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OZET

YAMA GIYDIRILMIiS DALGA KILAVUZU (YGDK)
TEKNOLOJISi iLE X BANDI
BANT GECIREN FILTRE TASARIMI

Mohammed R. A. NASSER
Yuksek Lisans Tezi, Elektrik Elektronik Miihendisligi Anabilim Dal

Damsman: Prof. Dr. Selcuk HELHEL
Haziran 2020; 39 sayfa

Dizlemsel bant geciren filtreler temel olarak herhangi bir RF / Mikrodalga
cihazinin 6nemli bir pargasi olarak kabul edilir. iletisim ve radar sistemlerine yonelik
artan talepler, daha yekpare ve hafif yapilardan tstiin performans saglayan ve diger
devrelerle kolayca entegre edilebilen filtreler gerektirir. Bu tezde, metal dalga kilavuzlari
ile mikroserit yapilarin 6zelliklerini birlikte tasiyan Yama Giydirilmis Dalga Kilavuzu
(YGDK) ad1 verilen yeni bir diizlemsel teknoloji ele alinmaktadir.

Bu tezde Yama Giydirilmis Dalga Kilavuzu teknolojisini ve Centikli Taban
Yapilar (CTY) kullanarak iki adet Gg¢lincl dereceden yekpare filtre tasarladik. Her iki
tasarim da mikroserit teknolojisiyle genis bant adaptasyonu saglamak i¢in YGDK-Micro
serit konik ge¢isi kullanilmstir.

Calismada X-bandi uygulamasi igin tasarlanmig bir Genis Bant bant geciren filtre
tasarlanmistir. Filtre, YGDK ve YGDK'nin hem iist hem de alt diizlemine yiiklenen iki
tip Centikli Taban Yapilar (CTY) tarafindan olusturulmus olup 10 GHz'de kesirli bant
genisligi (FBW = 40%) seklidedir. Uretim kolayliklar1 nedeni ile ayrica C-bandi
bolgesinde caligan 6.175 GHz' merkez frekansinda 500 MHz bant genigligine sahip ilk
huzme genisligi (FBW = 8.3%) olan bir filtredir. YGDK'nin Ust diizleminde YGDK ve
3-CTY hucreleri aracilig1 ile olusturulmustur.

ANAHTAR KELIMELER: Bant gegciren filtreler, Yama Giydirilmis Dalga Kilavuzu
(YGDK), Centikli Taban Yapilar (CTY), Genis Bant Konik ge¢is, X-bandi, C-bandi.
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ABSTRACT

FILTER DESIGN USING THE SUBSTRATE INTEGRATED
WAVEGUIDE (YGDK) TECHNOLOGY
ON X BAND

Mohammed R. A. NASSER
MSc Thesis in Electrical & Electronics Engineering
Supervisor: Prof. Dr. SELCUK HELHEL
June 2020; 39 pages

Planer band-pass filters are considered as a major part of any RF/Microwave
device. The increasing demands on communications and radar systems require filters are
that provide all of compactness and lightweight with superior performance and easy to
integrate with other circuits. In this thesis, we look at new planer technology called
substrate integrated waveguides (YGDK), developed recently with characteristics mixes
the affirmative characteristics of the metallic waveguides and microstrip technologies,
has opened the horizons in microwave filter design to provide new designs to match the
high requirements of the increased demand. In this thesis, we have designed two 3" order
compact filters using the Substrate integrated waveguide (YGDK) technology and the
Defected ground structure (CTY). Both of the designs are using the YGDK -microstrip
taper transition to ensure wideband adaption with microstrip technology.

The first filter is a Wideband bandpass filter designed for X-band application has
a center frequency at 10 GHz, with fractional bandwidth (FBW 40%), the structure
composed by YGDK and two types of defected ground structures (CTY) loaded in both
of the Top and bottom plane of the YGDK and its characterized by the wide free of
spurious upper stopband, while the second filter is a broadband filter designed for C-band
Space communications has a center frequency at 6.175 GHz, with 500 MHz bandwidth
(FBW=8.3%), the structure composed by YGDK and 3-CTY cells on the top plane of the
YGDK. The filters were built on a single-layer Rogers DiClad 880 substrate, and they
were designed and optimized using the time domain solver "the Finite-difference time-
domain method (FDTD) numerical method” in CST MW studio.

KEYWORDS: Band-pass filters, substrate-integrated waveguide (YGDK), defected
ground structures (CTY), wideband taper transition, X-band, C-band.
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ONSOZz

Yekpare boyut, diisiik insersiyon kaybi, iyi geri doniis kayb1 ve piiriizsiiz grup
gecikmesi. Bu filtrelerle ilgili tim gereksinimler, geleneksel teknolojiler tarafindan bir
anda karsilanamaz, c¢ilinkii yiiksek performans her zaman hantal bir boyuta sahip
dizlemsel dis1 dalga kilavuzu teknolojisi ile ilgilidir. Diizlemsel teknolojilerine gelince,
diger devrelerle yekparelik ve entegrasyon kolayligi 06zellikleriyle birlikte bu
profesyoneller kirilgan performans pahasia gelir. Bu tezde Yama Giydirilmis Dalga
Kilavuzu (YGDK) adi verilen ve dizlemsel teknolojilerinin kirilgan performansinin
ortadan kaldirilmasina yardimei olan ve filtre tasarimi konusunda yeni ilkeler saglayan
yeni teknolojiyi tartisiyoruz.

Beni 6grencisi olarak kabul ettigi ve arastirmami destekledigi i¢cin danigsmanim
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oldugu i¢in Prof. Bektas COLAK'a tesekkiir ederim.

Bana yardim etmeksizin gercege doniismeyecek hayalimi gergeklestirmeme yol
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SIMGELER VE KISALTMALAR

Simgeler

Hz : Hertz (1/ saniye)

MHz : Mega (106) hertz

GHz : Giga (109) hertz

Er : Goreli gecirgenlik veya dielektrik sabiti
tand : Dielektrik kayip

W : Mikroserit iletim hatt1 genisligi
T : Plaka kaplama kalinlig1

h : Plaka kalinlig1

u : Gegirgenlik

&re . Etkili dielektrik sabiti

Z.  :Karakteristik empedans

mm  : Milimetre

mm? : Kare milimetre

dB  : Desibel

ns : Nanosaniye
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Kisaltmalar

RF

: Radyo frekansi

YGDK: Yama Giydirilmis Dalga Kilavuzu

CTY : Centikli Taban Yapilar

RWG : Dikdortgen dalga kilavuzu

BDK : Baskili devre karti

FBW : Kesirli bant genisligi

X-bandi : 8.0 ile 12.0 gigahertz arasinda degisen frekanslar
C-bandi : 4.0 ile 8.0 gigahertz arasinda degisen frekanslar
YTB : Yurtdis1 Tiirkler ve Akraba Topluluklar Baskanligi

EM  : Elektromanyetik

TL  :lletim hatts

TEM : Enine elektromanyetik

DC  :Dogru akim

F : Frekans

Fe : Kesim frekansi

TE10 : Baskin mod

Ac : Kesme frekansina karsilik gelen dalga boyu

Aeff : YGDK genisligi, dikdortgen dalga kilavuzunun genisligine esittir
Co : Bos alanda dalga hiz1

CPW : Yari-diizlemsel dalga kilavuzu

PTFE : Politetrafloroetilen

CST : Elektromanyetik benzetim yazilimi

MD : Mikrodalga

vii



S-parametreli : Sagilma parametreleri
Sa1 :lleriiletim (port 1'den port 2'ye)

Su : Eslesen bir yiik tarafindan sonlandirilan ag ¢ikisi ile giris yansima katsayisi

viii
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GIRIS M. NASSER

1. GIRIS

Filtreler pasif bilesenlerdir ve herhangi bir iletisim sisteminin temel bileseni
olarak kabul edilirler. Filtreler, kalan istenmeyen frekansi (durdurma bandi) bloke
ederken istenen sinyalin gegmesini (gecis bandi) saglayan iki baglant1 noktali bir frekans
secici aglardir. Radar ve iletisim sistemlerinde genis bir uygulama alanina sahiptirler.
Sekil 1.1'de gosterildigi gibi yaygin olarak alici-verici devrelerinde kullanilir.

