagation around 7GHz. The S, is below -10dB,
except the region between 6 to 7GHz. Compared with the simulated result, every frequency

point and the shapes of the S parameters are compared well.

Figure 6.13 shows the plot of the two S;;. One is from the structure with the added

capacitance and the other one is from the original planar half-mode waveguide.

= e Add C
i
- N\ C
o
wv

f-1 dropped from
3.2GHz to 2.6GHz

-60

Figure 6.13. Measured S,; comparison between original and loaded capacitance

waveguides

The original half-mode waveguide starts to propagate at 3.2GHz. The cut off frequency is
significantly dropped from approximately 3.2GHz till 2.6GHz by adding additional
capacitance. When we add about 29.5pF/m capacitance on the slot, the cut off frequency

reduces to 2.6GHz.
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As we introduced in chapter 4, the cut off frequency of each mode can be solved in this

equation below:

€

tank,L, + tank,L, = D
X

where k, = w+/ue .

(6.55)

Now in this design, C’ consists of the slot capacitance paralleled with the PTFE

capacitances. The plot for the cut off frequency is shown in figure 6.14. The red line is the

left part of the equation (6.55), the blue line is the right part, and the slope of the blue line

(right part of the equation) is very sensitive to the input capacitance.
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Figure 6.14. Cut-off frequency plot of theoretical equation

10
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According to the plot, the cut off frequency is approximately at 2.5GHz. Around 5.89GHz,
the second order mode starts to propagate. However, the cut off frequency of the second
order mode is difficult to tell from the measured result. Now we plot the phase dispersion
figure in HFSS to compare the theoretical result.
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Figure 6.15. Simulated phase constant dispersion figure

Figure 6.15 is the phase constant dispersion figure in HFSS. In the simulation, there are
some spurious modes, such as the microstrip mode caused by the added copper foil and the
box mode. These modes were shown but not be considered, and have been removed from
the dispersion figure. Comparing the simulated result with the theory, the fundamental
mode and the higher order mode are well matched. In both results, at 5.8 GHz, the higher
order mode starts to affect the propagation, and that is how the dip occurs in the S

parameter figure.

We can not see any slow mode propagation in the non-periodic structure. That is because

the TRT only can analyse the current vector on the surface, which is the x direction in
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figure 6.16. For the periodic structure, each unit is very narrow and has very little current
flow in z direction, thus there is only x directed current. In our present design, the
continuous copper foil allows current to flow in the z direction, and the transverse

resonance rules break down.

Y z
€ V Er

x
Periodic structure Non-periodic structure

Figure 6.16. Current flow in periodic and non-periodic structures

6.2.2 Periodically added varactor diodes

The next research based on the half-mode waveguide is to apply the varactor diodes over
the slot periodically. The structure model is quite similar to the pin diode which has been
introduced in the chapter 4. The varactor diode can provide different capacitances under the
working voltage. These different capacitances can greatly affect the performance of the

half-mode waveguide. Figure 6.17 shows the cross sectional geometry of the structure.

Copper foil
Vias wall

-, — Insulator

|

Figure 6.17. Geometry of the SIW added varactor diodes
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The equivalent circuit of varactor diode is a bit more complex. Figure 6.18 (a) shows a
simple model of a package 2-feet varactor diode. The components in the circuit basically
include a junction capacitor Cr, a series inductor Lg and a series variable resistor Rs. BB857
SAT-TV varicap diode is used in this design. On average, the BB857 SAT-TV varicap
diode has the junction capacitor Cy with the value of 6.6pF at 1V, and reduced to 0.52pF at
28V (figure 6.18 (b)) [19]. The series inductance is 0.6nH, and the series resistor is about
1.5Q at 5V.

10
pF
8
7
¥
j 5 N\
£
] 5
T .
Cp ___ Crlv) 3
\
2 \
Rs V) \\
1
l %00 10’ v 102
— = W
(a) (b)

Figure 6.18. BB857 SAT-TV varicap diode datasheet [19]: (a) Equivalent circuit of the

varactor diode, (b) capacitance versus voltage figure

We add six varactor diodes on the slot; each one has been soldered on a single copper tape.

They are parallel connected to the power supply and integrated to the half-mode waveguide.

