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ABSTRACT

DESIGN AND REALIZATION OF MICROSTRIP LINEAR ANTENNA
ARRAY BASED ON SIW (SUBSTRATE INTEGRATED WAVEGUIDE)
FEED NETWORK

OZGOUN, Ali
M. Sc., Department of Electrical aidiectronics Engineering
Supervisor: DPemof . Dr. ki mkek
July2014,90 pages

A microstrip patchantenna arrayvith substrate integrated waveguide (SIW)
feed network is designed and reali2@étith this configuration, waveguide which

is advantageous indh frequency designs is integrated to antenna array in planar
form by eliminating the drawback of the bulky structure of th€he design is
based omnE-plane SIW power divider in multilayer form. For the feed network,
a4-way Eplane SIW power divideis consituted with 3layered structure and
anantenna system is obtained by mergingahenna layer with thi3-layered

feed network. Through this multilayer feed netwassultant antenna system
has acompact structure which is not enlarged by thdifeggpart.The developed
network has comparable performance with microstrip counterparts and it is more
advantageous for higher frequencies due to the planar waveguide structure.
Through the realizatioof the design TRL calibrationtechniqueis applied to

extract the effects of the néBIW partsfrom the measurement results

Keywords: Substrate Integrated Waveguide (SIW), Antenna Array Feed

Network, EPlane Power Divider, Patch Antenna, TRL Calibration
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SIW (SUBSTRATE INTEGRATED WAVEGUIDE )BE SL EME L K
MKKROKERKT LKNEER ANTENNDRKZKSRI MI VE
GERGC¢EKLEKTKRKLMESK

OZGUN, Ali
YuksekLisans, Elektrikve ElektronikM ¢, h e n dBOlgnhGi | i
TezY° neticisi: Demiof . Dr . ki mkek

Temmuz2014,90 sayfa

Taban mal zemeye b¢t(EMBDKK Ilke sd ael ngeal i k énhi akvruozkue r
yama anten dizisitasarlame Kk v e ger - e k| ee& yuksekifrékans kt i r. Bu
tasarémlaréndagavéaeptapybueu ohapedal ¢ - boyut
kaynakl anan dezavantajéndan aréedeéereéel ar ak
entegre edilmkk KkiatpamTHMBEBDKEEM b°l sc¢ yapéséne
t emel al makt adeésri. iBdsnipBraddvViddevdre!| & °E ¢ c ¢

ol ukturul muk ve anten kate bu 3 katmanl é vy
el de edi |l mitkthdanml.é Bueslo&kmd& aj é€ sayesinde ol ul
besl eme k&amébdyutalf@meé mpearkit Kk Iba tri | ynaepdéeyna ksoa h
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daha da avantajlé durumdadeéer TMBDkhsar émén ge
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TRL kalibrasyon tekniiji kull anél méxter.
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CHAPTER 1

INTRODUCTION

1.1.Review of the Literature

With thedevelopnentof newtechnologes andmprovements upon the existing
microwaveand RFsystemgpenetrated intonanyarea of both the dailyife and
scientific studies As this rapid development brirsg higher performance
requirementsfor the high frequency system desigtheing lowcost, high
quality, easy to produce and small in sem@erges as thessentialfeatures
Moreover the printed circuit board technology hasvidespread usage such

systemspecauselarar structures are preferable in highly integrated designs.

In millimeterwavetechnology, waveguidesre more advantageousative to
planar transmission lingkie to their high quality fact@and high powehandling
performancs. Furthermoreclosed structure of wavegusiehich provides high
isolation and low radiation lossncrease its importance millimeterwave
systems which suffer from the interactiomsiongthe elements Planar lines
have highconductor loss due to the high field density on the conductor edges
while waveguides provide an advantage in this mannemproyiding low
conductor loss However, high-cost and higfvolume constitutesignificant
disadvantageto waveguidesBulky structureof waveguidess probably the
weakestside in system developmenbecausaet is difficult to integrate bulky

components witlplanar structures



Both planar and neplanar structures have significant disadvantagiess
hybrid designavhich merge the technologiewith the aim ofeliminaing the
drawbackshave becme highly preferableén many applicationsBesideshis
advantagef thehybrid structures, they stilavesome drawbackarisng from
the transition betweethe planar and nosplanar parts especially in high

frequencies.

Substrate Integrated Waveguide (SIW) technology as introduced imgkgs
it possible to implement waveguides as a planar strud@hbigstudy states that,
side wallsof a waveguidean becompogd by drilling regularly placed vias on
Printed Circuit BoardPCB) and using via plating (metallizatiomhile thetop
and bottom metaplates of the PCBalreadyform the lateral walls of the
waveguideas revealedin Figure 1.1 At the end of the process non
conventionawaveguide structurevhich is filled with thesubstrate of the PCB
is obtainedThe width of this waveguide ighe distance betweethe via arrays
andthe height isthe substrate thknesswhich is quite low with respect titve
width. As long as a waveguide is usedhe fundamental mode which is T&
in rectangular waveguideenly parametefor cutoff frequencycalculation-
except the substrate propertissthewidth of thestructure Thus this extremely
thin waveguide structurenas the same spectrakharacteristics withthe

conventionalectangular waveguide structures

metal vias

top ground
plane

] dielectric
port 1 substrate

Figure 1-1: Basic SIW Structurf3]
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It has been exactly two decades thBW concept was proposéar the first time
by explainingplanar waveguide ling]. After this original work was published
many theories have been proposedfiedesign methodology of SIW concept.
Figure 12 illustrates the growing concern to this relatively new stibjinanks
to the studies regarding this subjeBtubstrate Integrated Circuits (SIC) have
beenintroduced and theipracticability and advantag@serecognizedin [3],
some typical circuit elementghich are designed drfabricated in SIW form are
exanplified. SIW technology is not only used for thpassive componeris
design and productiosuch adilters [4], couplerg5], dividers[6], circulators
[7], phase shifter§8], etc, but it is also useth the desigrs of various active
components such as resonators [Stilkators [10], mixers [11Jamplifiers [12]
and switches [13]. Tése studiepoint outthe growingusage oSIW especially

in millimeter wave applications.

60

number of IEEE papers
w s
=} S

[}
(=]
L

10 A

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
year

Figure 1-2: Number ofSIW papers published IEEE in recent yearsi4]

In order to verify propagation characteristios SIW structures, various
theoreticalstudies have been put forward which indicdtat SIWis indeeda
waveguide in compact fornm [15], the guiding and leakage characteristics of
SIW are investigatethrough simulating the repeating structureviaf holesby
using numerical methodsPropayation and attenuation constants as well as
cutoff frequency are derived and formulated in #@me study Another

approactj16] comesup with the method of lines for propagation characteristics
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evaluationThis study together with [Jgeneratesmpirical formulatioswhich
make the analysis and design steps straightforward dikeonventional

waveguide design.

The main building block for SIW is periodic via arrays which determine the
performance of the design. For a wedsigned SIW, rigid wawglide
formulations and derivations can basilyapplied. Such a design is obtained
with the help othe derived design rules. In [[L’A new method which is derived
from the concept of surface impedaruadculation with the help dlethod of
Moments(MoM) is presented for an accuratetyodeled SIW. The study
formulatespropagation and leakage characterisiosl determines thealid
region for the design parameté&ased on these formulatiori$he formulations
providesome rule of thumb fahebasic parameters of SIdh whichthewhole

SIW design steps in thgrticular study effectively built.

In the last decade, SICs have fouwrldrge usagén high frequency desigrfer
the integration of planar and ngwlanar circuits.Structure of SICs varies
depending on the usagend almost all kind of dielectrifilled waveguidetypes
can begenerallyimplementedn SIC formby usingmetalizedvias and air holes.
In gener§ any materiaffilled holes havaisage in SIC designs [1]. Figure 1.3
illustrates some of the Sltypeswith the analogous planaaveguide structures
on top Since it has simple structure an$ easy tgroduce SIW isthe most
popular one among SICs this study SIW concepts usedas a dielectc-filled

waveguide structure.