antenna

BPF

x

29
duplex~»
filter

X

amp’
ower)
A

BPF

[
&

up-converter
mixer

Sekil 1. 1. Basitlestirilmis RF 6n ug alici-verici blok semasi

Filtreler, Sekil 1.2'de gosterildigi gibi, frekans se¢imi acisindan algak geciren,
yuksek geciren, bant gegiren ve bant kesen olmak {izere dort kategoride siniflandirilir.
Ayrica, yanita (Chebyshev, Maksimal diiz, Eliptik, vb.) Veya teknolojiye (Topakli, Dalga
Kilavuzu, Mikroserit, vb.) Veya frekans bandina (Dar Bant veya Genis Bant) gore

siniflandirilabilir.
Normalize genlik Normalize genlik
AGe irme bandt Gegirme band1
Durdurma
Durdurma bandi band1
0 > 0 >
fe f]'eq . fe . freq
a) Algak Gegiren fltre b) Yiiksek gegiren fltre
Normalize genlik Normalize genlik
Gegirme bandi Gecirme Bandi Gegirme band1
: m . 21—\ (—N
Durdurma Durdurma
Durdurma
band1 bandi
band1
o > 0 .
fa fo fo freq fa fo fo freq
¢) Bant gegiren fltre d) Bant durduran fltre

Sekil 1. 2. Frekans seciciligine gore filtre tiirleri
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Geleneksel teknoloji, gerekli tiim 6zellikleri bir anda karsilayamaz. Geleneksel
teknolojiler arasinda bir performans ag¢ig1 var. Geleneksel teknolojiler arasindaki boslugu
doldurmak igin gelen ¢6ziim ne olacak? Son zamanlarda, Sekil 1.3'te gOsterilen Yama
giydirilmis dalga kilavuzu (YGDK) adi verilen bir dizlemsel yapisina dalga kilavuzu
yapilarini sentezleyen tiimlesik bir kilavuz yapi. Ilk olarak (Hirokawa ve Ando, 1998)
tarafindan sunuldu ve (Deslandes ve Wu, 2001) tarafindan tanitildi. YGDK Duzlemsel ve
diizlemsel olmayan dalga kilavuzu teknolojileri arasindaki boslugu doldurabilecek en iyi
uzlagsmay1 saglar ve burada hem RWG hem de mikroserit hatlardan uyarlanmis
avantajlardan yararlanir. Ayrica, diisiik kayip profilli dielektrik altliklarda PCB'nin imalat
prosesleri yoluyla imalat kolayligi ile.

Sekil 1. 3. Yama giydirilmis dalga kilavuzunun (YGDK) genel yapisi.

Bu tezde, iki YGDK filtresi tasarlamaya odaklaniyoruz, C ve X bandi lizerinde
calistyoruz. Biri X-bandi uygulamasi i¢in digeri C-band1 bosluk iletisimi igin dnerilen iki
filtre.

[lk tasarim, YGDK igin literatiirde bulunan ampirik formiiller ve tasarim kriterleri
uygulanarak gelistirilmistir. Bir bagka deyisle ilk tasarimin tam dalga elektromanyetik
benzetimi ile ise baslanir. YGDK modeli, iki asamada uygulanan dogrudan EM
optimizasyonunu kullanarak optimize edilir: Istenen diisiik kesim frekansini elde etmek
icin YGDK genisligini optimize edilir ve ardindan yansimalari en aza indirmek amaci ile
baskin mod bant genisligini genisletmeye ¢aligilir.

Takip eden adim hizli bir sekilde benzetimi tamamlamak ve istenen bant boslugu
etkisini saglayan hiicrelerin baslangi¢c boyutunu elde etmektir. Bunun igin bir mikroserit
iletim hatt1 altinda hiicreleri yiikleyerek Centikli Taban Yapiya (CTY) uygun hiicrelerinin
etkilerini arastirilir. Bu siire¢lerin tamamlanmasindan sonra elde edilen hicreler, bant
geciren filtre olusturmak i¢in YGDK yapist ile kullanilacak baslangi¢ hiicreleri olarak
kullanabilir hale gelir.

Son zamanlarda, YGDK ve CTY mimarisi kullanilarak gerceklestirilen 6nemli sayida
bant geciren filtre ortaya cikti, bu filtrelerin baz1 6rnekleri (L. H. Weng, 2008; Y. Huang,
2013) 'de belirtilmistir. Giris daha detayli sekilde Ek-1 (sayfa 1-5)'te sunulmustur.
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2. KAYNAK TARAMASI

Bu Boliim araciligiyla, arizali zemin yapisi (CTY) teorisine ek olarak, bu tez’de
kullanilan dalga kilavuz yapilar1 veya iletim hatt1 tipleri ile ilgili temel iletim hatlar
teorisinin bir arka plani sunulacaktir.

2.1. iletim Hatlar

fletim hatti devresi, elektrik sinyallerini bir noktadan digerine tasiyabilen ve
yonlendirebilen bir yapidir. Yayilan EM dalgalar1 enerjiyi hem elektrik hem de manyetik
alanlarda depolarken, iletim hatlar1 elektrik ve manyetik enerjiyi dagitilmis kapasitans ve
endiiktans seklinde depolar (Steer, 2016). Son zamanlarda, YGDK f{izerine yogun
arastirmalar, mikrodalga ve milimetre dalga uygulamalariyla iliskili devre tasarimi
gelistirme seviyelerinin ufkunu artiran ve duzlemsel olmayan devre kavramlarii
diizlemsel yapilara uygulamay1 saglayan yeni bir iletim hatt1 tiirii olarak ortaya ¢ikmasina
yol agti. Ayrica YGDK, dalga kilavuzu performansiyla karsilastirilabilir performansa
sahip olup diger diizlemsel yapilarla entegre edilmesi kolay diizlemsel bir yapidir.

2.1.1. Mikroserit Hatlar1 (HONG, 2011)

Mikroserit yapi, ince dielektrik altligin {ist tarafinda goreceli gegirgenlige (&r) ve
althk kalinligr “h”, genisligi “W” ve kaplama kalinhgma “t” sahip iletkenlerin
olusturdugu en popdler dizlemsel tip iletim hattidir, taban ise Sekil 2.1'de gosterildigi
gibi iletken tabaka ile kaplidir.

Metal serit

Toprak katman

Dielektrik substrat

Sekil 2. 1. Mikroserit ¢izgi genel yapisi

Mikroserit, Sekil 2.2'deki gibi Sanki-TEM modunu destekler, iletim seridi ile
toprak arasinda acilan homojen olmayan yapisindan dolayr hava (sacak alani) ve
dielektrik olmak iizere iki farkli ortamda bulunur.
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Sekil 2. 2. Kesikli ¢izgilerin manyetik alan cizgilerini ve diz cizgilerin elektrik alan
cizgilerini temsil ettigi mikroserit Sanki-TEM modu

Mikroserit hat bilesenleri, yekpare boyuta ek olarak tasarim, imalat, entegrasyon
kolaylig1 avantajina sahiptir. TEM modu igin bir kesme frekansi yoktur. Mikroserit hatlar
dogru akimdan (DC) yiiksek frekans bolgesine kadar isaret iletebilir. S6z konusu
ozellikler RF ve mikrodalga devre tasariminda yaygin olarak kullanilan teknolojinin
yapilmasina yol agmigtir. Diger yandan, mikroserit yapilar yiiksek kayiplar ve diisiik giic
destekleyebilme 6zelliklerinden mustariptir. Bu arada mikroserit yapilar sinirsiz yapilari
nedeniyle ¢apraz konusma ve kasitsiz radyasyona kars1 hassastir. Daha fazla detay ve
mikroserit denklemleri Ek-1 (sayfa 6-8)'de sunulmustur.