The space between each diode is 7.5mm. Figure 6.19 shows the picture of the fabrication.
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Figure 6.19. The picture of structure with six varactor diodes

During the measurement, we test the structure under four voltages — 1V, 10V, 20V and 30V,
which correspond to the capacitances of 960pF/m, 133.3pF/m, 93.3pF/m and 60pF/m. The
capacitance values are from the datasheet of the diode and the unit length is based on the
dimensions of the design. Figure 6.20 — 6.23 shows S parameters of measured results,

phase dispersion curves of simulated results.

There are kinds of lines in the simulated dispersion plot. The first one is the light line, the
second kind is the phase constant lines in different modes and the third one is the special
line which shows the slow mode above the light line. Corresponding to the transition point,
a dip occurs in the slow mode in measured S parameters. Thus we could not see the slow
mode transmission; however, it keeps propagating till a certain frequency according to the
dispersion curves. This is because the transition of the waveguide may not be excited in the
slow mode, and the energy concentrates mostly on the slot. Therefore, there is very little

energy flow in the slow mode and hard to analyse in the S parameter plots.
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Figure 6.20. The structure by applying 1v voltage (input capacitance: 960pF/m).

(a) measured S parameters, (b) simulated dispersion curves.
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Figure 6.21. The structure by applying 10v voltage (input capacitance: 133.3pF/m).

(a) measured S parameters, (b) simulated dispersion curves.
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Figure 6.22. The structure by applying 20v voltage (input capacitance: 93.3pF/m).

(a) measured S parameters, (b) simulated dispersion curves.
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Figure 6.23. The structure by applying 30v voltage (input capacitance: 60pF/m).

(a) measured S parameters, (b) simulated dispersion curves.
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The balanced equation at each cut off point is:

tan6 +tanT6 = —N8 (6.56)

1

where 0 = k,L;,N = ———.
L w?ubL,C

The fundamental mode has solution in the range 0<6<m/2 for certain value of N. According
to the analysis of section 6.1.1, if the slope of —V is very small (means C is very large), the
line will not cross the tan function and there will be no solution apart from the trivial

solution 6=0.

In figure 6.20, the varactor diodes provide capacitance of 960pF/m to the waveguide. In
this case, the element - N in the right part of the equation (6.56) becomes quite small. Thus,

because of the small slope of — N@ line, there is no fast mode solution at the fundamental

mode except the slow mode above the light line. The second mode starts at about 4.6GHz.

In figure 6.21, the varactor diodes provide capacitance of 133.3pF/m to the waveguide. As
the capacitance decreases, the slope of - N8 line increases. The fundamental mode of
waveguide starts to have the fast mode solution. However, the fast mode range is quite

narrow that only last 0.3GHz and then the slow mode start to propagate at 2.2GHz.

In figure 6.22, the varactor diodes provide capacitance of 93.3pF/m to the waveguide. The
fundamental mode propagation becomes much better than that of 133.3pF/m. The insertion

loss reduced and the operating range increases.

In figure 6.23, the varactor diodes provide capacitance of 60pF/m to the waveguide, which
is the lowest capacitance. There is a significant fast mode propagation which has almost

1GHz operating frequency range.

Through the comparisons, the results compare well. The transition frequency points in
simulated phase dispersion curves correspond to the dips in the measured S parameter

results.
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6.2.3 Periodically added high value varactor diodes

There is another type of varactor diode we try to measure. It is the high value varactor
diode - BB149A UHF Varicap diode, which has the maximum capacitance 21.26pF at 1V

and the minimum capacitance 2pF at 28V.

Without changing other components but only replacing the varactor diodes, we did the
measurement and programme again. The capacitances we choose are 2834.7pF/m (Vz=1V),
666.7pF/m (Vx=10V) and 266.7pF/m (V3x=28V). One condition is that the actual
capacitance may be reduced by applying high frequency on the varicap diode. Figure 6.24 -
6.26 shows the measured S parameter graphs with the theoretical phase constant dispersion

plots.

The high value varactor diodes almost stop the fast mode propagation of the fundamental
mode, because of the high element C that makes the slope of —N too small. As the
frequency increases, from the theoretical plots, we can see that the slow mode starts to have
very short propagation range. However, due to the high loss distributed by the fast mode,

we could not see the slow mode propagation in the measured results.

The second mode propagates very well at frequency range 4.5GHz — 7GHz with respect to
different loaded capacitances. The variable capacitances only affect the starting frequency
point of the higher order mode. As the capacitance reduced, the cut off frequency of the

higher order mode increased.