Figure 1-3 Six different nosplanar SIC topologies: (a) Substrate Integrated Waveguide (SIW),
(b) Substrate Integrated Slab Waveguide (SISW), (c) Substrate IntegrateRaNiating
Dielectric (SINRD) Guide, (d) Substrate Integrated Image Dielectric Guide (SIIDG), (e
Substrate Integrated Inset Dielectric Guide (SIINDG), (f) Substrate Integrated Insular Guide
(S1IG). White disks stands for air hole, dark disks for metallized via and gray areas for dielectric
material. Dark rectangular parts are metal covers of digleanaterial [1].

As SIW concepimadeit possibleto use waveguide in planar structures, it is
appropriateto use it with other planar elements harmoniouBlgsides SIW
design a welkdesigned transition is also needed to provide this harnfssy
intended usage of SIW changes, different transmissiygpes have been
produced. In [1B arigid rectangular waveguide to SIW transition witfD3
configuration is explained. The transition is realized with a single slot with
optimized dimension®nother study [1Pproposs a transition between coaxial
cables and SIW. In addition to these transition examples, the most intenested
is betweenmicrostrip and SIW.Majority of planar circuit elements are
compatible with microstrip lines and agenerallylinked to eah othervia this

type oflines. Basicalf, microstrip taper sectigmsinitially proposed in [20] and
5



analyzed in detail in [31is used fomost ofthe transitiordesignsFor thistaper
design, firstly SIW impedance talculated with equivalent waveguide model
andthe transverse lectromagnetiq TEM) wavegude model of the microstrip
part 6s der i.lastly iparametéroof thedaper sectiath the help

of the analytical equations [R2are determined by usinthe impedances
calculatedIn addition to microstrip transition, coplanar waveguide transition for

SIW usage is alsapplicableg23].

An equivalency can be obtained betwe®lV and conventional rectangular
waveguidebased on their similar characterist{@gl]. With this equivalency,

SIW structures are replaced by rectalag waveguides with no viéor the
simulations. This replacement reduces the simulation drasticallywith an
insignificant change ithe guiding characteristics. In this method, St&'sign
begins with rectangular waveguide design with desired characteristics and then
thelateral walls otthis rectangular waveguidgreplaced bythe SIW vias with

proper dimensions and positions as indicatatiéequivalency equations.

Although the design of the transitions and the microstrip partyimportance

for SIW structures,the most considerable importance is placed on the
performance ofthe SIW itself. To measure SIW design without microstrip parts,
TRL calibration is applieavith designed calibration standards [25Vith TRL
calibration,effect ofthe microstrip parts is dembedded fronthe measurement
results and SIW performance is obtained. Moredhertyansition design can be

verified by comparing data with and witholtiRL calibration.

SinceSIW is a planar rectangular waveguide, waveguide power dityges
are alsounderthe concern of SIW designers. Bothjldnction and ¥Yjunction
typesof H-plane SIW power dividers are obtaingih asingle layedesign[6].
Wilkinson power dividercan also be implementeoly inserting a resistive
element or8IW andthuswaveguide diviér can be used as a combiner][26ot
only H-plane but also Hplane dividers are iplementable with SIW concept
[27], [28]. With the help of arertical coupling slot between the SIW layers, this
E-plane division is realized with multilayer SIW structufer Eplane divider,
number of divisions can be doubled by nisw an extra SIW layer. In [3294-

6



way E-plane divider design is proposed wathayered SIW structureln addition
to these Eplane and Fplane power dividers, waveguide madiaesign with
SIW is proposedvith [30] in which aplanar magi€l is obtained with twe
layered SIW.

E-plane SIW dividers are multilayer structures duthexdivision principle For
this multilayer design, a transition between adjacent layers is neddeld is
appliedfor SIW linesin [31] with thin coupling slots and enriched by-®3rom
in [32].Although these coupling slots and division process cause iarmed
mismatch ér both input and outpuimatching is obtaineds explained ifi29]

by adjusting and optimizing the SIW width near the transition section.

Since waeguidesare important in antenna feeding netwodke totheir high
powerhandlingand highfrequency performancels a planar type waveguide
SIW is also preferretbr antenna feeding. With SIW feed network, it is possible
to implement bothwaveguidefeed network and antenna dgsion the same
substrate. In [33] and [34quasi yagi antennas thi SIW feed are designed by
usingasingle substrate fdvothantennas and waveguide feed sectibis. also
possible to construct multilayer SIWefenetwork with couphg slots between
the layers [3b

While goerturecoupled patch antenname used widespreadfor multilayer
designsdue to their advantages such guriousfree radiation, high radiation
efficiency and flexibility of choosing different substrates floe feed and the
antenna part as indicated in [38ome disadvantages of microstrip@mbas are
given in [37]. The study emphasizes that these disadvantagebe removed or
decreasedo some extenby applying certain techniqueskicreasing the height
of the suBtrateand lowering the permittivity of the substrate on the antenna
layerto widenthe antenna bandwidth are the two main proposals of the study.
Aperture coupled patch antennas gedtingto be usedwidespreadin SIW
applicationsWhile in [38], a single microstrip patch antenna is fed3iW line

for 60 GHz application, @x2 microstrip patch antenna array with SIW feed is

propo®d in [39.



This study designs and demsiratesmicrostrip patch antenna array with SIW
feed networkPreparation for the final desiga provided with the step by step
designing of thesIW feed networkFull-wave 3D electromagnetic simulation
software HFSS[40] is used for the entire electromagnetic simulatisiter the
SIW thru line structure is put forward, esign requirementdor an efficient
transmission are investigated and SIW is validateithéfabricated designs. For
feed network SIW power divider with Eplane configuration in multilayer form
is chosen. Through thaesign, the length and the width of the final design
become equal to the patch array dimensiweisout feed networkenlargingthe
array dimensiondy using multilayer designwith the aim ofobtairing an
efficient feed network, @vay and 4way SIW dividers are designed and
produced Following the optimizatios with the 4way divider, it isintegrated
with the patch antennarrayby replacing the microstrip division ports with the
coupling slos. This study contributes to SIW concept by proposing the usage of
multilayer Eplane SIW netork for antenna array feeding which is a method

not touched upon by the previous studies.

1.2.0rganization of the Thesis

Chapter2 introduces théasic design stages of SIW and some rule of thumbs in
the literature are applied to SIW desidior themeasurments ofthe design,
microstrip parts are inserted to the SIW section with the help of the transition
parts. This microstrip to SIW transition designalso givenand euivalency
between SIW and rectangular waveguide is put forwatdthe end of the

chapter TRLcalibration for SIW line is explained.

Chapter 3 describds-plane SIW power divider desigilaving introduced the
transition between the SIW layerisnpedance matching for divider design is
explained. After obtaining efficient division process on SIN#y& divider is
designedollowed by 4way divider design.

8



Chapter 4 explains the procedure for the formation ofntierostrip patch
antenna array with the SIW feed network by udimg4-way divider design.
Following the design of theingleaperture cougd patch antenna tite desired
frequency patch and aperture dimensions are optimized wighsimulations.
Using this single e@ment antenna designefementarray is designed. For feed
network, 4way SIW divider design is used by replacing microsttfpat ports

with coupling apertures.

Chapter 5 illustrates tHabricated designgroviding themeasurements results.
Measurement results dhe thru line, 2way and 4way divider designs are
compared with the simulation resulis.the endpeing the maimpurpose of this
study, 4-elements microstrip patch antenna array witipl&he SIW feed
network is fabricated and measurements are presented

Chapter 6 concludes and points out future study on this particular subject.






CHAPTER 2

SIW THRU LINE DESIGN

2.1.Design Parameters

Most of the properties of conventional rectangular waveguide such as
propagation characteristics, high qualiagtor and high powenandling
remainsin SIW structuresSome design ruleare proposed ifiL7], in order to
preserve this analogy between SIW and-ptamar metallic waveguide. As
revealed in Figure-1, main design parameters are the diani@tef the viss,

the distanceé between theadjacentvias and the distance between the two

rows of vias. Fuhermore, the substrate thickness and the permittivithef
dielectric are the parameters to be chosen before the SIW design according to

the relevant usage and purpose of the design.

