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ABSTRACT

LOW LOSS SUBSTRATE INTEGRATED WAVEGUIDE N-WAY POWER DIVIDR

Mohammadi, Pejman
Ph.D., Department of Electrical and Electronic Enginegrin

Supervisor : Assoc. Prof. Dr. Simsek Demir

December 2012, 97 pages

Substrate Integrated Waveguide (SIW) technology has bsethin designing and fabricating
SIW n-way power dividers. In this thesis employing this tealogy three-port and five-port
SIW power dividers are designed and fabricated. Thesetstagcare compact in size and the
design procedure can be expanded into n-port power dividémsse structures are used with
microstrip transition parts however measurement of Stpaters of the main structure are re-
quired for comparison. This is carried out with a speciabéathm based on TRL calibration
method. This method is general for reconstructing the &paters of the n-port network.
For the three-port SIW power divider the measured retura isshelow 10 dB and trans-
mission is measured between -3.5 dB and -4 dB over a frequeaiogt from 9 GHz to 11
GHz. The measured amplitude balance is less #@ah dB from 9.5 GHz to 11 GHz and
the measured phasefidirence betweerS,; and /Ss; is about £ . There is a good agree-
ment between simulation and measurement results overgfadncy band from 9.5 GHz to
10.5 GHz for five-port SIW power divider. Based on the totaklonechanisms in SIW struc-
ture low loss SIW three-port and five-port power dividersenbeen designed. A three-port
partially filled SIW power divider has been constructed. niisasurement results show that
transmissions are between -3 dB and -3.5 dB from 8.75 GHz {6H® and the return loss

is less than 10 dB in the same frequency band. The measurddumlagpalance is less than
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+0.2 dB over frequency band from 8.75 GHz to 10 GHz and the medqirase dference
between/S,; and /Ss; is about 4.

Keywords: Substrate Integrated Waveguide, Power Divider, Loss, TRL Calibration
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TABAN MALZEMESINE TUMLESIK DALGA KLAVUZU ILE DUSUK KAYIPLI
N-YOLLU GUC BOLUCU

Mohammadi, Pejman
Doktora, Elektrik ve Elektronik Mihendisligi Bolim{

Tez Yoneticisi  : Assoc. Prof. Dr. Simsek Demir

Aralik 2012, 97 sayfa

Yuzey Tumlesik Dalga Kilavuzu (YTDK) teknolojisi YTDKueme olusturma agi tasarimi
ve Uretiminde kullaniimaktadir. Tez kapsaminda, U¢ ves kapili YTDK gi¢ boluct

tasarlanmis ve Uretilmistir. Bu yapilar az yer kaplar tasarim adimlari n-kapili huzme
olusturma agi olusturmak icin gelistirilebilir. Buapilar mikroserit gecislere gerek duyul-
madan kullanildigi icin yapinin ek gecislerin etkisgermeyen S-parametreleri dl¢tlmelidir.
Bu olcimler ©zel TRL kalibrasyon algoritmasi ile yapistir. Bu metot n-kapili agin S-

parametrelerini yeniden yapilandirmak icin geneltdghbilir.

Uc kapil YTDK giic boliicii yapisinda, -10 dB geriyertis kaybi ve 9 GHz - 11 GHz bant
araligiinda -3.5 dB ile -4 dB arasinda gecis degedkiilimistir. Ayrica, olcilen genlik den-
gesi 9 GHz - 11 GHz bant araliind®.5 dB’'den azdir ve’S, ile /S3; arasinda olcilen faz
farkl yaklasik+4 derece dir. Bes kapili YTDK gi¢ bolucunin dlgimbenzetim sonuclari 9

GHz - 11 GHz bant araliinda gayet uyumludur.

YTDK yapisindaki kayip mekanizmalari incelenmistir. Balismalara gore dusuk kayipl t¢
ve bes kapill YTDK huzme olusturma ag tasarlanmigig.kapili yari doldurulmus YTDK

guc boluct yapiimistir. Bu yapinin kalibrasyon ileryden yapilandirilmis S-parametreleri,
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8.75 GHz -10 GHz bant arahginda -3 dB ile -3.5 dB arasindasgee -10 dB'den az geriye
donus kaybi gostermektedir. 8.75 GHz - 10 GHz bant @uradia 0lcdlen genlik dengesi0.2

dB’'den azdir ve/S,1 ile /S31 arasinda Olcilen faz farki yaklagdd derece dir.

Anahtar Kelimeler: Yizey Tumlesik Dalga Kilavuzu, Hug®lusturma Agi, Dusuk Kayip,
TRL Kalibrasyon
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CHAPTER 1

INTRODUCTION

1.1 Overview

Low-cost, mass-producible, high-performance and highlyrécrowave and millimeter-wave
technologies are critical for developing successful RFraimtowave systems. At millimeter-
wave frequencies, in particular, circuit-building bloéksluding antenna elements are closely
related to each other via electromagnetic coupling anddateect. In this case, circuit design
should be made with a global consideration. Conventionakegaide technology is still the
mainstream for designing high-performance millimetexagystems. However, this matured
scheme is not suitable for low-cost mass-production. Texdaond expensive post fabrication
tuning and assembling become a real problem for manufasture addition, waveguide
technique cannot be used to reduce the weight and volumestr&téintegrated waveguide
(SIW) is a recent form of transmission line [1]. It is implented by two periodic via-holes

in grounded dielectric. A schematic view is shown in Figue. 1

Metalized via

Dielectric Substrate

Figure 1.1: Substrate Integrated Waveguide



SIW structures similar to metallic rectangular waveguide @lectromagnetic interference
free. The side walls of the rectangular waveguide can bé&zeshlvithin the substrate by us-
ing a metallized post of vias and upper and lower walls amnméal by two metals of printed
circuit board (PCB). Some advantages like low cost, low émsshigh density integration with
microwave and millimeter wave components made it popiddrin the past few years[2]-[4].
Moreover SIW technique permits to fabricate a completeudinn planar form (including
planar circuitry transitions, rectangular waveguide, anténna), using a standard printed cir-
cuit board or other processing technique. In a SIW structiueeelectric field distribution
fill the volume inside the waveguide and surface current @gape on a large total cross-
sectional area of the waveguide walls, resulting in lowerdeator loss [5]-[8]. As frequency
of operation and circuit density continue to increase,afpspaced microstrip and strip line
interconnects will no longer be viable options. Problemsoamted with signal integrity,
cross coupling and radiation are becoming increasingtjcdit to overcome.

The demand for wideband interconnects and compact eléctsgatems are continually in-
creasing. These desires will employ the SIW technology faruultra-high frequency and
broadband applications and highly integrated systemsrdardo improve dimensional de-
sign procedure significantly in term of accuracy, time anohplexity, excessive use of global
full-wave tuning and optimization should be avoided, esgcin complicated structure
where there are numerous dimensions and parameters toduband optimized.

In a SIW component a global full-wave tuning is the most comipaised method, but this
is typically very time consuming due to lots of metallizedimgirical via holes. So an ac-
curate dimensional synthesis procedure has been develop&W design. For example
some diterent strategies for microstrip-to-SIW transition witlffeient geometries have been
described [9]-[11]. In which the impedance variation falbodifferent mathematical expres-

sions, some of them extract from the classical theory.

1.2 Thesis Motivation and Objectives

In millimeter wave and microwave applications, SIW is ameattive guided-wave structure
to realize components and subsystems. Hence one can find lzenwinthe key elements
devices implemented using SIW technology. Among thesecde\&IW power dividers serve

the key elements for the realization of multiplexers, phetséier and antenna beam forming
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networks. There had been sonfioes to design and produce the SIW-based power dividers.
However, these SIW power dividers in the multi-way port eoninent have large size due
to lateral port distribution. One goal of this thesis is temase the size of the structure and
has a compact size power divider based on SIW technologyreTdre some papers about
this problem earlier, but their structures have laterainfor they are designed for a specific
number of ports. So by increasing the number of the portsiteeas the structure become
larger. In the proposed SIW power divider by stacking the RgyBrs in proper position only
the length of the SIW power divider will be increased and iidttvremain constant. Conse-
guently the two-way SIW power divider could be consideredwkling block on n-way SIW
power divider.

Another object of this thesis is to develop a method for meagun-way scattering ma-
trix with two-port voltage network analyzer (VNA). A modeXNA with True-Reflect-Line
(TRL) calibration and appropriate standards can measuwrgtwt non-coaxial (Device Under
Test) DUT at desired reference planes. In contrast, dueckodba multi-port counterpart of
a full two-port TRL calibration, a multi-port VNA cannot m&are a multi-port non-coaxial
DUT up to the intrinsic ports as straightforwardly as messuthe coaxial one.

In the light of TRL calibration facility, removing of any tnamission part féects will be
achievable. There is a little systematic research in thés.arProposed method has some
advantages in comparison with similar methods. By applyitig method one can find the
desired S-parameter individually. Its mathematical daloon is easy without any need for
matrix inversion that must be done in similar algorithm f&B-:

One of the major issues for applicability of SIW to design dfimeter wave components is
related to its losses. According to previous studies thexéhmee sources of loss in SIW com-
ponents. Ohmic loss, radiation loss and dielectric lossraestigated in a little paper[97]-
[98]. It has been shown that the dielectric loss has mffexethan two others in total loss of
the structures. The third objective of this thesis is ingating the loss property of the SIW.
A special method will be used for decreasing of the dieledtss. This technique has been

used to design and produce low loss power divider on SIW tdolgy.



1.3 Thesis Contribution and Publication

This thesis presents a short review about the SIW technoioigyowave and millimeter wave
components which have been made based on SIW. Three SIVitséruce. filter, coupler and
antenna have been reviewed, according to the subjects baweshudied by the researcher un-
til now . SIW power divider had a special interest in the theBiesigning and manufacturing
of some novel power dividers based on SIW will be carried out.

A new measuring method with TRL calibration for multi-pogwvice will be established. The
contributions of this thesis are summarized in the follayihree journal and conference pa-
pers:

1. P.Mohammadi, S.Demir, “Two layers substrate integratadeguide power divider,” Gen-
eral Assembly and Scientific Symposium, 2011 XXXth URSI 1p#,. 13-20 Aug. 2011.

2. P. Mohammadi and S. Demir, “Multi-layer substrate in&gd waveguide e-plane power
divider,” Progress In Electromagnetics Research C, Vol.159-172, 2012.

3. P. Mohammadi and a. S. Demir, “Substrate Integrated WasgtegJnequal Power Divider
with Adjustable Dividing Ratio, " The first Iranian Confersmon Electromagnetic Engineer-

ing (ICEME) Iran University Of Science And Technology in 28-Dec. 2012.

1.4 Thesis Outline

This thesis includes the results of the activities up to dathe framework of the mentioned
objectives in 7 chapters. As mentioned above first chapteranaintroduction about SIW
technology. It has a clarification about the objective ofttiesis in a short format.

Chapter 2 will start with a small introduction above the #iion which must be used to
connect the SIW to microstrip line or coplanar waveguide\{GHine. It will be continued
by reviewing the design equations for this transition pai@sfferent component based on
SIW structure like filter, coupler, antennas, etc. will beyided which are found in literature.
Finally general design rule, some consideration pointSfe¥ design and rectangular waveg-
uide equivalent formula are reviewed. This equation gibhesléngth and width of transition
parts which have been use to design the SIW power divideraaodSIW TRL standards in
chapters 5 and 6.

Chapter 3 will be in progress with a beginning about powerdéivas a key element in de-
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sign of the millimeter wave and microwave systems. This t@ramcludes E-plane power
divider equivalent circuits. Resemblance between E-pjsoveer divider and SIW power di-
vider gives the design rules for SIW power divider designhiafter 5 and 6. Based on this
theoretical background, a three-port SIW power divideigtesg and production with simu-
lation and measurement results are also presented.

Chapter 4 presents the TRL calibration procedure for Si'détdacomponent measurement.
The dificulties due to n-port non coaxial device measurement withgart VNA are re-
viewed. So a novel method for reconstruction the scattgramgmeters of an n-port device
with non coaxial port in desired reference plane with twotpNA will be implemented.
This method will be used in chapter 5 and 6 to reconstructth#éesing parameters of three-
port and five-port SIW power dividers.