2.1.2. Dikdortgen Dalga Kilavuzlar:

Metal dalga kilavuzlar tipik olarak Sekil 2.3'te gosterildigi gibi bir yalitim ortamina
yerlestirilmis kapali bir iletken yapidir. Dalga kilavuzlarinin ¢ogu hava dolu tiptir, diger
dielektrik dolu dalga kilavuzlarindan daha iyi performansa sahiptir, daha yiiksek
dielektrik sabitinin diger dielektrikleri boyut kiigliltme amaglari igin kullanilir. Dalga
Kilavuzunda kullanilan dielektrikin nispi dielektrik sabiti arttiginda Dalga Kilavuzunun
boyutunun kigtlmesidir. Tek tiimlesik bir iletken bir yapidan olustuklari i¢in TEM
modunu destekleyemezler. Ancak dalga kilavuzu enine elektrik (TE) veya enine
manyetik (TM) modlar1 ile bunlarin hibrit modlar1 adi verilen bir kombinasyonu
destekler. Isaretler ancak baskin TE veya TM modu kesme frekansmin iizerinde ise
tasinabilir (Pozar, 2012). Burada, belirli bir calisma frekansinda f, Sekil 2.4'te
gosterildigi gibi sadece f > fc olan modlar yayilabilir. Fc kesme frekansi, altinda
zayiflamanin gergeklestigi ve lizerinde yayilimin gerceklestigi frekanstir (Yiiksek Gegis).
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Sekil 2. 4. Dalga kilavuzu kesme frekansi

Dalga kilavuzlari, iletim hatlarindan daha diisiik sinyal zayiflamasi ve daha biiyiik
bant genisligi sagladigi i¢in yuksek frekanslarda tercih edilir. Ayrica, yayilim dalgalari
alanlari, kiigiik kesit kesitli iletim hatlarina nazaran daha genis bir kesit alan1 Uzerinden
daha diizgiin yayildigindan, yiiksek gii¢ seviyelerini destekleme kabiliyeti icin gerekli
olan yuksek Q faktorl elde etmek kolaydir. Bununla birlikte, dalga kilavuzlar biiyiik
boyut ve yiiksek tiretim maliyetleri nedeniyle pratik degildir, ayrica diizlemsel devreleri
ile entegrasyon problemlerinden mustariptirler.
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En ¢ok kullanilan dalga kilavuzlari dikdortgen kesitli dalga kilavuzlaridir. Tipik
yap1 Sekil 2.5’te gosterilmistir ve burada a ve b i¢ boyutlardir.

Metal
duvarlar

A (c=0)

b (&,1,6=0)

X
< >
Z a

Sekil 2. 5. Kayipsiz bir malzeme ile doldurulmus, miikemmel iletken duvarlara sahip
dikdortgen bir dalga kilavuzunun geometrisi

TE10 modunun en diisiik kesme frekansina sahip baskin mod oldugu (a > b)
standart bir uygulamadir. TE1p modu su 6zelliklere sahiptir: (1) elektrik alani yayilma
yoniine dik diizlemlerle sinirlidir, manyetik alan hem enine hem de boyuna bilesenlere
sahiptir ve (2) elektrik alami diiz kilavuz yiizeylerinden birinden yonlendirilir Sekil
2.6.a'da gosterildigi gibi zit yiizeyin karsisinda. Sekil 2.6.b, 2.6.c, dikdortgen dalga
kilavuzunda TEi1p modunun elektrik ve manyetik alanlarinin benzetimi yapilmis
dagilimimin tstten goriiniisiinii gostermektedir. Dikdortgen Dalga Kilavuzlarn ile ilgili
fazla detay ve denklemleri Ek-1 (sayfa 9-12)'de sunulmustur.
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(b) ()

Sekil 2. 6. Dikdortgen dalga kilavuzu TE10 modu alan dagilimi; a) Elektrik alan gizgileri
(6nden goriiniim); b) Manyetik alani (iistten goriiniim); ) Elektrik alan (tstten goriiniim)

2.1.3. Yama Giydirilmis Dalga Kilavuzu (YGDK)

Yama Giydirilmis Dalga Kilavuzu (YGDK) baski devre altlilarini kullanrak
ortaya ¢ikmus bir tiir dalga kilavuzu yapilardir. Bu yeni iletim hatti son on yilda popiiler
hale geldi, YGDK prensibi dielektrik dolgulu dikdortgen dalga kilavuzundan
kaynaklandi. YGDK'nin gelistirilmesinin arkasindaki gereklilik, dalga kilavuzlarinin
yuksek gic kapasitesi ve yiiksek Q faktorii sundugu geleneksel teknolojiler arasindaki
bosluktur, ancak hantal ve pahalidirlar, ayrica duzlemsel devreleri ile entegrasyon
zorluklar1 vardir. Diger taraftan, diizlemsel iletim hatlar1, diger duzlemsel devreleriyle
entegrasyon kolaylig1 saglayan diisiik profilli (diisiik profilli kii¢iik yilikseklik ve genislik
anlamina gelir) yapilardir. Ancak yiiksek kayiplar ve radyasyon sizintisi olan yiksek
performanshi gereksinimlerden yoksundurlar. YGDK, metalik dikddrtgen dalga
kilavuzunun diizlemsel bir mikroserit alt tabakaya bir tiir entegrasyonudur, tek katmanl
yapilar i¢gin baskili devre kartt (BDK) igeren standart diizlemsel imalat isleme teknikleri
kullanilarak olusturulabilir veya diistik sicaklikta pisirilmis seramik (DSPS) ve (liquid
crystal polymer) sivi kristal polimer (LCP) gibi ¢ok katmanli yapilar i¢in diger isleme
teknikleri kullanilabilir. Sekil 2.7 dikkatle incelendiginde Y GDK'nin dikdértgen bir dalga
kilavuzunun bir mikroserit alt tabakaya dogrudan bir entegrasyonu oldugunu
sOyleyebiliriz.  Bu, mikroserit teknolojisi ve Hava dolu dikdortgen dalga kilavuzu
teknolojisi arasinda en iyi uzlasmayi saglar, YGDK, dielektrik dolum yapisinin yani sira
hacim azaltim1 nedeniyle Hava dolu dalga kilavuzunun Q faktoriinii azaltir, ancak
dizlemsel devre dahil tim devre, gegis ve dalga kilavuzu hepsi bir plaka tzerindedir
(Deslandes ve Wu, 2001). Bu son zamanlarda akademisyenleri YGDK gelistirmeye
motive etti (Ke, Deslandes ve Cassivi, 2003). Iyi imal edilmis bir YGDK, Terahertz
Uygulamalarina (Wang, Hao ve Kui-Kui, 2016) hizmet vermesini saglayan 150 GHz'e
kadar c¢alisabilir, ayrica iiretim yetenegine bagli olarak daha yiiksek frekanslara kadar
caligabilir.
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Sekil 2. 7. Diizlemsel ve diizlemsel olmayan yapilar arasindaki performans boslugu,
YGDK gelisimine yol agt1

Bu yeni mimari, Tablo 2.1'de gésterildigi gibi hem mikroserit hem de dikdortgen
dalga kilavuzundan 6zellikleri birlestiren 6zelliklere sahiptir.