When constructing SIW which guides the incoming wave like a rectalag
waveguide, first step is the decision for the via placemertih ive help of17],
aguided waveegion orthe Qv # graphcan be determined\s indicated in the
study, in order vias not to overlaghe distances between the vias should be
greder than the via diameter. This criterion is illustrateddrs. i graph with

‘Q i line and lower side of this line becomforbidden region. Since the
distancei mainly determines the leakage loss, it should be kepimall as
possible. Lower limit fok is afabrication concern as well as an issue about the

robustness ahethin structure. Via diametéRhas alsampacton leakage loss
11



and it should be optimized with It is shown in[17] that the ratid YQhasa
direct relation with leakage loss asdould be used as a design parameter

i 7Qratio increases, some of the energy inside the SIWsldalough the vias
and SIW no longer guidghe wave. Calculatintheamount of leakage loss with
the help of thédormulation in [I7], the point where the leakage is insignificant
with respect to dielectric and conductor logsmsbe determined and appropriate

i #Qratio canbe obtained. According to the study, both dielectric and conductor
losses are in the range0™* and 1@ for regular SIW applications. Thus, upper

limit of i 7Qratio is determined as&hd illustrated in Figure-2 [17].

0.35

0.3
0.25
0.2
s/\
0.15

0.1

0.05

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
d/A

Figure 2-1: Leakage loss curves from-4@ 102 Np/rad with respect tdistance betweethe

vias and their diamet/lers normalized with th

There are two other restrictions for upper and lower limiti fas indicated in
[17]. These 6ur design limits fori and'Q compose a region that defintdee
suitable area for SIW design as illustrated in Figu& 2s long as the design
parameters and'Qare in this region, leakage loss due to the discontinuity on

thevia arrayss insignificant with respect to conductor and dielectric losses.

12



0.3 v T
/ bandgap region -~
A

0.25 il i
0" leakage  / region of
' region »/ interest
S 045
%]
01 . unrealizable
region d>s
0.05
_~over-perforated
> region
0 0.05 0.1 0.15 0.2 0.25 0.3
d/A

Figure 2-2: Suitable region for SIW design parameterg][1

Consideringheseestrictionsandthe production limitsdesign parametersand
‘Q are selectedappropriatelyand basic SIW structure is formadrevealedin
Figure 23. Due to nechanical drilling limits and structural rigidity concevim
diameters selected to b8.5 mm. 1mm distance between the adjacentasias

determined by considering the desagiterionmentioned above.
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Figure 2-3: Simulation model for SIW on HFSS

Distancew between th&ia array determines the width ahe SIW and it isthe
only parameter that designate -cofit frequency of the structurafter assigning
the materiato be used as substraRO4003 material which has permittivity of
3.38 (usd 3.55 insimulation$ is used inthe entirework in thisstudy Initially,
the distanceof w is decided as 12 mm in order kwld the cuboff frequency
below X-band region whiclttomresponds to 6.63 GHz coff frequencyfor a

rigid waveguide

At the very beginning of the SIW design, RO4003 material with &lieléctric
thickness ané@20z metal claddings used.After considering the result a@fitial
simulationsit is decided to use thicker material in order to decrease the amount
of loss.As a result, RO4003 material with 20 mil dielectric thickness and 1oz

metal claddindgs choserto be used irwhole designs.

2.2.Microstrip -to-SIW Transition and Thru Line Design

Transition between the SIW and other transmission media is essential
measuing the design andhakingit compatible with other planar structures. In

this study, microstrigo-SIW transitionis designed Although tere are some
14



design rulesproviding theinitial values for this transitionthey all require
optimizationsubjectto selected SIW dimensions.

Microstrip taper is one of the most common transition methods for the SIW
designs (Figure-2). Since the width of the microstrip line is determinedhzy

properties of the dielectric materiaked only two parameters, taper length

a and taper width , are leftfor the designof thesuitable taper

Figure 2-4: Microstrip taper for nicrostrip-to-SIW transition

In [2]], the techniqudor a microstripto-SIW transitionis explainedin three

steps:

o Determiningthe equivalent SIW widtb .
o Determirning the optimum taper width for agiven® .
o Determiningthe suitable taper length  for calculated)

and microstrip line widthy .

Since equivalent waveguide model is used for SIW design for simulations,
initially & is determinedas 12 mm for 6.63 GHz cuwiff frequencybefore the

calaulation madeon the physical width between the via arrays.

At the second step, suitable taper widthdptimum transitions calculatecand
found as4.16 mmwith thehelp of theformulaionsin [21]. Having determined
the taper width, optimum length afger is calculated. In order to minimittes

15



return lossaused byhe reflections on the taper, taper lengtthissen as quarter
wavelengthwhich is calculated as 4.5 mifihese parameters anged in order

to formtheinitial taper model for the optimizatioRarametric joint optimization
around these initial values footha andu are done whose results are
illustrated n Figure 25 and Figure &b. Optimization costs argiven in Table 2

1 reveaing thatthe best return loss performance is reachea for =5.6 mm
andov =3.1 mm For these dimensions, return loss is better than 20 dB and

insertion loss isess tharD.8 dB,for almostthe entireX-band region

SAS IP, Inc. Return Loss HFSSDesign1 b
-10.00 5

-15.00
-20.00
-25.00
o .
T.-30.00
o ;
2-35.00
2-40.00

£ 1
< 45.00 -

-50.00 -
-55.00

-60.00 ‘ ‘ ‘
8.00 9.00 10.00 11.00 12.00
Freq [GHz]

Figure 2-5: Optimization results fothereturn lossof the thru line

SAS P, Inc Insertion Loss HFSSDesign1 4%
-0.50

Amplitude [dB]

-1.00 " ‘ " : T : : : : ‘ :
8.00 9.00 10.00
Freq [GHz]

1100 12.00

Figure 2-6: Optimization results fotheinsertion losof the thru line
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Table2-1: Optimization costs

Ewaluation | d | e | Cost |
1 2 8mm 5. 4mm 3483
2 2 rom 5.4mm 316.63
K] Jmn | B dmm 277 B8
4 3 mm 5. 4mm 266

4] 3.2mm B 4mm 27515
E

7

8

9

2.8rm 5.5mm 34415
2 8rom 5.5mm 29188
Jrorn | 5.5mm 272,06
3 mm 5.5mm 254.5

10 3.2mm 5.5mm 264.53
11 2.8mm 5.Bmm 31366
12 2.9mm 5.6mm| 2334

3mm | 5.6mm| 252,51

13
15 3.2mm 5.6mm 274.48

In order to verify the design parameters for the SIW section and the transition

parts a thru line is formed by two badk-back taper transition ana SIW
sectionin between as shown in Figure-2. By considering 2vay and 4way
divider designs, postare located at thateral edgs andlength of the linas
chosen accordingly. For this thru line, SIW section and microstrip paléne

5 cm in lengthand tdal length between the portsi® cm Figure 28 presents
the Efield distribution ofthe SIW structure on HFSS simulation and the fact

thatvia arrays on SIWs able to guidéhe wave between the vias.
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Figure 2-7: SIWthru line design
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Figure 2-8: Field distribution of SIW thru line design

At the very beginning of the simulatignsis observed that theia arrays in the

SIW partsconstitute a heavigurden tothe simulation software due to the fact

thatthenumber of the simulation meshes increase excessively, especially around

the vias Although this cost is extremely gh fortheoptimization process, éne

is an equivalency between SIW and rectangular wavegepdacing all the vias

18



with metallic walls. In this studythe entire workis done with rectangular
waveguide andhesemodels are replaced withe equivalent SIW model&r
production The rectangular waveguide rdel is illustrated in Figure-2. The
lateral walls are formed by using PEC sheets wiieeupper and lower walls
aremade ofcopper. For radiation boundary, 5mmigth vacuum is placed on
thetop of the structuree-field distribution oftherectangular waveguide model
on HFSS simulatin isillustrated in Figure 2.0.