Chapter 5 focuses on the three-port SIW power dividers amdpirt SIW power dividers.
Their design, simulation, production and measurementgohaes will be investigated. In this
chapter the two-way SIW power divider introduces as a bogjdilock of n-way SIW power
divider. Their advantages especially compact size of thectstres, in comparison with the
comparable structures will be identified.

Chapter 6 will begin with the loss mechanisms study in SIWitebogy. It is carried on by
introducing the method to decrease the loss in SIW. Themikifhiod will apply to design the
SIW low loss power divider. Measuring the fabricated cassdselrRL calibration with two
different error boxes. This low loss power divider measurenesutlr will be compared with
similar lossy one. Finally the expected scattering paramaeill be exhibited.

The subjects of this thesis have been summarized in chaptBufire studies suggestions
are provided for further improvement of the SIW power divgland produce new type of an

unequal SIW power divider.



CHAPTER 2

SUBSTRATE INTEGRATED WAVEGUIDE

2.1 Introduction

Although the hybrid and monolithic integrated circuits ased more and more in microwave
and millimeter wave systems, metal waveguide still playsagomrole in specific type of
circuits like antenna, high-Q filters and high-Q oscillatoA critical point is to combine both
systems via appropriate transitions. The excitation ofegaide with stripline and microstrip
line has been reported in some papers [12]-[13]. The tiansélways consists of two or
more separate pieces that require junction assembly, amirgytmechanism is also generally
essential. Furthermore the planar substrate has to betow specific shape. However, they
provide reasonably good results, but they typically areveoy well suited for a simple and
compact integration with the planar circuits.

Approximately ten years ago SIW was suggested. This wadedsicomposed of two parallel
row of metallic vias inserted in a dielectric substrate.miplements a waveguide on a piece
of printed circuit board. However in order to connect actireuits to SIW or to measure
S-parameters, mounting SMA connectors and microstrigi-transitions is required. At
the following section a new integrated platform of micrgstne and rectangular waveguide

is reviewed.

2.2 Microstrip-to-Substrate Integrated Waveguide Transtions

As the microstrip transmission line only has one ground oetat, the cross sectional elec-
tric field distribution propagates through both the substeand the media above the substrate

(usually air). Thus, the microstrip is said to propagate @sgdi EM mode, in comparison to a

6



pure transverse electromagnetic (TEM) line, such as dis&ipn order to interconnect rect-
angular waveguides to planar transmission lines, an el@etgnetic mode conversion must
be accomplished to transmit signals between the planar T&EMuasi-TEM, transmission
line and the guided waveguide mode. The characteristic diaapee of the planar transmis-
sion lines must be simultaneously matched to the frequeapgrilent wave impedance that
relates the transverse electric and magnetic fields of tlveguade.

Transition from microstrip line to a substrate integrateaveguide with a tapered line has
been proposed in [3]. Figure 2-1 shows this platform thatmeisly integrated on the same
substrate without any mechanical assembly or tuning. Tketeghsmission line is connected
to integrated waveguide by tapered section. Mode matchsirtpine by tapered section. It
transforms the quasi-TEM mode of the microstrip line inte Te; o mode in the waveguide.
Design of this circuit is straightforward. By considerirfietdielectric properties %D mi-
crostrip line is designed, then waveguide dimensions arerméed by waveguide theory.
Finally length "I” and width "d” of transition part should k#etermined.

Modelling and optimization in software over the desiredyfrency bandwidth is the most
commonly used method, but this is typically very time consgrdue to lots of metallized
cylindrical via holes. Indeed, if analytical equation haeb used, the design process would

be speed up.

Figure 2.1: Configuration of proposed transition of micrigskine to rectangular waveguide
on the same substrate[3]

Electric field distribution in microstrip line and rectaiguwaveguide is shown in Figure 2-2.
The electric fields of two structures are approximatelyrdgd in the same direction so the
microstrip line is suitable to excite the integrated wavdgu The most important fference
between RW and SIW is the dimension "b”. The height or thiden#®” is reduced in SIW.
But it is not influence th&@ E1g mode propagation because propagation constahEgf mode

is only related to width "a”. The design equation for micrgsto-SIW transition has been
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reported in [10]. According to Figure 2-3 the microstrip teeen modeled by an equivalent

TEM waveguide.

/2N
o |1 [ ahn

Figure 2.2: Electric field distributions (a) in rectanguaaveguide (b) in microstrip line [3]

—
—>

iy

Figure 2.3: Equivalent topology for microstrip-to-SIWnsation a) microstrip Line b) waveg-
uide model of microstrip line c) top view of a microstrip tagd microstrip-to-SIW step [10]

The width of the TEM waveguidey, is calculated to obtain the same impedance as in the
microstrip line. The capacitancéfects at the end of the SIW in the transition plane are not
taken into account, because magnetic walls are used to ttlesel\W. Taper length must be

chosen as a multiple of a quarter of a wavelength in order tomize the return loss.

2.3 CPW-to-Substrate Integrated Waveguide Transitions

In the millimeter-wave frequency range the coplanar waicy(CPW) is a very promising

transmission line. In the platform shown in Fig.2-4 a coplawaveguide (CPW) and a SIW
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Figure 2.4: Schematic view of the proposed transition ofaiwgr waveguide and rectangular
waveguide [14]

are fully integrated on the same substrate and they arecamteected via simple transition
[14]-[16]. Increasing dielectric substrate height in aortie decreasing the conductor loss,
may not dect too much inherent CPW characteristics. So the subgtiateness can be
increased to reduce conductor loss in the waveguide desifpowt having adverse impact
on planar components. Another proposed CPW-to-SIW tiansithich is using three metal

layers is shown in Figure 2-5[15].

Figure 2.5: Configuration of the CPW-to-SIW transition [15]

An elevated-CPW (ECPW) intermediate section is insertédiden a CPW and a SIW for

gradual modification of the transmission mode as shown inrgi@-6. The ECPW section
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Figure 2.6: Structure of the CPW-to-SIW transition (a) Tagaw (b) cross section showing
the E-field gradation [15]

( c-C) plays a role of the intermediary field matching between thiézontal CPW E-field (
A-A) and the vertical SIW E-field ( &) as a ridged waveguide.

2.4 Rectangular Waveguide Equivalent and Some Consideratn on Design of

Substrate Integrated Waveguide

The equivalence on propagation and cfitfeequency between SIW and RW has been in-
vestigated [17]. SIW can be modelled as a Rectangular wadedRW) as shown in Figure

2-7. Generally, a rectangular waveguide has horizontagtheof “a "and vertical length of

AV

e

b2

a2

Figure 2.7: Schematic structure of a conventional rectmguaveguide [17]
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“b "and its cut-df frequency is determined byatandb . Because length of vertical wall of
SIW becomes height of substrate, “h "and horizontal leragjigh much longer than height of

substrated > b = h) the cutdrf frequency of the SIW is given by:

1
" 2ave

a is the width of the SIW, W is the distance between two adjacglimders, R is the radius

Ke 1

form = E = ZJT\//E (2.1)

(2 + (TR = fuo

of the cylinder and is the width of the equivalent RW . Rectangular waveguidetiwédcan
be written in term ofd’ [18]-[19]:

. 28 AW, W
a —7C0t (Elnl‘-_R) (22)

There is an empirical formula for equivalent width of SIW #].|

D2
0.950

whereWes ¢ is equivalent width, W is the SIW width and D is via diameted dnis distance

between adjacent vias. A schematic view of the SIW is showrigare 2-8 [20].

Figure 2.8: Configuration of the substrate integrated waidggsynthesized using metallized
via-hole arrays [20]

The distance between two arrays (c) determines the prdpagainstant of the fundamental
mode, and the via holes parameters (d and p) are set to manitmézradiation loss as well
as the return loss. In order to insure that the synthesizegguide section become radiation
less or free of leakage loss, parametfieet of p and d have been studied [20]. These studies
show that the pitch must be kept small to reduce the loss leetadjacent points. The loss
tends to decreases as the post gets smaller for a constiant/mtwhich is conditioned by

I . d
fabrication process. To obtain good results the ra%o;a 05 andE < 0.4 must be chosen.
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2.5 Substrate Integrated Waveguide Based Components

Design and production costs of millimeter-wave systemsawbably the most critical issue
in the assessment of their commercial vitality. The po#stof the SIW for production of
low cost, low loss and mass production passive componerg bagn developed. With the
emerging development of the SIW-based component and tsy¢hée design of an entire com-
munication system based on these new interconnect sysfaasile. At the following a few
critical components such as SIW-based filter coupler anehauats will be studied.
Rapid development of communication systems in the micrevamd millimeter wave band
need filters with low insertion loss, compact size, goodaiiigy, high quality and easy fabri-
cation process for mass production. Available filters atraviave and millimeter wave bands
[21]-[27] have a large size and are very hard to integratd pianar structure. SIW filters
[28]-[34] can be easily integrated with planar structuned are very good candidate for mass
production. The design and performance of millimeter waugédworth and Chebyshev fil-
ter with SIW has been reported [28]. First of all the filter Gfieation are established; and
f, defining the bandwidth. This filter is centeredf@tvith the frequency fractional bandwidth
equal to:

fo—f1

=2 (2.4)

The guide wavelength is then computed for the center and &dgel frequenciesfo; Ag1; Ag2

). The guide wavelength fractional bandwidth is defined as:

_ /191 - /192

w) (25)

and normalized prototype frequencyfatis computed with:

) (2.6)

’

w B w /190

1

The specification for the out of band rejectionfatgives the minimum order need for the
filter. Inductive post equivalent circuit which is used toASfabrication is shown in Figure

2-9.

Using the moment method S-matrix of the structure can beilzdkd. From the S-parameters
the equivalent circuit can be computed. Then impedancetongehave been computed from
the circuit element. An iterative method is implemented il fihe required post diameter
knowing the desired invertors. In this way the design praceaf SIW filter has been com-

pleted. The manufacture filter with its simulation and measwent results are shown in
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10: (a)Photograph of the manufactured three4jltée (b) Measured and simulated
results for the three-pole Chebyshev filter [19]

Figure 2-10[19]. Simulation and measurement results shewdsponse of the Chebysheve
filter at 28GHz. 1 GHz bandwidth has been achieved. This filéer been designed and fab-
ricated without need for tuning.
Dual mode filter are widely used to improve the out of bandat&ge. However in typical

design tuning screw or small metallic piece have been usethéomode conversion in the
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cavity. This method is not suitable for SIW. So by using thdhod in [33] the SIW dual
mode filter has been realized [28].

A directional network is a four-port network in which pomiaf the forward and reverse
traveling wave on a line are separately coupled to two of tésp As a result, it finds ex-
tensive use in system that requires the measurement oftadgland phase for travelling
wave. In its most common form the directional coupler cdrigwo transmission lines and
a mechanism for coupling signals between them. Many typéretiional coupler have been
developed over the years and have been classified as eitfoeetditype or distribute-type
couplers [35]-[36]. Several SIW couplers have successtilen designed and have been
demonstrated theoretically and experimentally [37]-[43]

A double layer wide band compact size directional coupléh o SIWs crossed over each
other has been shown in Figure 2-11[37]. The coupling iszedlby the cross slots between
upper layer SIW and lower layer SIW.

According to measured data in Figure 2-11(b) large rangeoopling codficient and wide
band characteristic has been achieved. A half mode SIW (WiFSUB coupler has been re-
ported in [40] as shown in Figure 2-12(a). It keeps the goatbpmance of SIW coupler with
nearly a half reduction in size. Simulation and measuremesilts are in a good agreement
which is shown in Figure 2-12(b). The E-field is of the maximuatue at the vertical center
plane along the propagation direction in SIW when it workky@m the dominate mode. So
the center plane can be considered as an equivalent magradlti®ased on this idea the SIW
can be bisect with the fictitious magnetic wall and each hiathe SIW becomes a HMSIW
structure and the new structure can almost keep the orifjieidldistribution in its own part
because of its large width-to-height ratio and be consal&yesupport the guided wave modes
in the half open structure.