Cizelge 2. 1. Dalga kilavuzlar, diizlemsel iletim hatlar1 ve YGDK arasindaki 6zelliklerin
karsilastirilmasi

Maliyet  Kayip Gl kullanma  Yekpare Oz- Oz-
kapasitesi boyut ekranlanmis  ambalaj
Dalga ® ® ®© ®©

kilavuzlarn

Duzlemsel @ @ @ @

[letim hatlari

YGDK © ©

Prensip olarak, Yama giydirilmis dalga kilavuzu (YGDK), geleneksel dikddrtgen
dalga kilavuzlarmmin temel prensiplerine benzer prensiplere bazi farkliliklarla uyar.
YGDK'nin baskin modu, Sekil 2.8'da gosterildigi gibi (TE1o) 'dur.
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E Ust duzlem
max Dielektrik substrat

TE10 modu
Metalik
silindir
Zemin
dizlemi
(b)

Sekil 2. 8. (TE1) modu YGDK iletim hatti; a) Kesit; b) Ustten gériiniim
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YGDK tasariminda, belirlenen parametreler sirastyla g silindirin ¢ap1 “d”, bitisik
yollar arasindaki merkezden merkeze mesafe “p” ile temsil edilmektedir ve YGDK
genisligi, Sekil 2.9'da gosterilmistir. Bu parametreler, sizinti kayiplarini 6nlemek ve
periyodik yapilarda ortaya ¢ikan bant araligi “durdurma bandi” etkilerinden kaginmak
icin dikkatle se¢ilmeli, ayrica yapinin saglamligini korumak ve asir1 orantidan kaginmak
icin bunlarin hepsinden kaginmak i¢in se¢ilmelidir. (Deslandes ve Ke, 2006) tarafindan

belirtilen bu efekt tasarim kurallarina uyulmalidir;

!
1 &
@ @ a: YGDK genisligi
-+ - ]
y N arr: Esdeger Dikdortgen
F @ |' ®‘< dalga kilavuzunun genisligi
-1 x¢9o7 '

Sekil 2. 9. YGDK 'nin Ustten gorunumu
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YGDK'nin mekanik toklugunu (Asirt delinmesini 6nlemek ig¢in) saglamak
Denklem 2.23 ile verilen kosulun saglanmasi gerekir.

P/A, > 0.05 (2.23)

Herhangi bir bant boslugu efektinden kaginmak i¢in Denklem 2.24 ile verilen
kosulun saglanmasi gerekir.

P/A, < 0.25 (2.24)

Alan sizintisin1 6nlemek i¢in Denklem 2.25 ile verilen kosulun saglanmasi
gerekir.

P <2 (2.25)

YGDK bir dikdortgen dalga kilavuzuna esdegerdir ve sadece YGDK 'nin etkin
genisligi kullanilarak dikdortgen bir dalga kilavuzu olarak analiz edilebilir (Y. Cassivi,
2002). Bu durumda es deger dikdortgen dalga kilavuzunun genisligi Denklem 2.26 ile
tanimlanmaktadir.

d2
Gerf = 27 0.95*p

(2.26)
Baskin mod kesim frekansi (TE;) ifadesinin Denklem 2.28 ile verilen kosulu
saglamasi gerekir.

.G 2
I N s G X T

(2.28)

Bu denklemde, C, 1s1k hizini, d metalik silindirin ¢api, p bitisik metalik silindirler
arasindaki merkezden merkeze mesafe ve a YGDK ’nin genisligi ifade etmektedir. Dikkat
edilmelidir ki YGDK kalinligi sadece Q-faktoriini etkilemektedir. YGDK ile ilgili daha
fazla detay bilgi Ek-1 (sayfa 13-18)'de sunulmustur.

10
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2.2. Mikroserit — YGDK gecisi

Filtre, kuplor, gic bolicti ve anten gibi pasif YGDK devrelerini veya
amplifikatorler, mikserler, osilatdrler gibi aktif devreleri mikroserit veya ortakdizlem
dalga kilavuzu (ODK: Ingilizcesi, CPW) gibi diger diizlemsel devreleri ile baglamak ve
entegre etmek i¢in Diisiik yansima gegcisleri gereklidir. Ayrica, bilesen tasariminin gegisin
etkisinden bagimsiz hale getirilmesi gerekmektedir.

Mikroserit-YGDK gegisi, Sekil 2.10'de gosterildigi gibi mikroserit hatt1 Sanki-

TEM modunu kullanarak empedansi uyarlamak ve YGDK temel modunu (TE1o) uyarmak
icin kullanilir.

L e

() (b)

N
¢

CST

]

e-field (f=104) [1] [
frequency 104 GHz

Phase 0°

Maximum 83,0785 dB{V/m)

(©)

Sekil 2. 10. Mikroserit portu kullanarak YGDK uyarimi; a) (TEio) -YGDK; b) Sanki-
TEM mikroserit hatt1; ¢) YGDK iletim hattinda (TE10 modu uyarimi1 Sanki-TEM modunu
kullanarak elektrik alan dagilimi)

Ik gecis (Deslandes ve Wu, 2001) tarafindan sunulan mikroserit konikti ve hala
Sekil 2.11'de gosterilen tek katmanli devrelerde en yaygin kullanilan mikroserit- YGDK
gecisi tipiydi. Genig bant YGDK filtrelerinin tiim bant genisligini kapsadigi igin.
Performansi, dogrudan gegis gibi diger mikroserit gegislere kiyasla daha iyidir ve

11
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tasarimi, Yari-dizlemsel dalga kilavuzu- YGDK gecislerinden daha kolaydir, ayrica iyi
optimize edilmis konik ge¢is, minimum ekleme ve geri doniis kayiplart saglayabilir.
Cogu zaman, konik gecis fiziksel boyutlari, dogru analitik temsil saglama zorlugu
nedeniyle Elektromanyetik benzetim programlarinda bulunan hesaplamali ¢oziimler
kullanilarak hesaplanir (Caleffo, 2016). YGDK (enine elektrik alani) ve mikroserit (enine
elektromanyetik alan) arasindaki alan modlarindaki fark, dogru analitik ¢oziimler i¢in
hesaplama zorlugunu artiran ana faktor olarak kabul edilir.

.....

Sekil 2. 11. Konik sekilli YDK- Mikroserit gecisinin konfigiirasyonu

Mikroserit Hatti- Sekil 2.12'te gosterilen (Kordiboroujeni ve Bornemann, 2014)
tarafindan sunulan yama giydirilmis dalga kilavuzu yeni genis bant gegisi, bu gegis,
geleneksel gecisten (Deslandes ve Wu, 2001) daha iyi seviyede bir ekleme ve geri doniis
kayiplari sunmaktadir. Mikroserit — YGDK gegisi ile ilgili daha detay Ek-1 (sayfa 19-
21)'de sunulmustur.

O O
Q Wsiw ©)
® O
O O
O, =0
* U wi \ / ¢U
""""""" L't'.'v)
W, e

Sekil 2. 12. Mikroserit ve YGDK arasindaki yeni konik gegigin yapisal parametreleri
(Kordiboroujeni ve Bornemann, 2014)

12
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2.3. Centikli Taban Yapilar (CTY)

Centikli Taban Yapilar (CTY) ilk olarak Fotonik Bant Araligi (FBA) yapilarinin
incelenmesine dayanarak Kore bilim adami (Jong-Im ve digerleri, 1999) tarafindan
onerilmistir. CTY, bazen daha karmasik sekiller kullanarak, zemin diizleminde basit bir
“hata” yapisinin asinmasiyla gergeklestirilir. Ayrica, CTY daha iyi performans igin
basamakli bigimde kullanilabilir. Tlk olarak mikroserit ve yari-diizlemsel hatlar gibi iletim
hatlarinin topraklarinda kullanilmistir. Bu ylizden CTY olarak adlandirdi. CTY teknigi
genellikle bant reddetme 6zelligi saglar (Ahn ve ark., 2001).

Basit popller CTY hiicrelerinden bazilari, Sekil 2.13'te gosterilen kare kafa
yuvasi, dairesel kafa yuvasi, iki bagl takoz i¢in yuva ve ok ucu yuvasini igerir. CTY
hlcreleri, bant genisligini arttirmak ve kazanci arttirmak igin antenler gibi mikrodalga
devrelerinde, ayrica boyut kiiclilmesiyle performansi arttirmak igin filtrelerde, gii¢
boliiciilerinde ve kuplorlerde kullanilir. | <i>| .