[ T
0 25 50 (mm})

Figure 2-9: Equivalent rectangular waveguide model for the SIW
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Figure 2-10: Field distribution of rectangular waveguide model

Figure 211 illustrates the simulation results for rectangular waveguide model
with optimized taperdMore than 15 dB return loss and about 0.8 dB insertion
loss for 10 criength line is achieved fahe entireX-band region asevealed in
the figure.For the same dimensions, if the SIW atite transition partsare
replaced witha microstrip line, insertion loss for this structure wouldab®ut

0.6 dB as seen from Figure 22.

SAS IP, Inc. Thru Line HFSSDesignl
0.00 -1 i3
] m2
-10.00
m4 L m7
m
7-20.00 mé
E .
% i
5-30.00
g ] m1 8.0000 | -0.8573
< -40.00 m2/10.0000| -0.7525
. m3/12.0000| -0.8380
] m4| 8.0000 -16.5862
-50.00 m5| 9.3000 |-19.1383 — S21-rectangular
] m6 10.2000|-24.5846 Setupt s Sweept
-60 00 7 m7 1‘1.6000 '16.6396 | | Setup1 :Sweepg1
778.00 9.00 10.00 11.00 12.00
Freq [GHz]

Figure 2-11: S-parameters for rectangular waveguide modethafthru line design
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Figure 2-12: Characteristics of microstrip line which has same length with SIW design

In [21], SIW bandwidth is defined between 1.2&hd 1.9 For fc=6.63 GHz,
thesevalues are equal to 8.3 GHz and 12.6 GHz. Wide band responsengclud
the cut-off region is illustrated in Figure-23. The figurepoints outthat 812
GHz band isuitable for SIW design.

SASIP, Inc.

0.00

m1 Thru Line HFSSDesign1 Ak

m3

m2

-10.00

-20.00 |

-30.00 -

-40.00

Amplitude [dB]

-50.00
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m1| 8.0000 -0.8573
m2/10.0000 -0.7525
. m3/12.0000-0.8380

-60.00 \ \ T \

500 6.00 7.0 800 9.00 1000 411.00 12.00 13.00 14.00 15.00
Freq [GHz]

Figure 2-13: Wide-band characteristics of SIW thru line
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2.3.Equivalency between SIW and Rectangular Waveguide

In order to simplify the simulatienfor the SIW structure,the equivalent
rectangular waveguide model is used forsathulations as mentioned before
Now then, it imecessaryo showthisequivalencyln [24], theoretical davation
for equivalency isnadeandusing least square approaehuations (2L) and (2

2) are derived.

Q — 00 —— (2-1)

¢ FP% e 22

These formulations indicates thlaeequivalent widthg is slightly smaller than
the width between the centerstbévias and this drift as in {3) are determined
by the via diametexr and the spacing betwetrem.

® O 4 A0 _ i TcATIA 1Q (2-3)
Sincethe design parameterfor this studyarei pda aiQ 1™ & ah
o® vand_ p @d &; the formulation is applicable. Using this formulation
physical width® is calculated as 12.26 mrm order to superpose bothe
equivalent waveguide and the physical SIW mpfiek tuning for width®is
applied orthe calculated result. The tuned value for physical width is found as
12.2 mm andthe results for both SIW and rectangular equivalent model are
plottedin Figure 214. It is seen from the figure that eaff frequencies of the
models are very close to each other thradnsertion loss characteristics are very
similar. These results suppt the equivalency between SIW and rectdag
waveguide and ensure thaiability of usage ofnetallic walls for lateral parts

instead othevia arrays fothe simulatios.
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Figure 2-14: Comparisorbetwen SIW and rectangular waveguide models

2.4.TRL Calibration of SIW

Although, microstrip to SIWtransition and thru line with coaxial ports design
form significant pars of this study microstrip and transition parts are rbe
main concernT his studymainlyinvestigate SIW architecture for power divider
design.Transmission media betweedWs and measurement ports adversely
affect thedesign performancarising fromthe mismatches and loss&$ws, t

is appropriate to use thmeflectline (TRL) calibration techniquein order to
extract norcoaxial parts from the desigand to measure the design from

intrinsic SIW ports

Likewiseshortopenloadthru(SOLT)calibration,TRL calibrationrelocateshe
reference planes ofmeasurement. While SOLT calibrati moves these
reference planes to the coaxial ports of DUT, TRL calibration shifts them to non
coaxial intrinsic portsUnlike SOLT, TRL calibration needs distinct calibration
standardsnd each should have a unique desigrFigure 215, TRL standards

for this studyaregiven Microstrip and transition parts of the thru line design are
keptthe same for all calibration standards.
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Figure 2-15: TRL Standards

With TRL calibration, reference plaséor the measuremenare placed_ Tt

inside from the SIW edge(Figure 216) while gui ded wawéeasl engt h, >
calculated as 22.2 mm usindl[4Thus thelength of the thru standard is equals

to_ 7¢ which is 11.1 mm. As reflect standard, either short or open standard can

be used. Due to radiation problem for open standard, shorted line is chosen as

reflect standard. Short calibration standard is designed by placing metallized vias

on the reference @he ofthe TRL calibration.Lastly, by enlarging the thru

standard with_ ¥t SIW line sectionJine standard is designed as 1¢. By

applying TRL calibration, mismatches and losses are eliminaed

performance of the SIW design is obtainddioreover microstrip to SIW

transitions are validated by comparing TRL and SOLT calibration results.

reference planes

Figure 2-16: TRL reference planes for TRL calibration
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CHAPTER 3

E-PLANE SIW POWER DIVIDER DESIGN

Since the intended divider design is ispEane configuration, multilayer design
is necessary unlike single layergtane division. A 3D E-plane power divider
design is demonstrated in Figurel 3vhich is obtained by placing a SIW stub
vertically on the aperture on another SIW line2][3With this design,
practicability of Eplane division is shown while its-B structure limits the
usability of it. In this study, plane divider is designed ir2 form by folding
the sum port on the dsion ports. To do this, two thin SIW layers are placed
one on the top of the other and coupled to edoératia thin slots.

Port2

Port1

Port3

Figure 3-1: 3-D E-plane power divider design 2B
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3.1.Layer-to-Layer Transition

Since the divider type is multilayered and power division occurs on transition,
design of this part carry importance. For equal power division, geometry of the
transition should be chosen carefully. Althougkhlape of the structure leads to
impedance mismeh, this can be removed through some modifications applied
on this region.

For coupling between the adjacent SIW layers, thin slots are used. These slots
are placed perpendicular to the wave propagation direction for both SIW layers
as demonstrated in Rige 32. These slots have the same dimensions and should
be aligned ér effective coupling. If multayer production technology such as

low temperature cfired ceramic (LTCC) was used, this alignment problem

would have been solved by opening single stotmetal layer between adjacent

dielectric layers.

upper layer

lower layer
Figure 3-2: Coupling slot between adjacent SIW layers

The structure of the-plane SIW power divider resembles the modified version
of conventional Eplanerectangular waveguide tee. This can be imagined as
folding the sum port on the division ports. This modification providés 2
structure for the Eplane division. Hield distribution is held the same with the

E-plane tee structure as it is shown in Figgi® As expected, fields on division
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ports are out of phase due tegpkane division. Middle conductor in the figure is
actually formed by the lower conductor of the upper layer and the upper
conductor of the lower layer. By soldering or only just contgdtie conductors

to each other, electrical continuity can be ensured.