Slot array antennas withfiiérent feed network have been studied and developed. Rettang
waveguide feeding network for slot array antenna is a masingon one. A design procedure
that accounts for external coupling between slots in theyded by dielectric filled waveguide
was reported by Elliot [44]. The conventional rectangulaveguide-fed slot array antennas
present the advantages of low loss and high power handlipgcdst. Nevertheless, their
incompatibility with integrated planar components creatdiurdle for their external applica-
tion in microwave and millimeter wave integrated circuit® overcome this drawback SIW
based antennas with integration capacity has been inagstig45]-[55]. The half mode SIW

transverse slot array antennas have been reported [503t ¢inty maintains the advantages
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Figure 2.11: (a) Photo of the assembled directional coupidrthe two separate single layer

PCB (b) Measured S-parameters of the directional coupléreamaximum coupling factor
[37]

characteristics of slot array antenna fed by the SIW, bt ihis more compact, as its size is
reduced by nearly half. A sketch of an HMSIW-fed transvefeearay antenna is shown in

Figure 2-13 and its properties are shown in Figures 2-14 ahil i2spectively.
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(b)

Figure 2.13: Photographs of the HMSIW-fed transverse m@soslot array antennas (a) X-
band and (b) Ka-band [50]
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Figure 2.14: Return loss of the HMSIW transverse slot arrdagrana over X-band.(a) X band
(b)Ka-band [50]

— measured =-e=-. simulated @ 31.4 GHz
ol § 3 n=— Hplane 4
: U
<10 L i \ "
20f i 1 gs i O RS
& )
)
ol
-40 [N
=50
Angle (deg) Ani i)
(@) (b)

Figure 2.15: Radiation patterns of the HMSIW transverseai@y antenna (a) 9.82GHz (b)

31.4GHz [50]
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CHAPTER 3

SUBSTRATE INTEGRATED WAVEGUIDE POWER DIVIDER

3.1 Introduction

Power dividers are used to divide the input power into a nurobsmaller amounts of power
for exciting the radiating elements in an array antenna.yre also used in balanced am-
plifiers both as power divider and power combiner [35]. A famgental property of a lossless
reciprocal three-port junction is that not all three pods be simultaneously matched. If we
assume that all three ports can be matched, 8wgn= Sy, = Sz3 = 0 and the scattering

matrix has the form:
0 Si2 Si3

[SI=| Sxu 0 Su (3.1)
Siz S35 O
If we want to use a lossless three-port junction to split @iddi input powerP; into fraction
aP1 = Py and (1- «)P; = P3 at port 2 and port 3 this is readily accomplished [35]. For a
three-port junction shown in Figure 3.Z; andZz can be chosen so that the input port 1 is

matched and the desired power split is obtained.

<<

\qu\

Z3

Figure 3.1: A lossless three port junction used as powedéivi
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. . : 1 .
If the input is matched, then the input powePis= §Y1|V1+|2 . SinceV, = V; = V/ because
of the parallel connection of all three lines, the powertiefacan be written as:

1

Plzz

1
YV % + §Y3|V1+|2 (3.2)

For an impedance match it requir¥s = Y, + Yz and in order to obtain the desired power

division, it requires that:

ﬁ_af

Ys 1l-a

This type of lossless power divider will not have matchedpatiports and sinc&,3 will not

be zero it also does not have isolation between the outptg.dbthere is a shunt susceptance
at the junction, such as would occur from excitation of egarat mode in a waveguide T
or Y junction, the input port can still be matched by placingugtable shunt-compensating
susceptance at the appropriate position in the input linkivgon power divider is illustrated
in Figure 3-2. It consists of two quarter wave sections witaracteristic impedancg and

Z3 connected in parallel with the input line, which has the abtaristic impedancg..

Z

Zs
@

-10 ¢}

dB

— ] ]

S21 & S31

8 9 10 11 12
Frequency / GHz
®)

Figure 3.2: (a) The Wilkinson power divider (b) Simulatiesults

A resistor R is connected between port 2 and port 3. Wilkindeweloped an N-way power
divider that would split the input power into output powerMtports and that would also

provide the isolation between the output ports. A uniqueufeaof the Wilkinson power
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divider is the use of resistor connected between the vawotput ports. When the output
ports are terminated in the correct load impedance, there trrent in the resistor; so they
do not absorb any power. If one port is matched, then the teflggower from that port
is partly absorbed by the resistor network and partly retdrto the input, but no power is
coupled into the other ports as long as they remain properipihated. The above theory
about power divider has been developed by using the adwestzghe SIW technology. At
the following section power division will be carried out bging two SIW parts which are
attached together. The electromagnetic wave has beengatgoafrom lower layer to upper

layer via an aperture.

3.2 SIW Power Divider

Power dividers are widely used in microwave and millimetewvevcircuits. Array antenna
feeding network is an example which need desired poweridivisatio at a specified band-
width. SIW is a dielectric filled waveguide structure thas tlhe similar propagation modes
as rectangular waveguide, but manufacturing of such a wadegstructure requires only a
normal Print Circuit Board (PCB) process and results in tlegithof low cost and mass pro-
duction ability. The main structure of proposed SIW powetid#r is shown in Figure 3-3.

It includes two PCB layers with the same electrical propstrtiThe electromagnetic wave is

coupling from bottom layer to upper through a slot.

Upper Layer

@ ®)

Figure 3.3: The main structure of multi-layer SIW (a) Thetfaad the second layers with
slots (b) The coupled E-fields

The above proposed structure need to transition parts teecbmno microstrip lines. RO4003

20



with dielectric constang = 3.38 , tanf) = 0.0027 and B0.51 mm has been used to design
of the SIW power divider. The distance between vias, and igmdters are£0.8 mm , &1

mm respectively.

3.3 E-Plane Power Divider

The three-port waveguide configuration in Figure 3-4 is kn@s E-plane or series tee[56].
Port 1 is usually designated as E-arm and port 2 and port 3wgdezoarms. The width of
the all three guide is the same, which is the most common geraant. Associated with
the propagating waves are conduction currents in the inds wf the waveguides. The
longitudinal or power currents that follow along the broaalle/are also indicated. Since the
common current flows in the three guides, the E-plane tee magdresented by three series

connection of transmission lines.

Port1

Figure 3.4: The E-plane waveguide or tee junction

The equivalent circuit for E-plane waveguide is shown inuFég3-5a,b,c. The reactive
effects associated with the localized higher-order mode magcbeunted for by either of
equivalent circuits in Figure 3-5. Susceptance values dsasevalues fom,d andd’ are
given in [56]. The circuit in part b of Figure 3-6 is partictiauseful to determine thefiect
of mismatched terminations on the power divisions. The ueta6] indicates that fob < b,

X is quite small and may be neglected. Because of the impedaansforming properties
of transmission lines, it is important that the terminalngla for the equivalent circuits be
specified. The lines lengths in Figure 3-5 are necessary ke ttee terminal planes in both

circuits the same. The planes are defined in Figure 3-5 c. Urneration of the transformer
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is frequency sensitive, it has been decreased when thesineyus increased.
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Figure 3.5: (a,b)Two equivalent circuits for the E-plane (t€) Side view

Due to similarity of SIW power divider with E-plane power dler it is suitable to use E-Plane
power divider design procedure for designing SIW powerd#ivi For our case RO4003 sub-
strate withb = b = 0.5Imm, as shown in Figure 3-6 has been used. By using the fEut-o

frequency formula and also operation frequency equal toH@2,@&11 mm in Figure 3-6 is
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Figure 3.6: E-plane power divider

achieved. Other parametersl,d andn )can be calculated from plotted data in [56]. Char-

L L _ b A
acteristic impedance of waveguide is also considered #gra 3 /&79
€r

11 mm,b=b = 051mm, Z, = Z = 17.46Q, n=0.98, d&-0.035 mm,d = 0.06mm are the

[36]. However &

parameters of SIW power divider. This procedure is easyrlgition in comparison with

EM simulation. So it can be used for finding the initial valdelte device parameters then
it can be optimized by using EM simulator. By applying theqadure for design of E-Plane
junction the SIW parameters in Figure 3-3 has been foundsltian parts length and widths
have been calculated by using the method which has beenrmgbia part 2-4.The complete

SIW power divider with using HFSS software is shown in Figg¥é. The equivalent circuit

Figure 3.7: SIW power divider (a) top view (b) bottom view

for this structure in ADS software with mention of Figure B48as been illustrated in Figure
3-8. Simulation results from these two SIW power dividertiswgn in Figure 3-9. This SIW
power divider has been fabricated as shown in Figure 3-1010R® with dielectric constant

& = 3.38,tan(s) = 0.0027 and h= 0.51 mm has been used for fabrication of the struc-

ture. Dimensions of this three-port SIW power divider ar@ibied in Table |. Simulation
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Figure 3.8: SIW power divider equivalent circuit

from HFSS and measurement results also is shown in Figude 34iere is good agreement

between simulation and measurement results.
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Figure 3.9: Return Loss of SIW power divider with HFSS and Ado8ware
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(a) (b)

Figure 3.10: Picture of fabricated SIW power divider (a) Tagw (b) Bottom view
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Figure 3.11: Simulation and measurement of three-port SéWep divider

Table 3.1: Three-port SIW power divider dimensions(mm).

Length | Width

First Layer (L) 10| 104
Second Layer (L1) 12.5 16
Slot 104 0.5

Transition Part on First Layer 11.84 6.3
Transition Part on Second Layer 17.7 11
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The EM simulation result with HFSS software is more similameasurement result. The
EM simulation needs more time and memory, in comparison WIS simulation. The

suitable approach is that the structure firstly has beenlatedi with ADS software then

by considering the results, EM simulation has been accaimgdi for optimization of the

response. For SIW structure by increasing the dimensioneo$tructure simulation time and
required memory will be increased, specially it dependshemumber of vias. The with and
length of the transition parts are usually must be optimiZEke via diameter and distance
between them are conditioned by fabrication instrumene Mietallization process must be
done carefully. The amplitude of the current in metallizatinstrument and time schedule for
each part must be selected properly according the metailizvarea. Any mistake changes
the thickness of the PCB copper due to metallization and uneasent then results will be

changed.
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CHAPTER 4

MEASUREMENT METHODS for SUBSTRATE INTEGRATED
WAVEGUIDE POWER DIVIDER

4.1 Introduction

A network analyzer measures the S-parameters as ratio gflermoltage amplitudes. The
primary reference plane for such a measurement is genexaipme point within the ana-
lyzer itself. It is desired to measure the S-parameterstenaed reference plane. Removing
the loss &ect and phase delay of connectors, cables and transitids igaalso preferred.
So we need the standards which must be characterized atrtteersadia type as the device
under test (DUT). During measurement calibration, a s@f&mnown devices (standards) are
connected. The systematiffects are determined as théfdrence between the measured and
known responses of the standards. Once characterize@, ¢hess can be mathematically
related by solving a signal flow graph. The process of matlieally removing these sys-
tematic dfects is called “error-correction ”.

The Thru-Reflect-Line (TRL) is an approach to two-Port aalilon that relies on transmis-
sion lines rather than a set of discrete impedance standdiftsre are some consideration

points about the TRL standards. Thru must have the propatidollows:

e It can be either a zero length or non zero length, zero lergthchievable by directly

connecting the error box together and it is preferred.
e It cannot be at the same electrical length as the line.

e Characteristic impedance of thru and line standards ddimeeference impedance of the

calibration.
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Line must have the properties as follows:
e Its characteristic impedance and propagation constant Imeuss the true standards.

e If its electrical length is specified Wlthlﬁ wavelength, more accurate results will be

achieved.
e [t cannot be the same as true standards.

e The phase dierence between thru and line must be greater than 20 degddesmthan
160 degree. This means in practice that a single LINE standamly usable over an 8:1 fre-
guency range (Frequency SpaBtart Frequency). Therefore, for broad frequency coverage
multiple lines are required.

Reflect must have the properties as follows:
e It can be anything with a high reflection.

e The short circuit is preferred to open circuit, for avoidiagy radiation loss.
At the following section the block diagram of the TRL calitiom in general form will be

exhibited, and also suitable TRL standards for SIW strecwiil be shown.