0. I A~

Sekil 2. 13. Basit CTY yuvalar

CTY hiicreleri elektromanyetik bant araligi saglar, bu 06zellik mikrodalga
devrelerinde bant duruslarimi ve diisiik gecisli filtre yanitin1 gerceklestirmek icin
kullanilir. (Z. He, 2013) tarafindan 6nerilen yeni bir CTY birim hucresi, geleneksel CTY
hiicrelerine gore daha iyi performans sunar, daha fazla kabul edilen YGDK yapilarinin
iist diizlemine dahil edilebildigi geleneksel hiicrelerden ayirt edilmesi avantajina sahiptir.
Zemin diizleminde daglamadan daha iyi performans vermek i¢in YGDK ile uyumludur.
Sekil 2.14 hicrenin temel yapisint gostermektedir. Daha teorik detaylar, CTY'nin
modellenmesi ve uygulamalar1 Ek-1 (sayfa 21-26)'te sunulmustur.

\ﬂq _>! ‘._ g1
v
tg2

~-gp

Sekil 2. 14. CTY hiicre semasi; “Turuncu bakiri, beyaz alt tabakanin yalittim malzemesini
gosterir”

13
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3. YONTEM

Bu boliimde kisaca filtrelerin genel tasarim stratejisini sunuyoruz. Asagida
sunulan akis semasi, tasarim stirecinde izlenen genel tasarim yontemini tanimlar. Bu tez
icin iki yekpare YGDK -CTY bant geciren filtre tasarlandi, birincisi 4 GHz bant genisligi
ile 10 GHZz'lik bir merkez frekansa ve (FBW = 40%) kesirli bant genisligine sahipken,
ikinci tasarimin merkezi frekansi Uzay Uygulamasi i¢in tasarlanmis 500 MHz bant
genigligine (FBW = 8.3%) sahip 6.175 GHz. Tasarimda kullanilan baskili devre karti
(PCB), Diclad 880 dokuma fiberglas / PTFE kompozit malzemedir ve dielektrik sabiti
2.2 olup, 10 GHz'de 0.0009 kayip faktorii ve 0.508 mm kalinligindadir. Genel tasarim
stireci CST- tam dalga simulatorl, zaman alan1 ¢oziiciisii kullanilarak ve frekans alani
¢oziiclisii tarafindan da dogrulanmistir. Ardindan, tasarlanan filtrelerin performansini
analiz etmek igin iretim ve Ol¢iim yapilir. Sekil 3.1. tezin genel tasarim prosesini
gosterirken, Sekil 3.2. filtre tasarim prosesini gosterir. Yontem daha ayrintili Ek-1(sayfa
27-29)'de sunulmustur.

BASLAT

A

Arka Plan Arastirma ve
Sorun Bildirimi

v Frekans cevabi
. ?
Istenen filtre ozelliklerini memnun mu:
belirleyin —
Filtre fiziksel
Y parametrelerini
Filtre tasarim yeniden optimize etme Son rapor
: ‘
Y SON
Uretim siireci ve

olgimler

l

Sekil 3. 1. Tezin genel tasarim prosesi

14
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YGDK tasarimi “Yiiksek geciren filtre”, Fc = daha diisiik
bant gecis filtresi kesme frekansi

\ 4

Kesme frekansi ile diisiik gecis yamt1 saglamak icin
mikroserit iletim hatti iizerinden CTY hiicresi baslangi¢
tasarimi. Fc = bant gecis filtresi 'nin iist kesme frekansi

{} v
Bant gecis filtresi yamiti vermek icin YGDK iist

dizlemine CTY hicreleri dahil edilmesi

v

Islemi optimize etmek icin
parametre tarama

A\

Filtrenin arka tarafinda bulunan iki bash
takoz CTY hiicreleri kullanilarak sahte

Sekil 3. 2. Filtre tasarim akis diyagrami

15
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4. TASARIM VE BENZETTIM SONUCLARI
4.1. X— Bant Filtresi

Genis bant X-band filtrenin merkez frekans1 10 GHz'dir ve kesirli bant genisligi
%40'tir, tasarim & = 2.2 dielektrik sabitine sahip Diclad 880 altlig1 {izerine insa edilmistir,
dagilma faktorii tan 6 = 0.0009, ve kalinligi 0.508 mm'dir. Daha &nce de belirtildigi gibi,
YGDK yiiksek gegirgen bir filtre olarak ¢alisir. CTY hicreleri bant araligi saglayabilir ve
iletim hatt1 ile birlestirilirse diislik gecisli bir filtre gorevi gorebilir. Burada her iki kavram
da bir bant gegiren filtre tasarlamak igin birlestirilir. Ekstra modifikasyonla
(Kordiboroujeni ve Bornemann, 2014) konik uzatma, mikroserit hattinin yar1 TEM
modunu kullanarak YGDK'daki TE10 modunu uyarmak i¢in kullanilir. (Z. He, 2013)
tarafindan sokulan 3 basamakli CTY hticresi, YGDK’nin {iist yiizeyi lizerine kazinmistir
ve bant dis1 reddini arttirmak ve ilk olarak tanitilan CTY'nin gecis bandinda 3 hiicreli
daha iyi geri doniis kaybr igin, filtrenin alt ylizeyinde asindirilir, biri dogrudan orta iist
CTY'nin altindadir, diger 2 hiicre mikroserit portlarinin altinda agindirilir. Sekiller 4.1.a
ve 4.1.b, bu konfigurasyonun (st ve alt diizlemini gosterirken, Sekiller 4.2.a ve 4.2.b,
benzetimi yapilmig S-parametrelerini ve filtrenin iki portu arasindaki Grup gecikmesini
gosterir. Teorik hesaplama ve yazilim optimizasyonu filtresinin boyutlar1 Cizelge 4.1'de
verilmigtir. CST MW stiidyosunun zaman alani ¢dziiciisii kullanilarak gergeklestirilen
benzetim sureci.
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Sekil 4. 1. Uciincii dereceden YGDK-CTY bant gegiren filtre; a) Ust diizlem; b) Alt
diizlem; “Sar1, bakir ve gri, alt tabakanin yaliim malzemesini gosterir”

Cizelge 4. 1. X-Bant filtre boyutlari

Degisken | Uzunluk | Degisken | Uzunluk | Degisken | Uzunluk | Degisken | Uzunluk
(mm) (mm) (mm) (mm)
Wm 1.919 Wsiw 13.9 SP 0.5 L3 1.7
Lm 3.6 d 1 S 1 W3 0.35
Wit 4.187 P 1.9 L1 4.7 L4 0.5
Lt 3.6 Witvia 12.4 W1 0.35 W4 0.9
Wex 0.5 P1 1 L2 0.5 SBD 12.5
Lex 6.6 SubTh 0.508 W2 0.9
0 T R
10k S$1,1 simiilasyon sonuglarn |

-20

-30

-40

S-parametre "dB"

-50

-60

$2,1 simiilasyon sonuglan

| |

10

12

14

Frekans : " GHz "
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1 T T T T T T T T T

Grup gecikme - simiilasyon sonuglari .

o
»
T
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Grup gecikme
o
N

0 i
0.2 - _
04 | | | | | | | |

6 7 8 9 10 11 12 13 14 15 16
Frekans : " GHz "
(b)

Sekil 4. 2. Uciinci dereceden YGDK-CTY C-Bandi bant geciren filtre; a) S-
parametreleri; b) Grup gecikmesi

Tablo 4.1'de belirtilen boyutlar, Sekil 4.12'deki optimize edilmis sonug i¢in
(benzetim ile) nihai degerlerdir. a, 10 GHz merkez frekansinda yaklasik 0.35 dB
yerlestirme kaybi (S21) ve doniis kaybini (S11) gecis bandinda -32 dB'den daha iyi
gorebiliriz, list bant reddi ile ilgili olarak gecis bandinda neredeyse diiz olan iletim
katsayis1 13 GHz'den 22 GHz'den daha fazla 25 dB genis bant dis1 reddine sahipse, sahte
yanit (15.3 ve 16.5) GHz'de 25 dB'den 6nemli 6lgiide diisiiktiir ve 14.7'de -58dB reddi
stfirlanir. GHz, filtre portlar arasindaki grup gecikmesi igin Sekil 4.12'de gosterilmistir.
B, 10 GHz merkez frekansinda yaklasik 0.32 ns gecikme ile gecis bandinda yaklasik
olarak diiz oldugunu ve varyasyonun olduk¢a oldugunu fark edebiliriz. Mikrodalga filtre
icin plrdzsiz. Son olarak, filtrenin boyutu ile ilgili olarak, filtre, toplam boyutu 17.7 * 30
mm? olan minyatiirlestirme 6zelligini korur. Ayrintili tasarim ve en iyilestirme asamalart
Ek-1 (sayfa 29-40)'de sunulmustur.
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4.2. C- Bant Filtresi