Upper layer ———p

Middle slot

conductor

Lower layer =—————p

Figure 3-3: Field distribution around transition region

In order to direct the wave to the coupling slot, upper layer shouttinenated

with a short circuit by inserting metallized via array just as the SIW walls. By
placing vias in a distance from the slot, shorted stub is formed which helps for
matching. In this study, the termination is positioned exactly at the end of the
slot and thus shorted stub is not required for matching. PEC sheet is used for
simulations as it can be seen in Figw4. By selecting the slot width similar to

the dielectric thickness, smooth transition of the waves is achieved like the

rectangular wavagde tee structure.
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Figure 3-4: Coupling slot and terminatiosheet

Not only the placement of the slot but also dimensions of it, have a great
importance for effective coupling. Slot geometry should noseasignificant
mismatch and should transmit the incoming wave to the lower layer effectively.
In order not to narrow the wave path, slot width is selected as the same with
the SIW width. With the same way, slot length is designated theame with

the dielectric thickness. For the slot dimensions, parametric optimization is
applied and resultant slot dimensians anda  are determined to be 12 mm

and 0.4 mm, respectively.

The design of the coupling slot is verified byidesng a multilayer thru line as

in Figure 35. It is obtained by folding the thru line design. Performance
comparison between these two thru lines is shown in Fig@rdt3s clearly seen

that insertion loss performances are almost the same. Retarpddsrmance
degrades about 5 dB for folded line but it is still below-ttte dB level. From

the results, it can be said that slot design with determined dimensions has an

insignificant mpact on the total performance.
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Port on
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Y
transition
Figure 3-5: Multi-layer thru line design
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Figure 3-6: Comparison between the sind&yer and multilayer thru lines
3.2.Matching

Having completed the slot design, power divider structure becomes ready to be
formed. Optimum dimensions for the microstrip transition and vias on the SIW
determined in the previous chapter, are used in the power divider design without
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any modification. Th initial design for the -2vay power divider whose upper
and lower layers are formed by the thru line structure is illustrated in Figure 3
7. Figure 38 and Figure @ demonstrates the layers of the divider arel th

coupling slots between them.

Division ports
Input port

0 25 50 (mm)

Figure 3-7: Initial design for the 2way divider

C I
0 20 40 (mm)

Figure 3-8: Top view of the Rvay divider layers
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0 20 40 (mm)

Figure 3-9: Bottom view of the 2vay divider layers

Although the higher order waveguides modes are generated when the wave
coupled through the aperture, step structure for the transition region on the lower
layer is suggested for the solutior2[4With the help of this &p shape, the
higher order modes attenuate before reaching the output ports. Otherwise,
generated higher order modes survive and appear on the outputs which will end
up with degradation in the performance. Step structure is illustrated in Figure 3
10.Both & and0 areoptimized for better return loss performance, thusnd

O are determined to be 12 mm and 14.5 mm, respectively. Performance
recovery through the matching section is illustrated in Figuté&.3With the
matching step section, abolitdB recovery for the insertion loss is obtained

while the return loss is below the dB level for the entire band.
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Figure 3-10: Stepped waveguide for transition region
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Figure 3-11: Comparison between straight and stepped dividers

3.3.2-way Divider Design

Completing the design of the coupling slot and the matching mechanism for the
division mismatches,-&ay power divider design is obtained. FiguréZshows
the field distributio of the 2way divider design.
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0 25 50 {mm)

Figure 3-12: Field distribution of the 2vay divider

Considering the loss performance of the introduced power divider, one should
take into accourthe losses arising from the dielectric and conductor since they
are unavoidable and already exist for the thru line design. Since the thru line and
the divider have the same length, loss performance of the divider can be
compared with the thru line lods. Figure 313, it is demonstrated that the total
loss for 2way divider is about 4 dB, while the ideal divider loss is calculated as
3.8 dB by considering the 0.8 dB loss for the thru line in previous chapter.
Degradation in the return loss performandthwespect to the thru line indicates

the mismatch during the lay&s-layer transition.
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Figure 3-13: 2-way SIW power divider characteristics

In order to match all the ports in a power divideresistive element should be
placed between the division ports. Since the divider design in this study is to be
used as waveguide tee for antenna feeding network, output matching is not
necessary. On the other hand, the input port is already matched with th

symmetric structure and the matching section.

Another criterion for a divider is the amplitude and the phase unbalance.
Considering the purpose of the divider design, amplitude and phase unbalance
should be kept as low as possible for a balanced feeBiggre 314 which
illustrates amplitude and phase unbalances simultaneously also shows that the
amplitude unbalance is less than +0.07 dB. Due to thkuie power division,

180° phase difference is observed as expected. For the erbaadl phase

unbahnce is about +0.5°.
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Figure 3-14: Amplitude and phase unbalancetioé 2way divider

3.4. 4-way Divider Design

For the 4way SIW divider design, one more dielectric layer with two coupling
slots is added t@-way divider design. The same design for the coupling slots
and the matching section is also used for this extra layyayesed 4way divider
structure is illustrated in FigureId and Figure 36. For the bottom layer, two
coupling slots and matchingections are inserted for the secondary divisions
while the middle layer containing three coupling slots which mate the slots on
the other layers. In order to decrease the coupling between the output ports,

microstrip parts are shortened.
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Figure 3-15: Top view of the 4vay divider layers
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0 30 60 (mm)
Figure 3-16: Bottom view of the-dvay divider layers

The length of the wave path in thevay divider whose field distribign is given

in Figure 317 is almost the same with the length in the thru line, except the slot
transitions in the divider. For the design of the matching and the slot sections,
the same dimensions with theay divider are used for thewlay divider. To

assure robustness, these dimensions are optimized for the new design and it is
seen that the matching and the slot dimensions in 4hay2divider are also

optimum for the 4way divider design.

Figure 3-17: Field distribution of the 4vay divider
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Since wave passes through one more coupling slot and dielectric layer at this
time, matching performance degradation for thead divider is expected to be
larger than the degradation in thavay divider. The chacteristics of the-4vay
divider are presented in Figurel8. Since the return loss degradation is at an
unacceptable level for the upper half of the initial barda¥ divider design is
realized in 810 GHz band as given in the figure. Consideringatfitenna design
whose maximum bandwidth is 1.5 GHz, 2 GHz band is adequate for the
remaining parts of the design. Average loss for this design is around 7 dB. If the
thru line loss of 0.8 dB is taken into account, division loss for twsy dvider

is catulated as 0.2 dB.
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Figure 3-18: The 4way SIW power divider characteristics

Amplitude and phase unbalance performance is important forwae 4livider,

when the feed network design is considered. Any lanica in the feed network
results with degradation in the array performance since the intended array is fed
uniformly. Unbalance characteristics of thevdy divider in Figure 3.9 for &

10 GHz band reveals that the amplitude unbalance is less thanfor3d®&itput

ports. As in the 2vay divider, ports of 4vay divider are also out of phase.
Considering this 180° phase difference between the output ports, the phase
unbalance is founkkss than 2.5 as revealed in Figure20.
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Figure 3-19: Amplitude unbalance ahe4-way divider
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Figure 3-20: Phase unbalance of theday divider
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CHAPTER 4

ANTENNA ARRAY WITH SIW FEED NETWORK DESIGN

For the design of the antenna array and the integration with the feed network,
methodologyis givenstep by step. Following the aperture coupled single patch
antenna design-dlement array is formed withe proper array dimensiorand

this array section is combined with the modifietsion of thet-way divider.

4.1.Aperture Coupled Patch Antenna

Aperture coupling for patch antenna is one of the most common feed method
and is chosen for this study sinte antennas with coupling aperés are easy

to integrate with SIW divider structuréglith the integration, a very thin and a
compact structure that contains bditle feed network andhe antenna array is
obtained. In this part, single antenna with coupling aperture design is explained.

The initial step for the design is determination of the patch dimensions which
are found from the analytical equatiori87]. The center frequency for the
antenna is determined bgnsideringhe divider characteristics. Since thevdy
divider was desigrieat 810 GHz, center frequency is chosen as 9 GHz. For the
initial design, the same material (20 mil RO4003) with the SIW divider design
is used. For this material, width of the patohis calculated as 11.05 mm by

using therelevantequations in [3]. Effective length of patch antennas arpial
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to half wavelength for dominant Tdvb mode. Due to the fringing effects, patch
extends aboutd for each sides, thus physical length is calculated to be smaller.
By using derived formulationim [37], physical length of the patdh is found

as 8.7 mm. Single patch design with the calculated dimensions is illustrated in
Figure 41. These dimensions are optimized in order to fix the center frequency
of the patch at 9 GHz with a goagturn loss chadderistics. Optimized

dimensionsared p g d and0  YBr W q.