4.2 TRL Calibration Procedure

TRL block diagram is shown in Figure 4.1. It includes two eboxes and DUT [57]. By
using the TRL

1 1 1 1
— i i H— b
a ! Error Box ' DUT ' Error Box ||
i [s] 11 21 [s] i
1 1
b1 4— ! ' M — g
1 ' ' 1
! | ! ;
Measurement  Reference Plane Reference Plane Measurement
Plane for part 1 for device port 1 for device port 2 Plane for port 2

Figure 4.1: Block diagram of a network for TRL calibration

calibration procedure, firstly the error box has been ctiaraed, and then the error corrected
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S-parameters of the DUT can be calculated from measured Ta&void confusion in nota-
tion the measured S-parameters for the Thru, Reflect, arelddnnection, will denote as the

[T], [R], and [L] matrices, respectively.

T T R R L L
T 11 T2 R 11 Rz L 11 L1
Tor Ta Ro1 Reo Lo1 Lo

Signal flow graph of the LINE is shown in Figure 4-2. Similamflgraphs has been used to
True and Reflect. By considering Figure 4-1 and using theasifiow graph, S parameters

for the three TRL components can be write as follows: [57]

-l
512 g 512
e » > > »— by
v J11 Sazé J Saz 511 4
by <+ -+ < <+ az
Sz gv 51z

Figure 4.2: Signal flow graph of LINE

Ri1=S11+ % (4.1)
T11=S11+ % (4.2)
Tio = % (4.3)

L1 = Z—i =S+ % (4.4)
Lix= % (4.5)

v is the propagation constant ahdndl|l is length of the Line and Thru respectively. There

are five equations and five unknowrg{, S12, Spo, &1, &l-1).

el="1) can be eliminated from (4-2)and (4-3)and a§d") can be eliminated from (4-4) and
(4-5). So there are two new equations with three unknow@#isg, 812, S»») . These two new
equations with (4-1) could be used to find the S-parametdns.sblution is straightforward

but lengthy.
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S11 S12

So S=
So1 S

] matrices are completely defined.

The TRL algorithm which is described above can be used to unedlse SIW structure. For
measuring S-parameters of main SIW structure ffects of transition part must be removed.
So the appropriate TRL standards have been defined as sh&iguiie 4-3. Coaxial connec-
tors or probe pads and transition parts have been used tbtaeédpl\W structures to VNA for
measuring. The sideffect, like attenuation, phase delay and discontinuity nd¢ ohange
the measurement results, but also causes that the resthismeeinsuitable to predicting how

the design behaves when integrated with other componefitsirapplications.

m /Go000 00N
| |
I
D'DI [2l=li=1=] p R =f=-1-1-1-Y =1
Error :DUT ] Error
Box ! ! BOX
b
(a) (b)
S D00 QOO SO DOON
o O
o ©
\eo8 800/ \eocoo/

—
]
—

{d)

Figure 4.3: (a) TRL block diagram of SIW (b) Line (c) Short {thru

The TRL standards have been used to calibration of vectavankt(VNA). Then the S-

parameters of the main SIW can be reconstructed. But if timeben of ports is more than
2, the dfect of other ports must be considered. However the algoritimeconstruction the
S-parameter of n-port device from measured data with twboNA must be established.
Firstly for the three-port device some algorithm will berottuced then a novel algorithm for

n-port will be developed.

4.3 TRL Measurement of Three-Port device with Two-Port Netvork Analyzer

Measuring the S-parameters of a DUT with respect t&@5@quires, by definition, that all
ports of the DUT are terminated with a SDload. With a two-port VNA only two ports of
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a DUT can be terminated with the internal 80loads of the VNA. This means that if the
DUT has more than two-ports, all remaining ports must be iteatad with an external 5Q
load. Depending on the type of the port of the DURelient load must be used. This remark
makes the procedure for reconstruction the S-parametddJdffrom measured data. For
example experimental characterization of three-portadsyisuch as coupler, power divider,
T-junction and etc. require de-embedding of the actualageftiom the transition used to
connectorize it. This is the case that device ports canndirketly accessed or connected to

network analyzer [58].

4.3.1 First Method:

A three-port device is shown in Figure 4-4. TRL measuremastlieen done by connecting
port 2 and port 3 to VNA. The error boxesfect has been removed from these ports, but
from port 1 reflection ca@icientI” has been seen. So we need a method to construct the S-
parameters of DUT. In this method the S-parameters of thoeedevice has been converted

to two-port device. It is done as following.

C 3-potrt O
2 Device 3
o— o

T

Errar Box

Figure 4.4: A three-port device

For the structure in Figure 4-4 S-parameters of DUT is defased

S11 S12 Siz
S=1|Sxn S» S
S31 Sz Ss3
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S™ = Se + S&(C - Sii) (4.6)
S™: Measured S-parameters
See . S-parameters of external ports
Sii : S-parameters of internal ports
S« : S-parameters of internal and external ports

C : Connectivity matrix
The (4.6) can be applied for a three-port device by considetie port 2 and 3 as external

port and port 1 as internal port.

a) Measurement from port 2 and 3:
S S22 S Sxa 0 ( 01 S 0 )‘1 S12 Si3
= + —
gmes  gmes Sz2 Ss3 S31 O 0 1 0O r 0O O
b) Measurement from port 1 and 2 :
smi2  gmi2 S11 Sio Si3 0 ( 01 Sz O )—1 Ss1 Sz
= —+ —
gmi2  gmi2 So1 Soo Sz O 01 0O r 0 0

In the above matrix” is the reflection ca@cient andS™! is the measured S-parameter from

portiandj.

The Symmetry conditions are given below:

S22 = S33 S23 = Sa32 S21=S12=S513=S3 (4.7)

From the measured data in matrix a and b unknown S-paranadterssome algebra can be

found as follows:

m23 m23y2 m12
F(st B S22 - Szz

T I(STi2+ 2SR o8z )

S22 (4.8)

Sp3 = Spp— S55° + SE° (4.9)
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ST23(1 - I'S2)

_ 4.10

AT 1s I'(S23 — S22) (4.10)
['S2

Sy = SMB_ 2L 4.11

11 11 1— FSZZ ( )
['S2

Sga=SiR - —=4 4.12

33 33 1- FSll ( )

So the unknown S-parameters of DUT are found. This methadsle and straightforward.

4.3.2 Second Method:

The goal of this method is obtain S-paramet8gswith respect to 5Q of an N-port device
[59]. This technique is fully general and can be applied foiteary terminations. Assume the
port i and j of structure connected to VNA, and all other parts connected with a load with
known reflection coféicientI'y (k = 1,2,..N,k # i, j; I’y andI’; ) are the reflection cdkcients
of the load that will be used to terminate ports i and j if they mot connected with the VNA.

The S-matrix of the N-port DUT according the definition in J2a&n be writing as:
b Sy S a
. I 13 | (4.13)
b; Sa Sy ay

X=X X)T X=Xeee Xicr Xier oo Xjca Xjoz oo Xn)T (4.14)

With:

The relationship between the measured S-parameters aahB8wgters of DUT can be derived
as follows:

Sm(i’j) =S + SU.(I“E} - SJJ)_1.8|J (4.15)

The measure S-parameters are the complex non linear fanotithe S-parameter of the

N-port DUT. By definition of;, as:
2 = (It - smiyt (4.16)

it can be prove that:

= (=S (4.17)
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With the knowledge of the measured S-parame®8¥s)) and the reflection cdgcient/; and

I'j the Il block matrix of thex matrix has been found.

Y= (o)) = (@ t-sM (4.18)

In other words, the elements;, oij, oji, ojj have been found. By repeating the S-parameter
measurement for all possible 2-port combinatiarj)(i = 2,...,N; j = 1,...i) the complete

> matrix will be found. Once The S-matrix is completely detered (2-18) can be used to
determineSN .

Sy=rt-x1 (4.19)

This method has been applied for three-port DUT at the suleseq Again by considering
the Figure 4-4 three fierent measurement set i.e. measurement from port (1, 23) énd

(2, 3) have been applied. The result at the matrix form caniew as follows:

Sy=rt-3x1=
rt.o o o111 012 013 N
(4.20)
0 It 0|-| o2 022 023
0 rto 031 032 033
S1 :( -t o ~ Smi2 g2 ])—1 [ 11 o1 ]:( ri-smz _gm2 ])_1
o rt smi2 gm2 a1 T R
5o e ( -t o _ Smis g3z ])—1 [ 11 o1s ] i ( ri-sms  _gms ])_1
o rt)|sms gme a1 o3 _gms -1 gms
Sy ( rrt oo ~ Spes gnes ])—1 [ 0 O3 ]: ( ri-sms  _gms ] -1
o 11 Sr3T§3 SggS o3 033 _Sr3n213 - Sg§3

Data from measurement of port 1 and 2:

Ao = (- ST - S - SpgPsge

1-*—1 _ Sm12 Sle
22 12
o= ————— 012 = —— 4.21
A1 A1 ( )
12 -1 emi2
021 = _sznl 022 = —F — 51
A1 A1



Data from measurement of port 1 and 3:

s = (71 ST - ST - SIS

1-*—1 _ Sm13 SmlS
o11= A—BSS 013 = A1_133 (4.22)
sy rio sy
031 = Ars 033 = Ars
Data from measurement of port 2 and 3:
Agg = (" - SEEI(I ™ - SIE°) - SyESIEs
r—l _ Sr’r123 Sml3
33 23
022 = T Am 023 = Aoz (4.23)
m23 -1 _ qm23
o SR gao i %
Aoz Aoz

And finally (4-20) give all unknown parameters of DUT. Thistimed can characterize an N-
port DUT using a two-port VNA and N termination with a knowrilegtion codficient. The

method is exact and does not use any assumption.

4.4 Measurement of n-Port Scattering Matrix with Two-Port Network Ana-

lyzer

In order to measure the multi-port scattering matrix of gyont: network, a special multi-port
VNA need to design [60]. The multi-port VNA requires specdadibration methods[60]-[63].
Another approach is using a two-port VNA with all other (ng@yts of the test network con-
nected with perfect terminators based on the definition efsitattering matrix. In practice,
the imperfect terminators must be taken into consideratibare using a two-port VNA to
measure an n-port network accurately. The rigorous methiosiolving the scattering matrix
of a multiport network using a two-port VNA with known ternaitor was described [64]-[66].
In [67] n-port scattering matrix is calculated directly in€C} sets of two-port scattering ma-
trices. In [68] an approach from the port reduction pointsgfv has been proposed. As a
terminator is connected to an n-port network the order ofsues ports is reduced by one.
With their method, the n-port scattering matrix can be retmicted from (n-1) ports scatter-

ing matrix by connecting n known terminator to each port one @me. This port reduction

35



process can be continued to reduce the port order, and thkimgsminimal reduced port
order is three.

In [59] CJ combinations of two-port measurement have been performitd,other n-2 un-
used ports have been terminated in perfectly matched loacha#h loads not always ac-
cessible to application such as millimeter wave or broadbdinhas been explained how an
imperfect match load degraded the accuracy of the measupaga®neters. Then the concept
of virtual auxiliary termination has been introduced [6Bhis concept is applied in the multi-
port S-matrix measurement with the use of two-port VNA aralieg the rest of the ports
of the DUT unconnected. This method is so long and need toedgntince there is some
matrix inversion, it could be numerically féicult under certain circumstance and sometimes
matrix with a large condition number is known as ill conditibas been appeared.

A modern VNA with TRL calibration and appropriate standacds measure two-port non-
coaxial DUT at desired reference planes. In contrast, diectoof a multi-port counterpart
of a full two-port TRL calibration, a multi-port VNA cannot@asure a multi-port non-coaxial
DUT up to the intrinsic ports as straightforwardly as megmsputhe coaxial one [69]- [76]. At
the following a new method will be introduced which has lesghematical calculation and
each scattering matrix will be calculated individually.