Amacimiz, asagidaki ozelliklere sahip bir bant geciren filtrenin basit yekpare
duzlemsel tasarimini, 500 MHz bant genisligine sahip 6.175 GHz'lik bir merkez frekansi
(FBW = %8,3) sunmaktir. Onerdigimiz filtre, boliim 4.2'de kullanilan ayn1 hiicre yapisi
ile ayn1 alt tabaka ile 3 basamakli CTY hcresi ile ylklenen YGDK yapisini birlestiren
Uciincli dereceden YGDK-CTY C-Bant filtresini olusturur. Ortaya cikan filtre yapisi,
Sekil 4.3.a, b'de gosterilmistir ve boyutlari, Tablo 4.2'de verilmistir. Filtre, CST MW tam
dalga simiilatorii kullanilarak modellenmistir ve benzetim, zaman alani ¢oziici
kullanilarak gergeklestirilmistir. Benzetim sonucu: Sekil 4. 4'te gosterilen (a) S-
parametreleri ve (b) grup gecikmesi.
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Sekil 4. 3. Ugiincli dereceden YGDK -CTY C-Bandi1 BGS; a) Ust diizlem; b) Alt diizlem;
“Sar1 bakir ve gri alt tabaka yalitim malzemesini gosterir”

Cizelge 4. 2. C-Bandi filtre boyutlar

S-parametre "dB"

Degisken | Uzunluk (mm) | Degisken Uzunluk (mm)
Wm 1.519 SP 0.8

Lm 3.8 S 0.8

Wt 7.587 L 2.5

Lt 4.7 w 8.47

Wsiw 16.25 gl 0.5

d 1 g2 0.6

P 1.9 SubTh 0.508

S$1,1 simiilasyon sonuglari
$2,1 simiilasyon sonuglar

Frekans : " GHz "
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Grup gecikme - simiilasyon sonuglari

S-parametre "dB" simiilasyon sonuglari

5.5 5.6 5.7 5.8 5.9 6 6.1 6.2 6.3 6.4 6.5
Frekans : " GHz "

(b)

Sekil 4. 4. Uclincii dereceden YGDK-CTY C-Bandi BGS; a) S-parametreleri; b) Grup
gecikmesi

Tasarimda kullanilan YGDK ve mikroserit arasindaki ara yliz gegisi, tam dalga
simiilatorii kullanilarak tasarlanmis bir konik gegistir, filtre, 3 kademeli CTY hcresi ile
yukli YGDK 'nin basit bir kombinasyonudur. S-parametrelerinden, filtrenin 500 MHZz'lik
(5.925-6.425) GHz araliginda 3-dB bant genisligine sahip oldugunu gorebilecegimiz gibi,
6.175 GHz merkez frekansinda 0.80 dB civarinda ekleme kaybi (S21) ve geri doniis kayb1
(S11) gecis bandinda 30 dB'den daha iyi, bant disi reddetme ile ilgili olarak, 6.425 GHz'de
ust 3-dB kenar frekansindan 7.4 GHz'de -68 dB sifir iletimine keskin bir ge¢is oldugunu
goriiyoruz, sahte tepki ortaya ¢ikiyor 10.05 ve 10.38 GHz'de -12.2 dB'den diistik. Filtrenin
boyutuna gelince, filtre yekparelik 6zelligini toplam 20 * 37.9 mm2 boyutunda korur.
Daha detay Ek-1 (sayfa 41-44)'te sunulmustur.
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5. OLCUMLER

Bu boliimde fabrikasyon ornek ve ilgili olgiimleri tartisacagiz. Fabrikasyon
filtrelerin  6lcumlerini yapmak igin Ceyear 3672c-S Vektor Sebeke Analizorii
kullanilmigtir. VNA Kalibrasyonu, tam 2 portlu SOLT kalibrasyonu kullanilarak yapildi.
Asagidaki alt boliimlerde 6l¢iim siirecini ve Ol¢timler sirasinda karsilagtigimiz sorunlari
acikliyoruz.

Uretilen X-band filtresinin drnedi Sekil 5.1'de gosterilmektedir, imalat sirasinda
freze makinesi, yeterince sert olmamasina neden olan dokuma fiberglas takviyeli, PTFE
bazli kompozit substrat bazli Rogers DiClad 880 plakalarinda bir sorunla karsilasti,
esneklige ve bir dereceye kadar yumusakliga sahiptir, bu nedenle LPKF S104 freze
makinesi, asagidaki Sekil 5.1'deki fabrikasyon numune ile fark edebilecegimiz gibi, islem
sirasinda bakirin kenarlarinda yiiksek verimlilikte daglama yapamaz.

(b)
Sekil 5. 1. Fabrikasyon X-Band filtresi; a) Ust diizlem; b) Alt diizlem
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Olgumler sirasinda bizimle mevcut olan SMA konektdrleri de Sekil 5.2'de
gosterilmistir. I¢ iletken pimi ile toprak ayaklar arasindaki mesafe, 0.508 mm'lik plaka
kalinligina uymayan yaklasik 1.4 mm, bu da kurulumda karigikliga neden oldu ve boylece

6lgllen sonuglar.
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Sekil 5. 2. SMA konnektor ve karsilik gelen boyutlari
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5.1. X-Bant dl¢ctimleri

Sekil 5.3'te gosterilen SMA konnektoriiniin ilk baglatisindan, SMA bacaklart ve DGS iki
baslt takoz hiicreleri arasindaki elektromanyetik baglantt nedeniyle Olctimleri
etkileyebilecek herhangi bir rahatsizlig1 dnlemek i¢in ¢alistigimizi fark edebiliriz, boylece
bacaklar1 DGS iki bagsli takoz hiicrelerinden uzak tutmak i¢in miimkiin oldugunca kadar
egdik. Ayrica, SMA i¢ pim uzunlugu filtrenin mikroserit portu uzunlugundan daha
blyiiktiir, bu ylizden konektoérii SMA pimi mikroserit portlarin ilk yarisina lehimledik
Sekil 5.3'te gordiigiimiiz gibi.

AN

(b)
Sekil 5. 3. SMA konektoriiniin hatali kurulumu; @) Ust yuz; b) alt yiz
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Konektoriin yukarida belirtildigi gibi takilmasindan sonra, 6lglimleri yapmak igin
filtreyi VNA uglartyla bagladik, Sekil 5.4'te gosterildigi gibi ¢ok kotii sonuglar aldik.

Fujirsy

2020.06.10 17:06
stimulus  Utility Help s o5 L

file  Trace/Chan Response Matkzr/AnalyS:S
$21 Logh 10. 0000dB/0. 0000dB
50,000 21 Los

40. 000

Sekil 5. 4. Olgiilen Sy1 yaniti

Ideal benzetim sonuglari ile olgiilen sonuglar arasindaki bir karsilastirma
asagidaki Sekil 5.5'te gosterilmektedir, dl¢giilen sonuglarin kabul edilemez oldugunu
gorebiliriz. Bu nedenle, 6l¢iimlerin bozulmasina neden olan nedenleri arastirmak igin,
etkisini gormek icin SMA konektoriinii simiilatordeki filtreyle modelleydik, Sekil 5.6'da
gosterildigi gibi, Ol¢limler sirasinda kurdugumuz formda, SMA etkileri dikkate alinarak
benzetim sonuglari ile Sekil 5.7'de gosterilen dlgiilen sonuglar arasinda bir karsilagtirma.
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Sekil 5. 5. Ol¢iim sonuglarina karsi ideal benzetim sonuglar
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Sekil 5. 6. Benzetime SMA'nin dahil edilmesi; a) Ust gorinim; b) alttan gérinim; c)
yandan gorinim
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Frekans : " GHz "