0 5 10 (mm)

Figure 4-1: Design of the microstrip patch antenna

Another design criterion for aperture coupled patch antennas is the aperture
dimensias. Since this feeding aperture is closely related with efficiency, the
dimensions should be arranged well. Aperture geometry determines the coupling
level, the antenna gaiandthe input reflection. For an efficient design, aperture
and patch dimensionseaoptimized together. For the calculated dimensions of
the patch, optimum aperture siza® determined as&t ¢& & & and v

@ & a and illustrated in Figure-2. This optimized slot is oriented parallel to

the radiating edges of the patch by cdesing the radiation pattern of the patch
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Coupling slot

0 5 10 (mm)
Figure 4-2: lllustration of the couplingslot

For the dimensions mentioned above, single patch antenna is simiojated
feeding from the aperture with wavepartdits return loss, gain and radiation
performance is evaluated. These characteristics are presented in Fiju¥d 4
and 45. From the Figure-8, it is seen that the bandwidth of this antenna is 150
MHz which corresporsito 1.6% fractional bandwidth.
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Figure4-3: Return loss performance of the patch antenna
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For the single patch antenna, boresight antenna gain whstfowenin Figure
4-4 is found as 5.2 dB at 9 GHz. In Figur® 4radiation pattern of the designed

patch antenna is revealed. Half power beamwidths for thlake and the H

plane patterns are measured as 94° and 88°, respectively. Back lobe level for this

designis found as 20 dB below the main Ideegel.
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Figure 4-4: Gain characteristic of the patch antenna
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Figure 4-5: Radiation pattern of the patch antenna
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Balans recommends to use thick substrate with a lower dielectric constant for
wider bandwidth and better efficiend®7]. With the help of thismethod
thickness of the dielectric is increased from 20 mil to 60 mil whéhsame
dielectric material. With this ew material, all optimizations for the patch
dimensions are renewed. Optimized dimensiongiaenin Table 41. Having
increased the dielectric thickness, decrease in coupling level is observed as

expected antb increase itslot dimensions are enlarged

Table4-1: Optimized patch dimensions for 60 mil RO4003 material

Parameter Description Value
h Substrate thickness 1.524 mm
W Patch width 11 mm
0 Patch length 7.1 mm
0 Slot width 1 mm
a Slotlength 5 mm

For the new substrate, antenna performance is observed and the return loss, gain
and radiation pattern characteristics are illustrated in Figue447 and 48,
respectively. As revealemh Figure 46, bandwidth is extended to 580 MHz
which is about four times larger than the bandwidth of theghbstrate design.

With this improvement, gain of the single patch antenna increases to 5.6 dB, E
plane and Fplane beamwidths become 100° and 8&Spectively.
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Figure 4-6: Return loss performance of the patch antenna
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Figure 4-7: Gain characteristic of the patch antenna
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Name Theta Ang Mz Radiation Pattern
m1 | -50.0000 | -50.0000 | -2.9542

m2 | 50.0000 | 50.0000 | -2.9244
m3 | -44.0000 -44.0000| -3.0228
m4 | 44.0000 | 44.0000 | -3.0114
m5 |180.0000 180.0000|-23.1603

Curve Infa

— dB10normalize(GainTotal)| -60
Setup1 : LastAdaptive
Freq="9GHz' Phi='0deg’

— dB10normalize(GainTotal)
Setup1 : LastAdaptive
Freq="9GHz' Phi='90deg’
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-180

Figure 4-8: Radiation pattern of the patch antenna

After observing the bandwidth extension with the increasing substrate thickness,
another methodecommendedh [37] is applied for further improvement fahe
bandwidth.The nethod pomts out thatowering the permittivity of the substrate
also extends the bandwidth. Tmeethodis applied together with the previous
one toprovide furtheimprovement. For this purpose, Rogers RT/duroid 5880
material with 125 mil thickness and 2.2 digtec constant is used. With this
material, dielectric thickness is increased about six times and dielectric constant
is lowered 40% with respect to the initial design. Dimensions for optimized
design arggivenin Table 42. For this relatively thick substie,the slot length

is extended to 12 mm which tise maximum length fothe designed SIW feed

network.
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Table4-2: Optimized patch dimensions for 125 RIF'5880 material

Parameter Description Value
h Substrate thickness 3.175 mm
W Patch width 13.2 mm
0 Patch length 8 mm
0 Slot width 1.5 mm
a Slot length 12 mm

For this new material, performance upgrade is illustrated in Figare+4.0 and

4-11. As revealed in Figure-9, bandwidth is enlarged about ten times with
respect to the initial design and seen to be 1470 MHz. Antenna gain also
increases and passes 6 sightly for 9 GHz. For this design both thepkane

and theH-plane beamwidths become 86°.
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Figure 4-9: Return loss performance of the patch antenna

48



Gain HFSSDesign1 4%
10.00 | -
{m1 0.0000 6.0521 m1 . JB(GainTotal)
n etup1 : LastAdaptive
5.00 | M2 -43.0000 3.0576 Setupt : LastAdaptive
{m3 43.0000 3.0901 m3 req” s>z Fan tded

1 — dB(GainTotal)
1m4 -43.00002.9705 Setup1 : LastAdaptive
43.0000 2.9690

Freq="9GHz' Phi='90deg’

dB(GainTotal)

180.00 -135.00 -90.00  -45.00 0.00 4500  90.00 13500 180.00
Theta [deg]

Figure 4-10: Gain characteristic of the patch antenna
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Figure 4-11: Radiation pattern of the patch antenna

In the patch antenna design, 3 different dielectric material are used for the
simulationsand comparisonshowthat the operational bandwidth of the patch

antenna increases with a thicker dielectric and lower permittivity.
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4.2.Array Design with SIW Feed Network

In this part, rectangular patch antenna array desigmroduced by using the
single patch design.ifge the designed SIW power divider is used as a feed
network, array design should be adaptable to SIW structure. Thus, feeding
apertures are designed accordingly. In order to vwsaydSIW power divider as

feed network, 4«lement array is designed asslitated in Figure-42 and 413.

For the initial array desigrsingle patch design on 20 mil RO4003 mateisal
used With thisselection structure consistof 4 layer 20 mil RO4003 material

and its toal thickness equals 2.3 mm. Thetwork is fed fromhe input port on

the top layer and transmitted to SIW region. Each layer has coupling slots to
conduct the wave to the next layer and in the end, wave radiates from tme patc

antennas on the bottom layer.
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Figure 4-12: Top view of the feed network and array design
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Figure 4-13: Bottom view of the feed network and array design

Element spacing is another important parameteaufraycharacteristics. In g,

it is stated that performance degradation occurs for closely spaced array elements
due to high mutual coupling levek is also stated thahe element spacing
affecsthemain lobe beamwidth and side lobe level and-ha¥elendgh spacing

is suggested to be the optimum distance. Following this, element spacing is
parametrically swept around the halvelength for this design to obtain the
desired performance. F@8 mm element spacing which is the optimum value

for the array dagn, the matching performancis shown in Figure 44. With

this 4-element array design, about 100 MHz frequency band is obtained.
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Figure 4-14: Return loss performance of the patch antenna array

Since the aay consists of 4 elements, antenna gain is expected to increase about
6 dB. From Figure 45, array gain measured 53.5 dB Figure 416 presents
the radiation pattern of the array design. Since 4x1 element array is designed,

radiation pattern in the &y extension plane becomes narrower. For this design,

E-plane and Fplane beamwidths are 20° and 90°, respectively and the side lobe

level is obtained as 13 dB while the baekliation level is 22IB, as revealed in

Figure 416.
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Figure 4-15: Gain characteristic of the patch antenagay
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Name | Tneis Ang Mz Radiation Pattern
m1 | -10.0000 | -10.0000 | -3.6238

m2 | 10.0000 | 10.0000 | -3.1549
m3 | -45.0000 | -45.0000 | -2.9051
m4 | 45.0000 | 45.0000 | -2.9689
m5 | -32.0000 | -32.0000 |-13.1649
mé6 | 32.0000 | 32.0000 |-14.3855
m7 180.0000/180.0000|-21.8170|