In this method three étierent load i.e. short circuit (S.C), open circuit (O.C) affhas been
used as auxiliary termination. An n-port network with a teration (by reflection cacient

'y )that is connected at tHé" port is shown in Figure 4-5. All other ports are connected to
50Q. The relationship betwe@h. (measurement scattering matrix) of this reduced (n-1)-por

network andS;; (true scattering matrix) of this n-port network is given @8]

SikSkjl 'k

s _g. 4 X
7T TS

ijk=1..n]#k (4.24)

This formula can be applied for the thredtfdrent loads, the results are given below:

a) 507 termination

S0 g kS K#i, | (4.25)
ijo SR Sl ’ )
b) Short circuit (S.C.) termination
SikSki T,
® _ o ikkjL B .
Sijﬂ =Sjj + 1-Sul. Sul s K#1, ] (4.26)



c¢) Open circuit (O. C.) termination

T_Sul, K#1i, ] (4.27)

Figure 4.5: An n-port network with threeftirent loads connection

From (2-25)-(2-26)-(2-27) the two unknow8;; andSy, can be derived as follows.

Al = T'g) = (I'a = T'p)

Sk =
M ATy(Ty —To) — To(Ta—Tp)
s _s® (4.28)
_ Tija i .
A= —S.(k) ) K#1, ]
ija ijo
(SY - s8N - Sulw)(1 - Sl )
SikSkj = —— (4.29)
a—1p
SikSkjl o .
g = gl _ kK K 4.30
ij e T T- Sl #1,] ( )

Iy, Ig andly are reflection caicients of port k when it is connected toB0S.C and O.C
loads, respectively.

Thus, in order to measure return loss from port k, it iisient to connect 3 dierent loads

to this port, then the S-parameter from two other ports masnkasured. Therefore in this
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method one can compute the desired S-parameter indiwglball in other method all param-

eters will be found simultaneously.
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CHAPTER 5

THREE-PORT AND FIVE-PORT SUBSTRATE INTEGRATED
WAVEGUIDE POWER DIVIDER

5.1 Introduction

Power dividers are building blocks of many microwave andiméter wave integrated cir-
cuits and systems. Antenna feed networks are one of the pdwieler applications. In
general, SIW has a relatively large footprint compared toveational printed circuit coun-
terparts. Some advantages such as being low cost, low lasswatable for high density
integration with microwave and millimeter wave componemése popularized SIW in the
past few years. Conventional technologies for designig huality power dividers, includ-
ing a metal rectangular waveguide or microstrip line areegibulky or unable to provide low
insertion loss.

An acceptable performance with considerably decreasectaiz be ffered by SIW technol-
ogy as a potential solution to the compact communicatiofiegijon. Moreover a multilayer
SIW keeps all the advantages of a conventional multilayeB Bttucture and will further
resolves the problem of radiation from the microstrip feieed due to its closed structure.
Several power dividers based on SIW have been reported977]-SIW power divider has
the advantages of planar structure and conventional rgai@nwaveguide power divider, so
it is a promising device for planar microwave circuits. Ca@upsize SIW power dividers
[77]-[79] and multilayer SIW power dividers [80]-[81] halmen reported by researcher. In
some SIW power dividers chip resistors have been used tzireplwideband device [82]-
[84].

In some applications of SIW power dividers like beam fornmegwork, the main part of SIW

must be connected to a beam forming network directly . tleeeTRL calibration procedure
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can be performed for measuring the desired S-parameteitb. thiéi use of TRL calibration
function and appropriate TRL standards, a modern VNA cansoreaa two-port DUT in a
desired reference plan. Due to the lack of an establisheti-part counterpart of the two-
port TRL, a method for measuring the multi-port non-coak&lT up to the intrinsic ports
has been developed in section 4.4. This method will be apjidiethree-port and five-port
SIW power dividers.

At the following section a novel SIW power divider and its id@sprocedure will be intro-
duced. The design procedure will start by using the wavegeguivalent of SIW and by
taking into account the similarity of the SIW with E-planengr divider. Firstly a three-port
and then a five-port SIW power dividers will be designed amiutated. Then S-parameters
will be reconstructed from measurement data. Finally thasuement results will be com-

pared with simulation results.

5.2 Three-Port Substrate Integrated Waveguide Power Dividr Design, Simu-

lation and Fabrication

In this subsection a novel three-port SIW power divider Wwél introduced.This SIW power
divider and its equivalent circuit are shown in Figure 5-lheBbove structure will be designed
by considering the size reduction, which is a key criteri@nniicrowave and millimeter wave
systems. Main part of SIW power divide consists of two layehnsch are attached together.
Electromagnetic waves are propagated from lower layer peufayer via slots. The width
of the first layer is dferent from the second layer in order to match the input poitithbf
the first layer is determined by considering the cfiith@quency and then width of the second
layer is computed for matching the input port.

This structure will be completed for measuring by connegtime transitions and microstrip
parts. Measuring the main structure without any transstionmicrostrip parts is intended.
Therefore TRL calibration technique will be applied to remdhe dfects of transition and
microstrip parts. By considering somditliulties in measurement, the same error box in two
output ports is preferred in TRL procedure. So it is prefétehave the same output width
at three ports as shown in Figure 5-2. The equivalent ciafuiihis structure is also shown
in Figure 5-2. In order to measure the SIW with VNA, above dtite must be connected to

50Q microstrip line. So the transition part between SIW and ostip line is necessary. The
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Figure 5.1: (a)Rectangular waveguide equivalent of tip@e-SIW power divider (b) Equiv-
alent circuit of three-port SIW power divider
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Figure 5.2: (a) Rectangular waveguide equivalent of tip@#-SIW power divider for TRL
measurement (b) Equivalent circuit of three-port SIW podieider

most common transition part has a tapered form. It is not amyches the two lines with

different characteristic impedance but also transforms th&l-qiEM mode of the microstrip
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line into theT E;g mode in the waveguide as it has been explained in section 2.4.

5.2.1 SIW Design

SIW is a quasi-rectangular waveguide formed by periodiehadke connection between two
metal layers and E1g is the dominant mode. With the knowledge of pitch betweerseon-
tive vias and via diameters, SIW can be replaced by an eguivdielectric filled rectangular
waveguide. The equivalent widthd) is computed using the (2-2) or (2-3). The ci-fve-

guency for rectangular waveguide is given as follows:

ke 1 o (F
fcmn_Zﬂ\/E_Zﬂ\/E (ae)2+(b)2 (5.1)
1
fc10—2ae\/llE (5-2)

Where b=0.51mm is the substrate thickness,is the equivalent width of SIW andu are

the permittivity and permeability of the substrate, resipely.

5.2.2 Power Divider Design

The similarity of SIW power divider with E-plane power dieidencourages the researcher to
use the E-plane power divider design procedure for degig8iwV counterpart. Equivalent
circuits of E-plane power divider which have been used is dgisign shown in Figure 5-1(b)
and 5-2(b). The reactiveffect associated with the localized higher-mode can be atedun
in equivalent circuit. According to the data in [56] X is qugmall and negligible. For SIW
structureb’ is the substrate thickness, ane: b'.

_ b Vi g

7o =
T a'Ve 1

(5.3)

Zy is the characteristic impedance of the rectangular wadegamnd &0.98 . For SIW power
divider in Figure 5-JZ£) is the characteristic impedance of the input line (the fagel in SIW
power divider) andj is the characteristic impedance of the two output linesgde®nd layer

in SIW power divider). As mentioned above for the SIW equwalcircuitb = b’ is known
parameter, so the width of the SIVE™is the only variable to achieve the desired response.
The design steps for SIW power divider are as follows:

1- The first layer width is determined by cuffdrequency in (5-2) and the characteristic
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impedance of the first Iayﬂé is calculated from(5-3).

2- The characteristic impedance of the second |&yes calculated from equivalent circuit
for matching the input ports.

3- Width of the second layer is calculated from(5-3)

The above three steps can be developed to design an n-way@&Vér divider. However, the

dimensions of dferent layers must be optimized due fteet of slot in diferent layers.

5.2.3 TRL Calibration and Measurement Procedure

The S-parameters of SIW power divider without the micrpdiransition parts are achievable
in the light of TRL calibration technique. The three TRL stards for SIW structure are
shown in Figure 5-3. All of them have the same error box in twag For avoiding any
radiation é€fects the reflect standard is a short circuit. The thru stahidanade by connecting
two error boxes directly together. The design steps for StbiWegy divider is continued as
follows:

4- TRL standards are designed.

5- Transition part is calculated from [10] by considering thidth of the input port.

SIW power divider design procedure has been completed wéhabove 5 steps. The full

(a) (b) (c)

Figure 5.3: Standards for SIW power divider (a) Thru (b) LiopReflect

structure has been shown in Fig.5-4. According to the FXg(&) its output has the same
width, and it is suitable for TRL calibration techniqgue mg@snent with the standards shown
in Fig. 5-3. So by using the above TRL standards tffect of microstrip line, tapered
transition and error box have been removed. The DUT whichegsured is exactly the

same as shown in Figure 5-1(a). The three-port SIW powedelivdimensions are shown in
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Table.1. Superior simulation results will be accomplisketh small width-slot, but due to

fabrication restriction 1 mm width for slot has been chosen.

Figure 5.4: Three-port SIW power divider

Table 5.1: Two-way SIW power divider dimensions (mm).

Length | Width
First Layer (L1) 4 9.1
Second Layer (L2 9 11.5
Slot 8 1
Transition Part 4.6 15

The measuring method in section 4.4 has been used for tre&SW power divider mea-
surement. In this method the measurement setup will be restaavn in Figure 5-5(a). In
this setup port one has been connected to thrfferdnt loads, O.C, S.C and @0 Three
reflection coéficientsl,, g andly are related to port k when it is connected td€5@.C
and O.C loads respectively. These reflectionfitoents have been measured by using the
thru standards as shown in Fig. 5-5(b). In designing the Tiahdards thru has zero length
and it is made by directly connecting the two error boxes. ddpaations (4-28)-(4-30) with

k=1,i=2 and 3 can be written as:
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50 O.CS.C

50Q0CS.C

L1

Figure 5.5: (a) Measurement setup for three-port SIW powedet (b) Reflection measure-
ment from Thru standard

Al —Te)—(T'a —Tp)
Alg(I'y —Tg) — T'o(I'o — I'p)
1) 1)
Sz ~ Sz

PN PN
8230:_8239

S11

(5.4)

(5(213)0 - S(zl?,)e)(l = S110%)(1 - S11lp)
To—T5

S21S13 = (5.5)

@ S2Swsle

523 = S23 ~ 1-Sul,

(5.6)
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In the above equatiors(zlga, 8(21336 andS(zlg)e are the S-parameters measured from port 2 and 3

when port 1 is connected to 8)S.C and O.C loads respectively. The measurement setup for
reconstruction of the transmission of three-port SIW podieider is similar to Figure 5-5(a)
but the measurement port must be changed. The equatior®)-(4-30) with k=2,i=1 and

j=3 can be written as:

Al —1I'y) - (I'e = I'p)

Sy, =
W AT, — o)~ ToTw — Tp)
2 (2) 5.7
A= Sl3a - 8138 &7
- S(Z) _ 8(2)
13 1%

(5(113)(, - 5(113)3)(1 — S22l 70)(1 = S22l p)

S12S23 = To=Ty (5.8)
oSSzl
813 = 8130, - m (59)

In the above equationS(lz:a)a,8(123)6 and 8(123)9 are the S-parameters measured from port 1 and
3 when port 2 is connected to &0 S.C and O.C loads respectively. The reconstruction
procedure folS1,is similar toS13 and it is written from equations (4-28)-(4-30) witkg,i=1

and 2 as follows:

Al = T'p) = (I'a = I'g)

Saa =
BT AT —To) —To(Ta - Tp)
(3) (3) 5.10
A= SlZa - S12;3 ( )
NE) (3)
SlZa - S129

(ST, — STH)(1— Saalw)(1 - Saalp)

S13S32 = o Ty (5.11)
<@  SaSwsl,
812 = 81211 - m (512)

At the next section above mentioned formula will be used tmmstruct the measurement

results of three-port SIW power divider.
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5.2.4 The Experimental Results of Three-Port SIW Power Divder

The fabricated three-port SIW power divider is shown in Fégg-6. It is made of RO4003
with thickness B0.51 mm. The simulation results of DUT in Figure 5-4 and measent
results which have been constructed from fabricated casecanpared at the following Fig-
ures. According to Figure 5-7 there is a good agreement legtwsienulation and measurement
results from 9 GHz to 11 GHz. The return loss below 10 dB has laekieved at the same

frequency band.  Transmissions in Figure 5-8 are betweéndB.to -4 dB at the same

Figure 5.6: Fabricated three-port SIW power divider (a)t&woin view (b) Top view
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_10 D e AR By Simulation

Retum Loss /dB

9.5 10 10.5 19|
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Figure 5.7: Return loss of three-port SIW power divider freimulation and measurement
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frequency band. Figure 5.9 shows a poor isolation betwe&n2pand port 3 as expected,

because there is not any resistance between output portglitdde balance in Figure 5-10

DUT

foa)
=]
= 4
5l e s, ]
2 7
= }
3
% ----------- S31(Simulation) | ]
g <L | — S21(Measurement) |
§ — $21(Simulation)
E I ) N —— SB](Measmement) -
_8 1 L 1 1
9 0.5 10 10.5 11

Frequency / GHz

Figure 5.8: Transmission of three port SIW power dividenfrsimulation and measurement
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Figure 5.9: Isolation between output ports of the three 88/ power divider

is less thant:0.5dB from 9.5 GHz to 11 GHz. Phaseffirence in Figure 5-11 betweef5,;
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and /S3; is about+4° . The amplitude balance and phase balance is not too sensitiv
frequency of operation in design frequency band.