Compared with the structure embedded with low value varactor diodes, this design has

better second order mode propagations.
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Figure 6.24. The structure by applying 1v voltage (input capacitance: 2834.7pF/m).

(a) measured S parameters, (b) theoretical dispersion curves.
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Figure 6.25. The structure by applying 10v voltage (input capacitance: 666.7pF/m).

(a) measured S parameters, (b) theoretical dispersion curves.
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Figure 6.26. The structure by applying 28v voltage (input capacitance: 266.7pF/m).

(a) measured S parameters, (b) theoretical dispersion curves.
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6.3 Phase shifter design

The phase shifter is one of the most important devices in the signal transmission system
[20]-[22]. In many years’ research, it has been widely used in the communication system,
measurement and instrumentation system, industrial system, etc, especially in the radar
system [23]. As the phase changes of the signal, they provide the means for beam steering

in antenna arrays [24].

There are two types of standard phase shifters — digital (binary) and analogue (continuously
varied). The switched-type digital phase shifters have been well developed in the
microwave systems [25] [26]. The switching devices such as pin diodes or transistors are
applied. However, the insertion loss relates to the number of switches, in which case, the
wider phase shift range means the more loss. Thus, the analogue type phase shifter has the
applications by embedding the devices such as varactor diodes or ferrites [27]. The tunable
phase shifter with ultra wideband performance by using microstrip-slot technique has been
demonstrated [28]. Embedding with the SIW, novel phase shifters with the tuning or self-
compensating abilities have been developed [16] [29]. By changing the loaded capacitance
contributed to the waveguide, the cut off frequency and the phase constant can be easily
controlled. In this section, this new technique and a tunable phase shifter have been
demonstrated. Compared with other phase shifters, our novel phase shifter has the

advantage of simple structure, easy fabrication processing, low cost and small size.

6.3.1 Structure

The biasing technique of loading the varactor diodes to the waveguide is similar to the
previous design [30]. The varicator diodes are the BB857 SAT-TV varicap diode which has
a range of capacitance from 0.45 pF to 7.2 pF. However, the new structure only has two
varactor diodes on the top, and the size of the copper tape has been reduced. A dual 35V
power supply provides the tunable voltage to the plates. The width of each copper tape is

2.5mm, and the distance between them is 2.5mm as well. The total length of the phase
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shifter is therefore 7.5 mm. RF chokes are used to avoid coupling to the bias wires. Figure

6.27 shows the fabrication.

Figure 6.27. The picture of fabricated phase shifter

6.3.2 Measurements

We use the Anritsu 37397C vector network analyzer to measure the structure. The tunable
voltage is provided by a dual 35V power supply. The test voltages we use are from 0 to 30v

with 5 volts step.

Figure 6.28 shows the magnitude S,; in the higher order mode. Because the fundamental
mode only appears when the diodes we have at the very low capacitance condition, so we
choose the second order mode for our test. As the voltage increases, the capacitance
provided by the varactor diodes decreases. Therefore, the cut off frequency of this mode

increases.

Figure 6.29 shows the measured phase change (difference in phase shift between zero and
biased condition) for various bias voltages. As we can see a phase shift of greater than 150
degrees can be achieved at 5 GHz for high bias values. However, we find that at this point

the insertion and return loss are poor because the waveguide approaches cut-off at this
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frequency and therefore the operation of the phase shifter should be limited to above 5.3
GHz.

Figure 6.30 shows the change of phase as a function of applied bias for the four frequency
points 5.3, 5.5, 5.7 and 6 GHz. The phase shift is reasonably linear with applied bias for
voltages less than 20 V.

Figure 6.31 shows the measured insertion loss of the structure at 5.3, 5.5, 5.7 and 6 GHz as
a function of bias. As can be seen the insertion loss is increased at low frequencies where
the waveguide approaches cut-off. This is particularly so for large bias voltages. However,
if we limit the bias to 20 or 25 V then the insertion loss is generally lower than 3 dB over
the 5.3 - 6 GHz range. With reference to figure 6.29 this implies that a maximum phase
shift of 50 degrees is obtainable at 5.3 GHz with 20 V bias and 4dB insertion loss. The

return loss is below 10 dB over the entire range and generally below 20 dB.