Curve Info |
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Figure 4-16: Radiation pattern of the patch antenna array

In the previous part, valid improvements for the performancéhefsingle
antenna elements was obtained with thicker substrate and lower permittivity.
This recovery is applied also for the array design. For antenna substrate, 60 mil
Rogers 4003 material is used. With this relatively thick substrate, total thickness
for the structure becomes 3 mm. Bandwidth extension for the return loss can be
observed from Figure-47. With this material, 4581Hz frequency band is

achieved.
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Figure 4-17: Return loss performance of thetpla antenna array

Gain and radiation pattern characteristics of the design are given in Fd8re 4
and 419, respectively. With this new desigheantenna gain is increased to 11
dB while themain lobe beamwidths and side lobe levels remain the sarhe wit

thin substrate a$ can beseen from Figure-49.
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Figure 4-18: Gain characteristic of the patch antenna array
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Name [ Thew Ang Mag Radiation Pattern
m1 |-10.0000 -10.0000 | -3.3142

m2 | 10.0000 | 10.0000 | -3.3543
m3 | -45.0000 | -45.0000 | -2.9658
m4 | 45.0000 | 45.0000 | -3.0086
m5 | -32.0000 | -32.0000 |-14.0148
m6 | 32.0000 | 32.0000 |-14.1339
m7 | 180.0000|180.0000 -21.7257

Curve Info

— dB10normalize(GainTotal)
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Freq="9GHz' Phi="0deg’ s="23mm"
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Figure 4-19: Radiation pattern of the pata@mtenna array

In order to increase the bandwidth of the array deRigher as inthe single
element, Rogers RT/duroid 5880 material with 125 mil thickness and 2.2
dielectric constant is applied for the array design. For this design, desired return
loss responsds not obtained asevealed inFigure 420. Low coupling level
arising from the thick antenna layer and the mismatch due to the permittivity
difference between the substrates might bepibesibleexplanations for this
unacceptable response. Désphis degraded return loss performance, obtained
structure radiates similar with the previous design. Gain and radiation patterns

of this antenna array are presented in Fégb21 and 422, respectively.
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Figure 4-21: Gain characteristic of the patch antenna array
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Neme | Theta Ang Mag Radiation Pattern
m1 0.0000 0.0000 0.0000 .

m2 | -44.0000 | -44.0000 | -2.9761
m3 | 44.0000 | 44.0000 | -3.0638
m4 | -9.0000 | -9.0000 | -2.7420
m3 | 9.0000 9.0000 | -2.9224
mé6 | -31.0000 | -31.0000 |-13.6453
m7 | 31.0000 | 31.0000 |-13.3761
m8 |-180.0000|-180.0000 -19.5589

Curve Info

— dB10normalize(GainTotal)
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Freg='9GHz' Phi='0deg'
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Figure 4-22: Radiation patterrof the patch antenna array

Among these array designs with three different materials, the design with 60 mil
RO4003 materiaprovidessatisfactory results in terms of radiation pattern and
matching pgormance For this design, some modifications are applied in order
to decrease the back radiation level of the arrays. For this purpose, the antenna
layer is extended in 4plane direction. With this extension, metal coverage on
the antenna layer behaves like a laggeund plane and it minimizes the back
radiation level. The radiation pattern of the design with enlarged ground plane is
illustrated in Figure €3. Lowering back radiation level made the antenna array
more directive. This modification reduces thepldne beamwidth from 90° to

80° as can be seen from the radiation plot. With lowered back radiation, increase
in the main lobe gain is inevitable. Recovered gain performance is given in
Figure 424. As obtained from the plot, main lobe gain reaches 12.8 dé&hvgi

almost 2 dB more than the previouwss@yn with narrow ground plane.
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180.0000
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Figure 4-23: Radiation pattern of the patch antenna array
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Figure 4-24: Gain characteristic of the patch antenna array
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CHAPTER 5

FABRICATION OF THE DESIGNS AND MEASUREMENT
RESULTS

Design steps fahe SIW feed microstrip patch antenna araagintroduced step
by stepso far.Desired structure is composedth the help of the simulation
results. In order to verify the desgyare produced andelevant performance
parameters aremeasured.Each step is separately manufactured arttle

measurement resuléssecompared witlthe simulation results.

5.1.Fabrication of the Thru Line and Calibration Standards

While the design steps proceed, initial fabrication for the study is implemented
with the thru line production. Fabrication of the thru line has a great importance
for the futurity of the study. It is no wonder tlaasuccessful thru line fabrication

facilitates the remaining production work. Therefore, importance is given for the
thru line and some modifications for the production are applied for the best

results.

At the very beginning of the fabrication, the slasi possible via diameter 0.3
mm is used for the SIW part, however, there observed sonlatetwia holes
after the metating process. This is mainly because of the fact that metallizing

material could not penetrate some of these narrow via holestiwga unplated
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vias, incoming wave could not be guided. Thereon, via diameter is extended to
0.5 mm as specified in the second chapter. For this diameter, the same problem
has not been observed anymore. Initial fabrication of the thru line is shown in
Figure 51 for which, solderable erldunch SMA connectors are used.

capacitive

stubs

Figure 5-1: Initial thru line design with solderable end launch connectors

Introduced thru line design is measured andismatch issue arising from the
SMA connectors is detected. In order to minimize this mismatch, matching
capacitive stubs placed near the connectors since they have an inductive effect.
Initially, copper strip pieces are pasted as capacitive stubs. giéaimd the
optimum stub dimensions, these pieces are added to the design and the thru line
with these stubs are manufactured. Matching stubs can be seen in Figure 5
With these stubs, return loss performance is improved and pulled below 10 dB

for almostwhole X-bandas illustrated in Figure-3.

62



Thru Line
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-40 U = —§21-new connector
-45 V ! —S11-new connector
-50 !
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frequency (GHz)
Figure 5-2: Thru line design with 3 different configurations

Despite this improvement in the matching performance, connector in use is
replaced by Southwest Merwa v e 6-865A-8@ 92 nd | aunch <conne
this connector, no soldering is required and the connection is provided by
compressing screws. This connector is chosen because of its low VSWR
performance. Measurement result of the design with these cormectalso
drawn in Figure 8. As it can be seen from the figure, there is no need to use
stubs for matching purpose with this connector. Final structure for the thru line
design is shown in Figure& For this thru line, simulation and measurement
resuls are drawn in Figure-% and 55. From the measurement results, average
insertion loss is obtained as 1.65 dB for the entiiead while this value was

0.8 dB for the simulation result. Since the connectors did not appear in the
simulations, differenceni the simulation and the rmgsurement results was

expected.

Figure 5-3: Thru line design
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Insertion Loss
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Figure 5-4: Insertion loss performance of the thru lines
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Figure 5-5: Return loss performance of the thru lines

On the purpose of insertion loss recovery, another modification is tried. The vias
in the SIW structure are replaced with thin slots as revealed in Fighiré/gh

the help of these metallized slots, it is aimed to reduce the leakage loss if there
was effectively any. Considering the rigidity of the structure, small notches are
placed in these slots. Comparison between the thru lines with vias and slots is
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also pesented in Figure-8 and 55. For this thru line with slots, average
insertion loss is measured as 1.7 dB which is similar to the via design. This
similarity reveals that the leakage loss due to the via array design is negligible
since the insertion losseare almost same with continuous and discrete wall
designs. By this way, via dimensions and separation between them has been
validated. On the other hand, this slot design for lateral walls can still be useful
in terms of fabrication easiness and drillitigne consumption by taking the

similar characteristics of bo#tructures into consideration.