Sekil 5. 7. SMA hatali kurulumu dikkate alinarak simiile edilmis S-parametreleri, 6lctlen
S-parametrelerine karsi

Sekil 5.7'ye baktiktan sonra, bu kotii sonuglarin, 6l¢tim kurulumunda kullanilan
SMA konektorlerinin yanlis u¢ kurulumuyla iliskilendirildigi sonucuna vardik. Ayrica,
Sekil 5.8'de gosterilen alan dagilimindan, havaya diisen SMA'nin i¢ iletkeninin, harici bir

indiiktor olarak ug baglant1 elemanlar ile filtrenin baglant1 noktalar1 arasindaki uyumu
bozdugu fark edilebilir.
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Sekil 5. 8. SMA yanlis kurulum nedeniyle alan dagilimi; a) E-alan stten goriiniisii; b)
E-alanin alttan goriiniisii; ¢) E-alan yandan goriintisii; d) H-alani Gstten goriindisii; €) H
alan1 alttan goriintimii; f) H alan1 yandan goriiniisii;

Bu nedenle, SMA toprak ayaklari ve DGS iki bash takozlar1 arasindaki herhangi
bir baglantiya kars1 herhangi bir problemden kaginmaya calisirken, filtre ve konektorler
arasindaki eslesmenin bozulmasina yol actik. Bu nedenle, SMA kurulumunu diizelttik ve
lehimlemeyi Sekil 5.9'da gosterildigi gibi gii¢lendirdik, burada SMA i¢ konektorleri ilgili
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uclara tamamen lehimlenerek baglanmis ve dlgiimleri etkileyen herhangi bir baglantiy1
onlemek i¢in toprak ayaklari iyice lehimlenmistir.

Sekil 5. 9. SMA konekt6r kurulumunu dizeltme

SMA kurulumunun diizeltilmesinden sonra Ol¢iimleri gergeklestirdik ve Sekil
5.10'da daha iyi sonugclar elde ettik. SMA kurulumu diizeltmesinden sonra 6lcilen S-
parametre yanit1 ile ideal benzetimi yapilmis sonuglar arasindaki karsilastirma Sekil

5.11'de gosterilmektedir.
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(b)

Sekil 5. 10. SMA kurulumunun diizeltilmesinden sonra 6l¢iilen sonuclar; a) 6lgllen Sx;
yaniti; b) 6lgulen Si1
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Frekans : " GHz "

Sekil 5. 11. Olgiilen S-parametrelerine karsi ideal simiilasyon

Olciilen iletim parametresi (Sz1), merkez frekansi ve bant dis1 reddetme
acisindan benzetimi yapilan (S21) ile uyumludur, ancak araya girme kaybi farki vardir.
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Burada 10 GHz merkez frekansinda benzetimde gorilen araya girme kaybi yaklagik
0.33 dB olurken 6lgllen cevap yaklasik 1.6 dB'dir. Ayrica alt ve {ist frekans sinirlarinda
gecisin kenarlarinda hafif bir sapma vardir. Sekil 5.11'den gordiigiimiiz gibi geri doniis
kayb1 agisindan, benzetim ile ¢alisma bandi i¢indeki dlgiimler arasinda bir fark vardir. Bu
nedenle, bu konulara agiklama getirmek igin, benzetimin SMA konektoriiniin neredeyse
Olciimlerde  oldugu gibi  dahil edilmesini  dikkate alarak yiiriitiilmesi
icin benzetim programina geri doniiyoruz. Sekil 5.12'de SMA konnektorlerinin de dahil
edildigi bir benzetim sematigi gosterilmektedir. Sekil 5.13'te SMA konektorlerini dikkate
alan benzetim sonuglari ile 6l¢tim sonuglari birlikte gosterilmektedir.
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(©)

Sekil 5. 12. Simulatére SMA konektorleri dahil etmek; a) tstten goriinum; b) tst yuzin
egik goriiniimi; ) alt yiiziin egik goriiniimii
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Frekans : " GHz "

Sekil 5. 13. Benzetim SMA-dahil, Olgiilen sonuglar kars1

Burada 6lgiilen sonuclar, merkezi frekans, bant genisligi, geri doniis kaybi1 ve
yerlestirme kaybi1 ve aymi zamanda bant disi reddetme agisindan SMA'nin dahil
edilmesinden sonraki benzetim ile iyi bir uyum i¢indedir, yaklasik -1.6 dB'lik bir 6lcim
kayb1 var, ayrica, -10 dB'den daha iyi Olglilen bir geri doniis kaybi var, SMA
konnektoriiniin varhigini dikkate alan benzetim sonuglariyla iyi anlasirlar.

Dolayisiyla, Sekil 5.13'e baktiktan sonra, Sekil 5.11'de gosterilen ideal benzetim
sonuclar ile Olgiim sonuglar arasindaki farkin, 6l¢tim kurulumunda kullanilan ancak
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tasarim sirasinda dikkate alinmayan SMA konektdrlerine atfedildigi sonucuna vardik. Bu
konektorleri ekleme kaybini ve geri doniis kaybini etkiler.

Ayrica, daha ince ve daha kisa bir i¢ pim konektoriine sahip olan ve i¢ iletken ile
plaka kalinligmma uygun toprak ayaklar1 arasinda ayri bir mesafeye sahip ylksek
performansli konektorler kullanilmalidir. Veya iyi oturan ve SMA konektorlerinden daha
yiiksek frekanslara kadar calisan K-konektorii kullanarak, bu konektorler Sekil 5.14'te
gosterilmistir, bu tip konektorler milkemmel doniis Kaybr ve 26 GHz'den daha yiiksek
frekanslara kadar daha iyi ekleme kayiplari saglar.

(b)

Sekil 5. 14. Yiiksek performansh konektorler; a) yiiksek performansli SMA konektorii
26,5 GHz'e kadar hizmet verir; b) 2,92 mm veya k- konektorii 50 GHz'e kadar hizmet
eder
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6. SONUCLAR

Bu calismada, diger diizlemsel yapilara kolayca entegre olma 6zelligine sahip
olan Yama Giydirilmis Dalga Kilavuzu (YGDK) ve Centikli Taban Yapilar (CTY)
tekniklerine dayanan iki bant gegiren filtrenin tasarim artilarini inceledik. ilk BPF, X-
band1 uygulamalar1 i¢in genis bantli bir filtredir ve ikincisi, C-band1 Uydu Haberlesmene
adanmis genis bantli bir filtredir. Filtrelerin modelleme ve benzetim slrecleri CST
Mikrodalga Stiidyosu'nda 3D modeller yapilarak gergeklestirildi.

X-band1 6nerilen filtre, diistik bir ekleme kaybi, keskin ve genis bant dis1 bastirma
ile iyi bir geri doniis kaybina sahiptir. Performans gelistirme siirecini igeren tasarim
asamalarini sergiledik. YGDK- CTY hiicreleri kullanilarak olusturulan filtre prototipi ve
gecis bandinda iyi bir performansa sahipti, ancak durdurma bandinda sahte tepkiden
mustarip. Durdurma bandmin bant genisli§ini genisletmek ve sahte tepkilerin
bastirilmasini arttirmak amaciyla, daha iyi gecis bandi performansi ile birlikte ok genis
bir durdurma bandi reddi ve azaltilmis sahte tepki ile sonuglanan YGDK'nin zemin
diizleminde iki bash takoz yuvalar kazinmistir.

C-band: filtresi C-bandi uydu iletisim uygulamalari i¢in tasarlanmistir, esas olarak
diizlemsel olmayan dalga kilavuzu teknolojisinin akran filtresinin benzetimi igin
tasarlanmustir. Elde edilen sonuclar gérece ¢cok ucuz olan bu teknolojinin kendinden daha
pahali hantal bir teknoloji ile karsilagtirildiginda kabul edilebilir basarili sonuglar
sundugu goriilmektedir. Ayrica, Onerilen kompakt boyutlara sahip filtreler gegis
bantlarinda neredeyse diiz bir grup gecikmesi sunar.