Therefore this SIW power divider is suitable for some agtians like amplifier, because the
non sensitivity to operation frequency is an importantdador these applications. In the
all above mentioned cases simulation and measurementsreselin a good agreement with

each other.

DUT

2.5 . . .
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o — Mesaurement
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Figure 5.10: Amplitude balance of three-port SIW powerdkvi
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Figure 5.11: Phasefiierence of three-port SIW power divider
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5.3 Five-Port Substrate Integrated Waveguide Power DivideDesign, Simula-

tion and Fabrication

5.3.1 Five-port SIW Power Divider Design Consideration

In this subsection a five-port SIW power divider power dividesign is presented. The steps
in designing a five-port SIW power are similar to that of a éapert SIW power divider. The
firstly by considering the operation frequency and diiifrequency the width of the first layer
has been determined then width of the second layer and widtieahird layer have been
determined by considering the equivalent circuit and matgcthe input port.

This SIW power divider is shown in Figure 5-12. It consistdlukee PCB layers. There is
one slot in the first layer and two slots in the second layere &lectromagnetic wave has
been propagated from these slots. The TRL standards ararte &s three-port SIW power
dividers, so the widths of the output port are the same. Thesorement set up in part 4-4

has been used for reconstruction of the S-parameters of the DUT of a five-port SIW

Figure 5.12: Five-port SIW power divider

power divider is shown in Figure 5-13. Three layers are prieseseparately. There are two
slots in the second layer for propagating the electromagmetves from the first layer to the
third layer. The widths of the slots are the same in all lagerd it is 1 mm. The slots of the
first and the second layer are surrounded by vias in orderdiol @ny radiation from the end

of the structure. The slot-position is symmetric with regge upper layer. The slot-position
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Third Layer

Second Layer

First Layer

Figure 5.13: DUT of five-port SIW power divider

affects the input return loss and the amount of power which has transferred to each port.
By using the set up mentioned actually the S-parameterseoFitjure 5.13 has been mea-
sured. Output of this structure can be connected directiyitoostrip array antenna as a feed
network, therefore its electrical performance must be kmovihis is an equal power divider,
but by changing the width of the output ports the amount of growhich is transferred to

each port can be change. So the unequal power divider carcbmpltished.

5.3.2 Experimental Results of Five-Port SIW Power Divider

The fabricated five-port SIW power divider is shown in Figbré4. It is made of RO4003
with thickness B0.51 mm. Its dimension is given in Table 5.2. This is fabedaand mea-
sured in microwave laboratory of METU University. Threedayhave been attached together
with screw.

The simulation and measurement results are shown in Figuiés 5-16, 5-17, and Figure
5-18. A good agreement is seen between simulation and nezasat results of DUT over

the frequency band from 9.5 GHz to 10.5 GHz. The measuredndambeen obtained based
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on TRL calibration and reconstruction method. The isofati@tween port 4 and port 5 is
shown in Figure 5-19. The isolation between the other pertheé same aSys. There is not

a good isolation as expected because there is not any residt@tween output ports.

Figure 5.14: Picture of five-port SIW power divider

Table 5.2: Five-port SIW power divider dimension (mm).

Length | Width
First Layer 8.2 9
Second Layer 32 11
Third Layer 7 11
Transition Part| 2.6 2

The measured amplitudeffiirence and phaseftiirence betwee®,; and Sz; of five-port
SIW power divider are shown in Figure 5-20 and Figure 5-2peesvely. Amplitude balance
is less tham0.5 dB from 9.5 GHz to 10.8 GHz, and phase balance is approxiyna5°.
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Figure 5.15: Transmission of five-port SIW power dividr
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Figure 5.16: Transmission of five-port SIW power dividy
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Figure 5.17: Transmission of five-port SIW power dividr
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Figure 5.18: Transmission of five-port SIW power divid&s
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Figure 5.19: Isolation of five-port SIW power divider
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Figure 5.20: Amplitude balance of five-port SIW power divide
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Figure 5.21: Phasefilerence of five-port SIW power divider

The phase balance and amplitude balance are not too sensitbperation frequency in de-

sired band. There are similar results between other outpts.p
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CHAPTER 6

LOW LOSS SUBSTRATE INTEGRATED WAVEGUIDE

6.1 Introduction

Compact and low loss integrated components are the key stémédesigning telecommuni-
cation systems which are operating in the microwave andmater-wave frequency range.
Metallic waveguides have also been widely adopted, but Somas their use is unpractical be-
cause of weight and size and integration problems with plamacture. Substrate integrated
waveguide (SIW) is an interesting alternative that sol\esé problems. Like metallic rect-
angular waveguide (RW), substrate integrated waveguida electromagnetic-interference-
free-component. Compared with rectangular waveguide, [&i8Wvell known advantages like
low loss, low cost and high density integration with micreeand millimeter wave compo-
nents. Integrated rectangular waveguide concepts have siadied in previous chapters.
One of the major issues for the applicability of SIW in milkter-wave components design is
related to its losses.

Loss mechanisms in SIW have been discussed in some papkf8§R¥Wave mechanism and
leakage characteristic of SIW have been reported in [993].1 SIW structures dier from
ohmic loss, radiation loss and dielectric loss. Since tivg BInot completely shielded due to
gap between slots, there is a radiation loss from the pdisgibf the leakage wave through
these gaps. Ohmic loss is related to finite conductivity ofainealls and finally dielectric
loss is due to the loss tangent of dielectric material. Itigven that all these losses can be
minimized if the vias have large diameters and closely ghace

Dielectric loss is the major source of loss in SIW and it im#igantly larger than two other
losses. So decreasing the dielectric loss would have signtfirole in decreasing the total

dissipated power in SIW. The main idea in order to get lowetitlc loss is using air instead
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of dielectric in SIW as a transmission medium. Removing tiededtric substrate from the
middle part of the SIW as illustrated in Figure 6-1 is a debimeethod to decrease the dielec-

tric loss.

Partially filled SIW (PSIW) in Figure 6-1 has been coveredhwit/o metal covers like up

Metal Covers

Substrate

Air o~

Figure 6.1: Partially filled SIW

and down wall of waveguide. The low loss SIW with this teclugichas been designed and
fabricated. Then a low loss power divider has been produaseddon this technology. Power
dividers are the key element in microwave and millimeter eveystems. However, available
SIW power dividers in the multi-way port environment havegtasize due to lateral port dis-
tribution and the loss problems. In the available SIW poweiddrs the size problem has
been improved by stacking the layers, but the loss probléhexsists.

In our proposed PSIW power divider both problems have beesstigated and improved.
Firstly the size reduction has been achieved by stackingayers. Then by increasing
the number of ports only the length of the structure is inee€laand its width remains un-
changed. Secondly by removing the dielectric the loss catebeeased. The comparison of
S-parameters of this power divider with similar power darisl[103] shows that total loss has
been decreased due to decrease in dielectric loss. The @hlegoroperty of SIW can be
developed and utilized in multilayer structures [78], sarmat similar to the presented con-
figuration in the current study. However, this study is muarerconvenient for applications

like antenna array feed network designs.
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In order to measure the SIW structure, tapered transitiots j@ve been used. These parts
can change the loss property of the structures. Hence tlage®agters of the main structure
is a matter of concern and not a transitions parts. This leéadse thru-reflect-line (TRL)
calibration technique. In the light of appropriate PSIW T&handards the unwantedfects

of transition parts will be removed. This procedure has mgained at the following sub-

sections.

6.2 Wave Propagation Mechanisms in SIW

In order to investigate the loss mechanism in SIW, firstiywla@e propagation mechanism in
SIW and its similarity and dissimilarity with rectangulamaweguide will be discussed. The
effect of vias in SIW will be similar to theféect of slots on the narrow wall of RW. Radiation
loss will be appears due to leakage wave in SIW. The propagatiaracteristic of SIW is
similar to classical rectangular waveguide, with a few ba#terences.

The mode of an SIW practically coincides with a subset of tleelenof RW. Due to the gaps
between metal vias, onlyEn (m = 1,2,...) modes can exist in SIW [101]. In particular,
the fundamental mode is similar to tids,o mode of a RW, with vertical electrical current
density on the side walls. Surface current distributionhef RW atT E;g mode is shown in
Figure 6-2. It can be seen that the surface currents on navedls are parallel to SIW vias.

The SIW structure can be regarded as a special RW with a sgfriglsts on the bilateral

Figure 6.2: Surface current distribution of the rectangulaveguide

narrow walls. If the slots cut the currents, a large amoumiadfation may appear. This is
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a well established design principal of waveguide slot amerHowever, if the slots are cut
along the directional of current flowing, there is only vetild radiation. The vias at the SIW
structure do not cut the surface current, on the narrow wadl$he mode can be presented in
the structure. The oth@rEn modes have similar surface currents on the narrow wallss Thi
is why TEqo mode can exist in the SIW structures.

If the TM modes propagate in a RW with slot in the narrow walls, trarss/enagnetic fields
will produce a longitudinal surface current. The transgesiots cutting these currents will
bring about a large amount of radiation. By the same reakosetslots will also yield a large
amount of radiation ifT E;n(n # 0) mode travel in the RW with slots on the narrow walls.

Therefore slots radiation suggests that ohly,o mode would be allowed in the structure.

6.3 Dielectric Loss in SIW

As mentioned in introduction, there are three sources &sds in SIW, and dielectric loss is
larger than two other losses. In order to calculate the clieteloss constant, PSIW must be
analytically analyzed. For modeling and analysis of SIWttire some techniques have been

reported [104]-[106]. These analyses may briefly be claskifito the following groups:
1) Analysis based on full wave technique.

2) Analysis based on the method of moment (MOM).

3) Analysis based on surface impedance.

The advantages and disadvantages of these methods havdi$messed in relevant papers.
PSIW will be analyzed based on the surface impedance coatém subsequent procedure.
Firstly the partially filled rectangular equivalent wavétgiof PSIW will be established. Then
by using the well known formula for electric field and magaéield in partially filled rectan-
gular waveguide, surface impedance of the structure widldbeulated. Finally dielectric loss
constant based on known field distribution in partially @illwaveguide will be worked out.
Top view of PSIW in Figure 6-1 and proposed equivalent RW ashin Figure 6-3. Both
structures include two dielectric parts in corners with arpart in middle of the structures.
At PSIW "d” is the width of air part and 4 is width of total structure. In equivalent RW

also "d” is air part width and "a” is width of RW. As shown in kige 6-3 the metallized via
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are replaced by RW walls in equivalent RW. The distance betvesljacent vias isi”.