However, this phase shifter design is not very successful, due to the large change in
amplitude, non-linear phase response, limited working frequency etc. By increasing the

number of loading diodes, the performance can be improved.
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Figure 6.28. Magnitude S, in the higher order mode for various bias voltages
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Figure 6.31. Measured insertion losses versus voltage (V) for four frequency points

6.4 Summary

In this chapter, based on the transverse resonance technique (TRT), we introduced a new
mathematics method to model the substrate integrated waveguide with loaded components.
This method can define the properties of the structure theoretically, and the results match

well with that of the simulated and measured.

The half mode substrate integrate waveguide can lose the first mode propagation-which is
the half mode solution, if the loaded capacitance is too large. In this case the first mode will
occur in the higher order mode range, and by checking the E-field distribution, it turns to

the full mode solution.

For capacitive loaded circuit, the fundamental mode may include two types of propagations
- the fast and slow modes that are related to the velocity of propagation in the substrate
material. We found the governing equations for these two regions and the transition points

between them. The different phase constant pattern causes the fundamental mode to
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converge to the unusual direction and the loss increases significantly in the slow mode that

leads to a frequency dip during the transmission.

We added the non-periodic capacitance to the waveguide first. It makes the cut-off
frequency reduce significantly. We have not found the slow mode exists in this case, that is
because the transverse resonance technique only can analyse the current vector on the

surface.

Then, the research in periodically loaded varactor diodes shows how varying capacitance
affects the characteristics of the waveguide. The comparisons between the measured S
parameters and dispersion curves are presented. The fast and slow mode propagations
compare well in simulated and measured results. Furthermore, as expected, the dips caused

by the large loss in the slow mode presented in the measured S parameter results.

In the end of this chapter, a phase shifter design has been demonstrated. It has the tunable
performance and only occupies 5 mm longitudinal length. According to figure 6.29 - 6.31,
it gives about 50 degrees phase shift for 4dB insertion loss. However, this design is not
good, and more improvements need to be done, such as reducing changes in amplitude,

linearising the phase response etc.

This work has been accepted by Antennas and propagation symposium 2010 in Cochin,

India, Dec 2010.
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7. Conclusions

As completion, this section includes a summary of the researches and most important

results in this thesis. At the end, three brief suggestions for future work are discussed.

7.1 Summary

In chapter 2, two novel composite right/left-handed (CRLH) transmission lines are
introduced. One is the planar type and another is via type. They are separated by the shape
of electrical scatterers embedded inside the host line. The shielded stripline is applied to be
the host line, which has the advantage of no radiation. Both CRLH lines have great left-
handed propagation ranges. In the mean time, a method of using transmission matrix
analysis to define the equivalent circuit of the structure is proposed. A rough left-handed
range can be determined by changing shunt inductance Z; and series capacitance C; in the
matrix. In the same chapter, a discussion of calculating inductance L, and series

capacitance C; is presented.

Chapter 3 is the general study of the multilayer substrate integrated folded waveguide. The
designs of microstrip transmission lines and transitions are presented. This chapter also
describe the folded narrowband waveguide, which has the narrow bandwidth with smaller
size. At the end of this chapter, the folded half-mode waveguides are introduced. It

becomes the fundamental concepts for the next chapter.

In chapter 4, a novel planar half-mode substrate integrated waveguide (HMSIW) has been
designed. Maintaining all properties and advantages of original halt-mode HMSIW, this
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new open structure has no radiation loss and is easy to integrate the planar circuits on the
top slot. We also discussed how the open slot affects the loss and bandwidth of the
waveguide. Then, a theoretical method to analyse the propagation constant is introduced by
using transverse resonance technique (TRT). This mathematical idea gives us the

systematic way to determine the cut off frequency of the planar half-mode SIW.

In chapter 5, based on the design of planar half-mode substrate integrated waveguide, a
novel pin diode switch has been designed. The propagating mode of waveguide can be
switched between two types of mode via the biasing of pin diodes. The periodic loaded
method is chosen to integrate pin diodes to avoiding the resonance. This new switchable

waveguide can achieve >40dB of isolation up to 3.7GHz, with little resonance and noise.

Chapter 6 introduced a new theoretical analysis to model the substrate integrated
waveguide with loaded components and how that affects the properties of propagations. By
verifying this method with the simulation, we found that if very large capacitance is loaded
on the half-mode waveguide, the waveguide loses the first mode propagation and make it
occur in the higher order mode range. By changing the capacitance, the propagation of
fundamental mode is managed to control. Furthermore, in a capacitive periodic loaded
circuit, the fundamental mode includes two types of propagations — the fast and slow
modes. The slow mode is an unusual propagation, which will become very lossy at higher

frequency.