Figure 5-6: Thru line design with slots

As mentioned in the second chapter, TRL calibration is used for d@Hheof
fabricated designs. Calibration standards are fabricated as indicated for both thru
lines with vias and slots. These standards are shown in Figurdl&Erostrip

parts and connectors for the calibration standards are the same with the thru line
designand with the help of these standards, measurement planes are relocated
on the SIW portion. In Figure-8, measurement setup with the calibration
standards and calibrated network analyzer is given. &fefRL calibration,

thru standard is measured angtum loss above 40 dB is obtained.
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Figure 5-8: Calibration standards and measuremesetup

Characteristics of the thru line designs with TRL calibration are plotted in Figure
5-9. Calibration process removes the portion of the insertion loss whose source
is coaxial connectors and microstrip parts. With the help of the TRL calibbratio

pure SIW structure which is@n in length, is measured without the microstrip
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parts and connectors. As a result, average SIW thru line loss is measured to be
0.53 dB while the return loss is above 15 dBthar entire band.

Thru Line HFSSDesign1 4%
m1
by ]
22000
@ i
:
'©.-30.00
E - Curve Info
© 7 — S11-via
Bl thru line : TRL-thru-via
7 — $21-via
-40.00 — thru line : TRL-thru-via
] — S11-slot
b thru _line : TRL-thru-slot
] $21-slot
50.00 l ‘ | ‘ ‘ ‘ ‘ thru _line : 'II'RL-thru-sIot
8.00 8.50 9.00 9.50 10.00 10.50 11.00 11.50 12.00

Freq [GHZ]

Figure 5-9: Thru line characteristics with TRL calibration

5.2.Fabrication of the 22Way and 4Way Dividers

For the divider implementation, the most important step is the integration of the
divider layers. In this part, applied methodstfos integration and measurement
results is introduced. Fabricated layers are shown in Figifednd Figure

11, before the integration process. As the figures reveal, coupling slots on both
layers have exactly the same dimensions and they shoulddby siverlapped

for a good matching and coupling performance. Many screw holes are placed in

order to ensure this alignment as weltles rigidity of the structure.
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Figure 5-10: Outer surfaces of the-®ay divider layers

Figure 5-11: Inner surfaces of the-@ay divider layers

By unifying the layers with the help of the conductive screws, electrical
continuity between the layers is already provided. Moreaightly screwing

the layers increases the contact between the ground planes of the layers
effectively and decreases the contact resistance. Nevertheless, as a trial, the
layers are soldered in order to support the electrical continuity between the
layers. For the soldering process, gel solder is applied to contact the surfaces as
revealed in Figure-32. Thinheat proofstrips are used in order to prevent the
solder to leak the coupling slots. Then, prepared layers are screwed and heated
in a reflow ovenMeasurement results of the soldered and the solderless dividers
are compared in Figure B3. It is clearly seen that both the insertion loss and the
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return loss performances are not effected significantly with soldering. These
results indicate that theaunting screws and physical contact are adequate for
the electrical continuity and the use of solder for an improved contact is not
necessary. For the remaining manufacturing processes, only mounting scre

are used.

Figure 5-12: 2-way divider layers with gel solder and insulator strip

2-Way Divider HFSSDesignt A

-5.00 {NW\’VWVW@\/WWW

Amplitude[dB]

-20.00 — Curve Info
] — $11-solderless
] solderless : 2way_divider-solderless

- — $S21-solderless
-25.00 1 solderless : 2way_divider-solderless

B — $21-soldered
B soldered : 2way_divider-soldered

7 — $S11-soldered
1 soldered : 2way_divider-soldered

00 8.25 8.50 8.75 9.00 9.25 9.50 9.75 10.00
Freq [GHz]

Figure 5-13: Comparison between soldered and solderless dividers

The final design of the-@ay divider after the mounting is shown in Figure 5
14 and 515. With the help of the screws and end launch connectors, quite rigid

2-layered divider is obtained. Measurement results with this fabricated divider
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are given in Figw 516 and 517. About 5 dB insertion loss is observed while

it is about 4dB for the simulation results forl8 GHz region. Oscillating
characteristics of the insertion loss plot indicates that the mismatches arising
from the connectors and microstrip 8W transitions degrade the divider
performance. It is expected that these mismatches would be removed with the
help of the TRL calibration. Calibration process and calibrated results are also
given in this part. On the other hand, measured return lagssvate quite gde

with the simulation result.

Figure 5-14: Top view of the @vay divider

Figure 5-15: Bottom view of the-®vay divider
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Figure 5-16: Insertion loss performance of theway dividers
Return Loss HFSSDesignt A}
-5.00 —
-7.50

Amplitude [dB]
o
(%,
(=]
|

Curve Info
— $11-via
1: SOLT-2-way1

— S11i-slot

2: SOLT-2-way1-grave
— $11-simulation
Imported

-20.00
8.00 8.50 9.00 9.50 1000 1050 1100  11.50  12.00
Freq [GHz]

Figure 5-17: Return loss performance of theany dividers

TRL calibration is held fothe 2-way divider as well, in order to observe SIW
power divider characteristics without the effects of the connectors and microstrip
parts. Since these parts are same with thru line design, previous TRL calibration
was used for&vay divider measurements. Riéts are presented in FigurelB

for both the insertion and the return losses. As it can be seen from the figure,
performance of the divider degrades towards the end of the measurement band.
Despite this degradation, desireeway divider is obtained foB8-11 GHz

frequency band. Through this region, average insertion loss is 3.75 dB. Taking
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the fact thathe SIW thru line has 0.5 dB insertion loss into consideration, it can
be stated that a quite efficient division is obtaingth the Eplane SIW divider.

2-Way Divider HFSSDesign A
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via1 : TRL-2-way1-via
— S21-via
via1 : TRL-2-way1-via
— S31-via

Amplitude [dB]
S
(=}
o
|

-15.00 — via2 : TRL-2-way2-via
T — S11-slot
slot1 : TRL-2-way1-slot
B — S§21-slot
- slot1 : TRL-2-way1-slot
i _It2531T-RsII.°5 2-slot
slot2 : -2-way2-slo
-20.00 T T

8.00 8.50 9.00 9.50 10.00 1050  11.00 11.50  12.00
Freq [GHZ]

Figure 5-18: Measurement results of thewzay divider with TRL calibration

Amplitude and phase unbalances are another important parameters for the
divider performance. Since this divider is intended taiged in antenna feed
network, special interest is undertaken for the divider fabrication by keeping the
symmetry and equating the line lengths. Measured unbalance values are plotted
in Figure 519 with the simulation results. Since the simulation regldtot

reflect the production deficiencies and tolerances as well as the connector
mounting effects, unbalance values tioe simulation results are very low with
respect to measurement results. Nevertheless, measured unbalance values are
still at acceptable lesf for a 2way divider design. Thenaplitude unbalance is

less than +0.6 dB artie phase unbalance values are 8° at most by taking into
account 180° phase difference betweepldhe divider ports. TRL calibration
imperfectness and connectoounting deficiencies are expected to be sources

of this 4° shiftfor the phase unbalance values.
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Amplitude and Phase Unbalance
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Figure 5-19: Amplitude and phase unbalance of faway divider

For the 4way divider, same fabrication andounting methods are applied.
Since the 4wvay divider contains 3 coupling slots, mounting screws are placed
accordingly. Also, division arms are shortened in order to decrease the coupling
between the neighlbo arms. 4way divider layers are presented iigtre 5-20

and 521, before mounting.

Figure 5-20: Outer surfaces and middle layer of thewhy divider
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Figure 5-21: Inner surfaces and middle layer of theway divider

With this 3layer 4way structure, quite thin divider with the same width with
the designed thru line is obtained as revealed in Fig2@&dnd 523. With this
structure, length and width of the divider are exactly the same with the ptbpos
thru line design. Due to theldyer design, thickness of the divider is equal to 4

times of the thickness of the thradi design which is only 2.3 mm.
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