Lx Lx

O000O0 -
00000 -
|

d d
4—’1 —
- > -+ ¥
a a

Figure 6.3: Top view of PSIW and its equivalent RW

For TE1o mode propagation in a rectangular waveguide functions[26]

1 2
Ex=0 HX=E%+kZ)lP
__ov Lo
v 0z v 28Xﬁy (61)
o, 1o
27 oy 27 20%0z
2= jwu

. a . a d
Asmkxl(é + x)cos(kyry) if - > <X< >

¥ = { Bcos(kxoX)cos(Ky0Y) A g < X< g (6.2)
Asinkxl(g ~ x)cos(kyy) if g <x<a

In the above formulaky; andk,; are the propagation constant of dielectric part in x and y
direction respectivelyk,o andkyo are related to air part of PSIW. The surface impedance of

the structures is given as follows [104]:
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jouW, W

Nso =

R is the radius of cylinder and W is space between two cylmdedw = 27f. The surface

impedance for RW is :

Ey a
s = H_Z a x= E (64)
vy .
y=-— = jk¥
0z
1 92y (6.5)
Y= “3axay

Then,ns due to RW can be calculated by using (6-4) and (6-5). The éygug}h = 15 gives:

VVInW = ! tan
TR (

R Jwie 1)

(a-a)
2

(wPe - K2)) 6.6)

W, W
Znﬁ_c

C is a constant value because after designing the SIW, the wdliR and W are constant.

Boundary condition will be applied as follows:

Ey=0b)=0 = ky=ko-= % N=012,.. 6.7)

b is the height of PSIW Continuity of fields at= g :

Ey(x - 9) = As n(kXl (@~ d)) - Boos(ko D) (6.8)
7 7 >
Hy(x - 9) N kxlcos(kxl (=d+ a)) _ Bkosinkeo D) (6.9)
> 7 >
from (6-8)and (7-8
(a-d d
kxlcotan(kxlT) = kotan(kos) (6.10)
it is known that:

kS = wue = K + G, + K3 (6.11)
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Koo = w?poeo = K + Gy + K5 (6.12)

kg andkyy are the wave numbers in dielectric substrate and free agspeactively. For

TEj10 mode (r=0) ky1 = kyo S0 by using (6-10),(6-11) and (6-12) one can write:

a-d d
e - k§cotan( wlie — k§(T)) = JwPuoeo - k§tan( Wiio€0 — k§(§)) (6.13)

from (6-6) it can be found that:

’ 2
a=a + —————tan"'C y/w?ue — K2 (6.14)
N wPpie — K2

thena can be substituted by in (7-14) and it becomes:

\ wPpe — k%cotan( \ wPpe — k%(% + #tan_lc N k%))—
e - kg (6.15)

\/a)zﬂoeo - k%tan( \/wzﬂofo - k%(g)) =0

In equation (6-15) the only unknownksand it can be found by a proper MATLAB program.
This is done for our design. Then the equivalent RW lengthbsafound from (6-14).

6.4 Attenuation Constant Due to Dielectric Loss

Attenuation constant due to dielectric loss can be founddiryguthe well known formula.

Py
= — 6.16
ad = 55 (6.16)
1. 2
Py = zwe | |[E[“dv
2
1 .
P= ERef[ExH ]ds
ag = Attenuation constant due to dielectric loss
Py = Power loss due to dielectric
P = Power through the waveguide
we IbA%KZ (a—d  sin(ka(a—d))
P, = z -2 6.17
d 2 ( 2 2kt ) (6.17)
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2
p- B kzb(kZ _ k)Z(O)(g +

Sin(kxod)) . kA%b
2w

B sinky (a — d))
2kyxo

6.18
ke (6.18)

5 o a—d
2wy (k _le)( 2

In order to examine the analytical results, you can condliefollowing example. A PSIW
has been simulated with Ansoft HFSS software, and the stioolaesults have been com-

pared with analytical results. PSIW is shown in Figure 6-4.

Vias Substrate

Figure 6.4: DUT of proposed PSIW structure

For this structure ¢&=19 mm,a’=3 mm and substrate is RO4003 with=40.51 mm. Prop-
agation constant in z direction due to PSIW which has beenddtom simulation and
analytical solution is shown in Figure 6-5. According tostRigure, the cut 40 frequency is
about 6 GHz. There is a good agreement between them.

Kxo andKy; are the propagation constant in x direction due to air paitcielectric part of
PSIW respectively. Both are shown in Figure 6-6.

Dielectric losses in Figure 6-7 are in a good agreement veithh @ther. The analytical dielec-
tric loss was computed from (6.16),(6.17) and (6.18) foraheve PSIW structure. The high
degree of similarity between the two results in Figure 6-@nshthat the proposed equivalent

circuit and analytical method are valid.
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Figure 6.5: Propagation constant in z direction of PSIW
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Figure 6.6: Propagation constant in x direction of PSIW
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Figure 6.7: Dielectric loss of PSIW
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6.5 Design of Partially Filled SIW Power Divider

6.5.1 SIW Design

PSIW is a synthetic rectangular waveguide formed by top attbim metal covers and two
sidewalls of metallic via-holes. PSIW operateslig,, modes. With the knowledge of pitch
between consecutive vias and via diameters, it can be eplayg an equivalent rectangular
waveguide as mentioned in subsection 6-3. The equivalaithvae) is computed using the
method presented in [3]. The cuffdrequency for dominant mode of rectangular waveguide

is given as follows:

ke 1 nmr nr
fom = 2% = = [(22)2 4 (-2)2 6.19
om = 5 27 Viioko (ae) +(b) ( )
fo= — T (6.20)
10 23¢ \/10€0 '

where b is the substrate thickness,is the equivalent width of SIW, and ¢ are the per-
mittivity and permeability of the free space, respectivady using the above formula width
of the first layer will be calculated based on the cfitfeequency. The electrical field lines
of a PSIW atT E;gp mode are shown in Figure 6-8. This is similar to rectangulaveguide

field lines. The discussion about SIW wave propagation m@shain subsection 6.2 can be

Figure 6.8: E-Field lines for PSIW top view

developed to PSIW structure. The main part of the transorissiedia in PSIW is filled with
air and a small part at the corner are dielectric substradecugdt frequency which can be

found from (6-18) may be a little fferent from the one that is achieved through simulation.
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Current distribution foil E1gis shown in Figure 6-9. The vias of PSIW are parallel to curren

Figure 6.9: The current distribution on PSIW for 1bE

distribution, so there is a little amount of radiation. Gextlg, low radiation loss of the SIW
structure can be obtained with large and closely spaced vias

The proposed PSIW in Figure 6-4 must be adopted so that it eandasured with vector
network analyzer (VNA). The adopted PSIW is shown in Figwk06 Two tapered parts

Tapered Parts

Figure 6.10: Proposed PSIW structure

for reducing the unwantedfect of changing in the transmission media from air to dielect
have been made. The electromagnetic wave is propagatingdigectric to air in input side
of the PSIW line and from the air to dielectric at output sidehe PSIW line by using the

tapered sections. There are two covering parts in top artdrbaif the PSIW line. These
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covering parts are easily attached to the tapered part®utithaving any ffect on electri-
cal performance of the component. There are two other tdpeags in connection points

between SIW and microstrip line. Their task is mode matclindpe SIW to microstrip line.

6.5.2 Three-Port PSIW Power Divider Design

The similarity of PSIW power divider with E-plane power dler encourages the researcher
to use E-plane power divider design procedure for desigRBIyV counterpart. E-plane SIW
power divider design procedure and its equivalent circaigsgiven in [56] and [103]. Our
proposed PSIW power divider is illustrated in Figure 6-XXonsists of three layers. The first
and the second layers are made from RO4003 wit3.55 andtan5=0.0027 which is cut in
middle part. The second layer is cooper with 0.3 mm thickn&ke thickness of copper layer
affects the S-parameters of the structure. Experimental iexmer indicates that thin copper
layer is suitable for covering the structure. But if a verintlayer is selected, the copper
easily bends, making the height of the structure changedtasdvill produce a bad féect
on the results. Thus the optimum thickness of the copper lag®veen the available copper
in laboratory is 0.3 mm thickness. There is a slot in the seédayer for propagating the
electromagnetic wave from layer 1 to layer 3. The minimumtkviof the slots produce good
results but it is possible to have 1 mm slot width with avd#abstruments. This technology
of manufacturing E-plane PSIW power dividers is very singsid dficient. By increasing the
number of ports only the length of the structure is increasw®tlits width remains unchanged.
Therefore this method could be developed to design an n-vi@WRpower divider. The
dimension of PSIW power divider without transition partsi®wn in Table 6-1.

Table 6.1: Dimensions of PSIW power divider (mm).

Length | Width

First Layer 4 16
Slot 16.6 1
Third Layer 8 20.6

Transition Part 4.6 1.5
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First Layer

Slot

®)

Figure 6.11: (a) The proposed PSIW power divider (b) Conéition of PSIW with three
different layers
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6.6 TRL Procedure

In order to measure the SIW structures, they must be corthéztaicrostrip line with tran-
sition parts. These tapered parts and microstrip lifiecathe loss of SIW structure. So their
contributions must be removed. This is achievable in the lo§ TRL calibration. Three TRL
calibration standards which have been used for PSIW poweatatimeasurement are shown

in Figure 6-12.

Figure 6.12: TRL Standards (a) True (b) Line (c) Reflect

As it is shown, these standards are hollow inside and contardifferent error boxes. The
error boxes have been designed by considering the input atpaditoports of PSIW power
divider. For avoiding any radiationffiects the reflect standard is a short circuit. The through
standard is made by connecting the two error boxes diremgjgther.

Atthe TRL calibration procedure in [57], the S-parameteDIT is calculated by assumption
of two identical error boxes. But in PSIW standards, erroxdsoare dierent from each
other. Also, by selecting the TRL mode in the VNA, the proceas be completed. The
mathematical calculation of DUT parameters has been dofelass.

Signal flow graph for line standard with twoffirent error boxes are shown in Figure.6-13.
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Port 1

Error Box X

Error Box Y

Figure 6.13: Signal flow graph for Line connection

By using the T-parameters or cascading parameters, it caumitien:

ef | T
[Tl def [ 11m

Toim

ef | T
[TA] def [ 11A

T

[Tx]

[Ty] =

The thru has been applied so:

Since for thru connection:

[Tml = [T[TAllTy]

1

~ Somm

X12
X22

Y12
Y22

def

[Tad = [
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€32€23 — €20€33 €22
—€33 1

[Trd = [T Tad[ Tyl = [T Ty]
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1

1
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(6.21)

(6.22)

(6.23)

(6.24)

(6.25)

(6.26)
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The line has been applied so:

[Tmd] = [T Tadl[Ty]

where

—I
- dgf e 0
[Tad] 0

e

For this matched lin&11a = Syon means thal1a = T12a

[Tv] = [T~ [T]
Substituting into (6-28) :

[MI[Tx] = [Tx][Ad]

where

(M) % [Tl Toe] ™ = [ e ]
M1 M2

Rewriting (6-31) gives:

M1 Mo X11 X12 X11 X12 | [ e
My Mo Xo1 Xo2 Xo1 Xo2 0

Mu1X11 + MiaXi2 = Xg1€™!
Mp1X11 + MppXo1 = Xp1€7!
My X1z + MyoXop = X167
Mp1X12 + MpoXop = Xope™

Eliminatinge™' from (6-34) and (6-35) yields

(6.28)

(6.29)

(6.30)

(6.31)

(6.32)

(6.33)

(6.34)
(6.35)
(6.36)

(6.37)

(6.38)

(6.39)



The solution for (6-38) and (6-39) are the same, but rootacd®wimust be done.