Two applications are presented in chapter 6. One is by adding non-periodic capacitance to
the waveguide, which reduced the cut-off frequency, but no slow mode. Another one is to
periodic load varactor diodes, which brought the fast and slow mode propagations in the

fundamental mode.

In the end of this chapter, a novel phase shifter with the tunable performance has been
demonstrated. This device has a maximum phase shift of 50 degrees with acceptable return

and insertion loss and only occupies 5 mm longitudinal length.

It is hoped that these designs will further enhance the benefits of substrate integrated

waveguides.
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7.2 Future work

7.2.1 Half-mode substrate integrated waveguide (HMSIW) antenna

The half-mode guide technique is widely applied on the antenna system, such as the leaky-
wave antenna [1], the slot antenna [2], frequency scanning antenna [3], etc. Based on the
half-mode technique, the antennas have the advantages of easy fabrication and integration

with planar circuits, low cost and loss, bandwidth enhancement, and size reduction.

One further research is to design a HMSIW horn type antenna (figure 7.1).

Figure7.1. A HMSIW horn type antenna

One end of the planar half-mode waveguide is modified to be an open side, which has the
horn shape. The energy can radiate through the top slot to the far field. The size of the horn

part could be well designed to achieve the maximum gain and the lowest return loss.

7.2.2 Composite right/left-handed (CRLH) half-mode substrate integrated waveguide

Recently, a new technique has been developed, which combines the metamaterials
transmission lines with the half-mode substrate integrated waveguide (SIW) [4]. The shunt
inductances are provided by the via-walls of the waveguide, and the multiple metallised
slots on the top create the series capacitances. The unbalanced and balanced cases are easy
to be satistfied. The shunt inductances are attributed to the width and height of the

waveguide; the series capacitances are controlled by the width and length of top slots.
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The advantage of this technique is that it can greatly improve the waveguide
miniaturization. The half-mode SIW already has nearly the half cross-sectional area. The
metamaterials transmission lines can provide left-handed characteristics which obtain the
backward wave passband below the cut off frequency [5] [6]. Therefore, the guide
wavelength can be further reduced. The new technique has been applied to some devices,

such as dual-band couplers [7].

A future research is to embedding the left-handed transmission line circuits with the planar

half-mode SIW.

Vias wall

Periodic loaded copper tapes

Figure7.2. Planar half-mode SIW embedded left-handed transmission line

Figure 7.2 shows the model of the design. Along the top slot of the planar half-mode SIW,
a series copper tapes are periodic loaded. The gaps between two tapes form the series

capacitors C;. The vias wall consists of the shunt inductors.

The distance between each copper plane will determine the series capacitance value, and

the height of the planar half-mode SIW will determine the shunt inductance.




Capacitor

Figure 7.3. Loaded series capacitances
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An alternative method of the distributed series capacitances is to load the capacitor

components between two copper planes (figure 7.3). This method can greatly increase the

series capacitances to satisfy the balanced case of CRLH line:

LRXCL:LLXCR

7.2.3 The switchable CRLH transmission line

(7.1)

A further improvement is to design a switchable CRLH transmission line. By series

embedding biasing controlled pin diodes between two copper planes (figure 7.4), the

transmission can be switched between the normal waveguide propagation and left-handed

distribution transmission line. In this case, the taper need to be redesigned.

Pin diode

Positive end

Negative end

Figure 7.4. Embedded pin diodes

The bias problems need to be considered in this design. We can try to embed the positive

and negative end into different layers, and use the insulator to separate two parts.
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7.2.4 The planar half-mode SIW embedded Gunn diodes

SO0 0G 000000000
Gunn diode o '
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Figure 7.5. Geometry of planar half-mode SIW embedded Gunn diodes

Furthermore, we could embed the gunn diodes into the planar half-mode SIW (figure 7.5).
The Gunn diode is a transferred electron device used in high frequency range. It can
provide negative resistance in which case the attenuation constant becomes positive.
Therefore, the resistive loss can be considered as the gain of the waveguide. This technique

has applications in amplifiers [8], generators [9] and Gunn diode sources [10].

These designs are very promising as long as the structure has been well optimized.
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