X11y def €01€10
2N S azen— 6.40
(le) G0~~~ (6.40)
X12 def
(Xzz) 0 (6.41)
eo=Db (6.42)
(@ie10) _py_4 (6.43)
€11
Similar procedure can be used foy[.
[TYIIN] = [Tadl[Tv] (6.44)
where
_ N1 N2
[N] = [Ton] " [Tima] = (6.45)
N1 N2
Finally two equation are found as follows:
Y1112 Y11
i - —)- =0 6.46
an(le) + (n22 nll)(le) N2 (6.46)
And
Y2112 Y21
2t - ) =0 6.47
an(Yzz) +(N22 n11)(Y22) Moy (6.47)
There are some definitions.
Y11 def €23€32
)= Cc= —eaa 6.48
(le) €33+ — (6.48)
Y21 def
(Yzz) 3 (6.49)
€33 =—d (6.50)
3% _o_g (6.51)
€22

Reflect standard has been used to Bpdande,.With reflectionl"a codficient at port 1 of

error box X:

I = —_— 6.52
mx = €po + 1_euln ( )

1 b-Tma
p=—+ 6.53
At e T AT (6.53)



With the same terminatiofiy on port 2 of the error box :

(€23€320'A)
Iy = — 6.54
my = €33+ T—enln ( )
d+rI
Ia= 1. v (6.55)
Eliminating I'a from (7-53) and(7-55):
1 1 ,c+1 b-r
o o lgr )G (6.56)
€2 e d+Imy/ra—TImy
During the thru connectiorey, with the port 1 reflectiod’; can be calculated.
(E10€01)€22
I'mi = e  CH 6.57
m1 = €po + 1—en6n ( )
1 ,b-I'm
= — 6.58
€11 ezz(a = le) (6.58)
the value ofezi from (7-56) and (7-58):
2
1
/o= Py ©+ Ty (0 = Ty |2
1= (a—rmx)(d+rmy)(a—rml)] (6.59)
And from(7-58):
1 ,b-I'm
= — 6.60
€2 6‘11(61 — le) (6.60)
(é10€01) = (b —a)en (6.61)
(E23€32) = (C— d)ex2 (6.62)
from thru connection:
S —e1e3; —  €10832 = Saim(1 - en1€22) (6.63)
21m 0 21—e11e22 0€32 21m 1€22 .
S —9092; —  €01€23 = Siom(1 - €11€22) (6.64)
12m 1 31—e11e22 1€23 12m 1€22 .
I'a andyl can be found as:
1 b - me
= 6.65
A ell(a_ me) ( )
N = bMo 14 my,
1
amlz + M

In this way error boxes have been characterized and the&@ngders of DUT can be calcu-

lated.
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6.7 Experimental Results of Three-Port PSIW Power Divider

Picture of fabricated PSIW power divider is shown in Figurg46 Port 1 is the input port
and ports 2 and 3 are the output ports. Two RO4003 substralbeew3.55, tans=0.0027
and 0.51 mm thickness are used to create the first and thiedslayThe second layer is a
piece of copper with 0.3 mm thickness. These layers have &iggrhed together and covered
with two RO4003 substrates as top and bottom layers. Figure €hows the comparison of
simulated and measurement results of PSIW, return lossranshissions.

These parameters have been measured with TRL calibratitimocheso they present the

Third Layer Second Layer First Layer

Figure 6.14: (a)Three layers of fabricated PSIW (b) Top ienBottom view

S-parameters of device under test (DUT) without affiga of transition parts. The measured
transmission cd#écients are between -3 dB and -3.5 dB from 8.75 GHz to 10 GHzurRet
loss is less than 10 dB at the same frequency band. Simukatibmeasurement results are in
a good agreement with each other. As shown in Figure 6-16n#esured amplitude balance
is between+0.2 dB from 8.75 GHz to 10 GHz. The measured phasiemince between
/S,1 and /Saiis about+4°. It shows that the amplitude balance and phase balance isaot

sensitive to frequency of operation.

76



DUT

-2
o 35 NS IS
T
= -4
a Simulation
5 Measurement
_6 / L L
9 9.5 10
Frequency / GHz
DUT
-2
m
T
S 4 )
g Simulation
0 = Measurement
S — i
<6 ! !
9 9.5 10
Frequency / GHz
®
DUT
0
| —S imulation
—— ] esrement
=
o
=20 - ‘
8.5 9 9.5 10

Frequency /GHz

<)
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6.8 Five-Port PSIW Power Divider Design

A five-port PSIW power divider has been designed and simdlaiRO4003 substrate with
&=3.55,tan6=0.0027 and 0.51 mm thickness has been used for simulati@pdi positions
are shown in Figure 6-17. Berent layers have been shown in Figure 6-18 individually.

The tapered parts and transition parts design procedusgnaitar to three-ports PSIW power

Figure 6.17: Five-port PSIW power divider

Figure 6.18: Configuration of five-port PSIW power divider

divider. The input port transition parts ardférent from output ports transition parts, so the

TRL standards have filerent error boxes in their two ports. It consists of three R&Rrs
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and two copper layers with 0.3 mm thickness as shown in Fi§uk8. The dielectric layers
have been cut inside and dielectric part has been removegseTparts have been covered by
copper layers. There is one slot in the first copper and twis &hothe second copper. The
slot position is symmetric due to upper layer. The electrgmesic wave has been propagated
from these slots to upper layers. The slot width is 1 mm. Tlaediameter and the space
between vias is 0.8 mm and 1 mm respectively. Transition\paith and length are 8 mm
and 12.48 mm respectively. The tapered part has 8 mm widtl amich length. S-parameter
of whole PSIW structure without transition part is a mattecancern. The DUT of the five-

port PSIW is shown in Figure 6-19. The dimension of DUT is giire Table 6-2.

Copper Cover

Dielectric

Figure 6.19: DUT of five-port PSIW power divider

Table 6.2: Dimensions of five-ports PSIW power divider (mm).

Length | Width
First Layer 6 15.6
Second Layer 60| 20.6
Third Layer 11| 22.6
Transition Partf 12.5 8

The simulation results of five-port PSIW power divider arevgh below. According to the
Figure 6-20 the return loss is below than 10 dB from 9 GHz to HzGhe transmissions in

Figure 6-21 are between 6 dB and 6.5 dB at the same frequendy ba
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Figure 6.21: Simulation results of five-port PSIW power déri, Transmissions

Isolation between port 2 and port 3 is shown in Figure 6-22r&ls not a good isolation be-
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Frequency / GHz

Figure 6.22: Simulation results of five-port PSIW power dari, Isolation

tween output ports as expected, because there is not astares between outputs. Isolation

between other ports is similar to that shown in Figure 6-22.
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CHAPTER 7

CONCLUSIONS

7.1 Thesis Summary and Conclusions

SIW based component has some advantages like low cost, lightywand capability to in-
tegration with other components. The three-port and five-pW power dividers have been
designed and fabricated. Compact in size and the capatiilitging developed into n-port are
two important factors in design process. Generally, thégdgsrocedure has two main parts.
First part is SIW design, which is done based on the simjldrétween SIW and rectangular
waveguide. Second part is SIW power divider design whichbeen completed based on
similarity between SIW power divider and E-plane power dii&vi The measurement results
are in a good agreement with simulations. As it has been iegulan chapter 4, a novel
measurement set up has been established for TRL calibmaftionulti-port device. This set
up has been used for reconstruction of the S-parameterstiofshoictures. The fabrication
process and the measurement results can be summarizetbasfol

e For three-port SIW power divider the return loss below -10h¢B been achieved from
9 GHz to 11 GHz. Transmissions are between -3.5 dB to -4 dBeasdime frequency band.
There is a poor isolation between output ports as expecgs@duse there is not any resistance
between output ports. Measured amplitude balance is less#l®.5 dB from 9.5 GHz to
11 GHz and the measured phasffatence betweer S,1 and ZSgz; is about+4° . It can be
concluded that the amplitude balance and phase balance tiemsensitive to frequency of

operation.

e For five-port SIW power divider, transmissions are appratigty between -6.5 dB to -7

dB from 9.5 GHz to 10.5 GHz. There is a poor isolation betwegiput ports as expected,
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because there is not any resistance between output porésukéel amplitude balance is less
than+0.5 dB from 9.5 GHz to 10.8 GHz, and the phase balance is ajpppately +0.5°. The
phase balance and amplitude balance are not sensitive tatiopefrequency in the desired

band. There are similar results between other output ports.

e Loss mechanism in SIW structure has been investigatede®@i@ loss is considerably

larger than the other losses. PSIW structure has been mopiwswhich dielectric loss has

been significantly decreased. At the PSIW structure trasson medium is air instead of di-

electric. Three- port PSIW power divider has been designedabricated. Its measurement
has been accomplished with TRL standards. These TRL s@stave been constructed with
two different error boxes. The design and measurement proceduneilar $o the full SIW

power dividers.

e For a three-port PSIW power divider, transmissionfioents are between -3 dB and
-3.5 dB from 8.75 GHz to 10 GHz. Return loss is less than 10 dBa@tsame frequency
band. Measured amplitude balance is less th@r2 dB from 8.75 GHz to 10 GHz. The
measured phaseftikrence betweer S,; and £Sz; is about/4°. So it can be concluded that

the amplitude balance and phase balance is not too sertsitikequency of operation .

e For a five-port PSIW power divider, simulation the resultewlthat return loss is below
than 10 dB from 9 GHz to 11 GHz. The transmissions are betwe#B &nd 6.5 dB at the
same frequency band. As expected isolation between outptg i3 poor, because there is

not any resistance between outputs.

7.2 Suggestions for Future Studies

SIW power dividers which have been reported in this thegiseaextended to focus on other

related areas. These areas might specifically deal wittoftening topics:

e There is low isolation between output ports in proposed SoWer dividers, so it seems
that by adding resistance between output ports high isolathn be achieved. The resistance

value and its positions may be critical issues.

e A five-port PSIW power divider can be used as a feed networlafay antenna with

four elements. Therefore it is valuable to proceed with nfecturing the five-port PSIW
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power divider. Measurement results of five-port PSIW powaddr can be compared with a
fully dielectric five-port SIW power divider. Good measuremh results encourage the future

researchers to use it as a beam forming network for arrayaate

e The simulation and measurement results for SIW power digiddich have been realized
in this thesis show narrow frequency band. Thus increasiedréquency band of the structure

will be a valuable subject.

e Unequal power divider is another important issue. The uakpgower divider has been
used with strict restrictiongn both designing and fabricating. The most common unequal
power dividers reported [108]-[115] have been based onasidp technology. These struc-
tures require a microstrip line with very high impedance, iextremely low aspect ratio
(W, H) or very thin conductor width. It is almost impractical taliee a high impedance
line using the conventional microstrip structure. Althbugcently Defected Ground Struc-
ture (DGS) microstrip line has been reported to overcomeliagacteristic impedance prob-
lem[109], they have been used for low frequencies. Dual amdostrip power divider in
[111] has been focused on operation centre frequency, bygdtformance at the frequencies
between these desired two bands has not been considered.

A muliway dual band planar power divider with arbitrary poveivision in [115] has been
reported. It is a very complicated structure and its openafrequency is low. The above
mentioned structures have the inherent limitation of therasitrip line like radiation loss. Es-
pecially in array systems employing microstrip feedingwwek, the beam forming network
(BFN) becomes more complicated as a number of array elermemesases resulting in a sig-
nificant radiation loss caused by the conductor in micrpsinie.

SIW as a high integrated microwave component can be emplimydtie design of low loss
unequal power divider. SIW is an interference free compgremit is suitable for BFN ap-
plications. Some SIW unequal power dividers in [89] and [94ye been reported. There is
not a clear design equation for calculation of the amountasigr desired to deliver to the
specific port. Moreover they are not compact in size, so byeaming the number of ports
the size problem becomes critical. Therefore an unequal [giWer divider which is similar
to SIW power divider in this thesis, can overcome some of theva mentioned disadvan-
tages. The proposed SIW unequal power divider is illustradg=igure 7-1. It includes two
layers which are attached to each other. There is a slot batVegers for electromagnetic

coupling. The characteristic impedances of two outputspane diferent from each other due
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Port 3

Figure 7.1: Unequal SIW power divider

to different dimensions of the ports. So the amount of power whishblean propagated to
the ports can be controlled with pdridimensions. This idea can be developed for designing
PSIW unequal power dividers. The simulation results of uaé&IW power divide is shown

in Figure 7-2 and Figure 7-3. Table 7-1 shows the dimensidtisecstructure.

Table 7.1: Dimensions of unequal SIW power divider (mm).

Length | Width

First Layer 8.2 9
Second Port 4 11.5
Third Port 4 17.5

Transition Part 4.6 1.5

Simulation results shows that return loss is below than 1@&di® 9 GHz to 11 GHz. Trans-
missions show that there is approximately 2 dBatience between output ports from 9.2 GHz
to 10.4 GHz. These results are very satisfactory when cozdpaith the available unequal
power dividers which have been designed for a single fregjuendual mode structure have

been focused on center frequency of dual band.
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Figure 7.3: Transmissions of unequal SIW power divider
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