Bu tezdeki calismanin sonuglari, yiiksek performansli genis bant filtrelerin
tasarlanmasinda bu teknolojinin gegerliligine ve yetenegine 1s1k tutmaktadir. Daha fazla
boyut kiigiiltme Yarim Mod Yama Giydirilmis Dalga Kilavuzu kullanilarak yapilabilir.
Iris tipi rezonatorlere dayanan filtrelerin tasariminda kuplaj matris sentezinin kullanilmasi
veya daha yiliksek Q faktoriine sahip yeni rezonatdrlerin aranmasi gibi yeni dar banth
filtrelerin tasariminda YGDK ile birlikte bagka yontemler de uygulanabilir, bu filtreler
CTY ile desteklenebilir veya durdurma band1 performansini daha da artirmak i¢in baska
bir iletim sifirlar1 eklemek iizere giris ve ¢ikis baglanti noktalarinda mahmuz hatlari
kullanilarak desteklenebilir.
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ABSTRACT

FILTER DESIGN USING THE SUBSTRATE INTEGRATED
WAVEGUIDE (SIW) TECHNOLOGY
ON X BAND

Mohammed R. A. NASSER
MSc Thesis in Electrical & Electronics Engineering
Supervisor: Prof. Dr. SELCUK HELHEL
June 2020; 65 pages

Planer band-pass filters are considered as a major part of any RF/Microwave
device. The increasing demands on communications and radar systems require filters are
that provide all of compactness and lightweight with superior performance and easy to
integrate with other circuits. In this thesis, we look at new planer technology called
substrate integrated waveguides (SIW), developed recently with characteristics mixes the
affirmative characteristics of the metallic waveguides and microstrip technologies, has
opened the horizons in microwave filter design to provide new designs to match the high
requirements of the increased demand.

In this thesis, we have designed two 3" order compact filters using the Substrate
integrated waveguide (SIW) technology and the Defected ground structure (DGS). Both
of the designs are using the SIW-microstrip taper transition to ensure wideband adaption
with microstrip technology.

The first filter is a Wideband bandpass filter designed for X-band application has
a center frequency at 10 GHz, with fractional bandwidth (FBW 40%), the structure
composed by SIW and two types of defected ground structures (DGS) loaded in both of
the Top and bottom plane of the SIW and its characterized by the wide free of spurious
upper stopband, while the second filter is a broadband filter designed for C-band Space
communications has a center frequency at 6.175 GHz, with 500 MHz bandwidth
(FBW=8.3%), the structure composed by SIW and 3-DGS cells on the top plane of the
SIW.

The filters were built on a single-layer Rogers DiClad 880 substrate, and they
were designed and optimized using CST MW studio the time domain solver works by
using the "Finite-difference time-domain method (FDTD) numerical method" technique.

KEYWORDS: Band-pass filters, substrate-integrated waveguide (SIW),
defected ground structures (DGS), wideband taper transition, X-band, C-band.

COMMITTEE:

Prof. Dr. Selcuk HELHEL (Supervisor)
Prof. Dr. Siikrii OZEN

Assistant Prof. Dr. |. Bahadir BASYIGIT
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PREFACE

Compact size, low insertion loss, good return loss as well as smooth group delay.
All of these filters related requirements cannot be satisfied all at once by the traditional
technologies, as known the high performance is related always to non-planer waveguide
technology which has a bulky size. As for the Planer technologies features by the
compactness and ease of integrability with other circuits but these pros come at the
expense of fragile performance. So, in this thesis, we discuss the new technology called
Substrate Integrated Waveguide (SIW) that helped in eliminating the fragile performance
of the planer technologies and provide new principles on filter design.
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SYMBOLS AND ABBREVIATIONS
Symbols
Hz . Hertz (1/second)
MHz : Mega (10°) hertz
GHz : Giga (10°) hertz
Er : Relative permittivity or dielectric constant
tan§ : Dielectric loss tangent
wW : Microstrip transmission line width
T : Laminate’s cladding thickness
h : Substrate thickness
1 : Permeability
& . Effective dielectric constant
Z.  : Characteristic impedance
Co : Velocity of light in free space
Ao : Free space wavelength
Ay Guided wavelength
0 : Electrical length
B : Propagation constant
f : Frequency
fe . Cutoff frequency
o : Conductivity
mm : Millimeter
mm? : Square millimeter, an international unit of area
dB  : Decibel
ns : Nanoseconds

Vi
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Abbreviations

RF : Radio frequency

CAD : Computer-aided design

EM : Electromagnetic

SIW : Substrate integrated waveguide
RWG : Rectangular waveguide

Q-factor : Quality factor

PCB . printed circuit board

SIW : Substrate integrated waveguide
DGS : Defected ground structures

BPF : Band-pass filter

C-Band : Frequencies ranging from 4.0 to 8.0 gigahertz
X-Band : Frequencies ranging from 8.0 to 12.0 gigahertz
CST : Central Standard Time

3D : Three-dimensional

FBW : Fractional bandwidth

TL : Transmission line

TEM : Transverse electromagnetic

TE : Transverse electric

™ : Transverse magnetic

DC : Direct current

LTCC . Low-temperature cofired ceramic
PTFE : Polytetrafluoroethylene

LC circuit  : Resonant circuit of an inductor “L”, and a capacitor “C”
S-parameter : Scattering parameters

TM resonators: Transverse magnetic-mode resonators

vii
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MW : Microwave
S21 : The forward transmission (from port 1 to port 2)

Su1 : Theinput reflection coefficient with the output of the network
terminated by a matched load

LPF : Low pass filter

HPF : High pass filter
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1. INTRODUCTION
1.1. Introduction

Filters are passive components and considered the fundamental component of
any communication system. Filters are a two-port frequency-selective networks that
allow desired signal to go through (passband) while block the remaining undesired

frequency (stopband). They have a wide application in radar and communication
systems. Commonly used in transceiver circuits, as shown in Figure 1.1.

T T T T T T T T T T T T T T Tt T T O E e e . 3 ]
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Figure 1. 1. Simplified RF front end transceiver block diagram

Filters are classified in terms of frequency selection into four categories, low-
pass, high-pass, band-pass and band-stop, as shown in Figure 1.2. Also, it may be
classified according to response (Chebyshev, Maximally flat, Elliptic, ...etc.) or
technology (Lumped, Waveguide, Microstrip, ...etc.) or according to the frequency band
(Narrowband or Broadband).

Normalized Amp Normalized Amp
Passband Passband
1 1
Stopband Stopband
0 f 0
c fréq fe fre
a) Lopass flter b) Highpass flter !
Normalized Amp Normalized Amp
Passband assband Passband
. . /—\ m
Stopband
0 0 >
fa fo fe freq fa fo feo freq

¢) Bandpass flter d) Bandstop flter

Figure 1. 2. Filter types according to frequency selectivity



EKLER M. NASSER

The ever-increasing development and appearance of the new applications such as
wireless communications keep challenging RF/microwave filters with ever more strict
requirements; better performance, miniaturized, lighter weight, integrable and lower
cost.

The lumped circuit element technology valid for the lower segments of the radio
frequency ranging from 300 MHz to 3 GHz (HONG, 2011), lumped circuit element
approximations of circuit theory valid at low RF frequencies, that is because at very high
frequency there is high energy loss of the lumped elements and a sever radiation of the
transmission lines (Laboratory, 1964). The distributed elements concept is applied for
high RF and microwave frequencies (3 — 300) GHz, where the phase of the voltage or
the current changes significantly over the physical extent of the device, where device
dimensions are comparable to the electrical wavelength. As a result, the voltages and
currents behave as wave inside the device, and hence the coupling effects affect the
design process of components (HONG, 2011).

Passive Band-Pass Filters are a selective component which allows certain
frequency band to pass through while, block the spectrum located above and below the
desired frequency band. Nowadays, accelerated improvement in computer-aided design
(CAD) tools, such as full-wave electromagnetic (EM) simulators concurrent with the
precise fabrication technologies and developed measurement tools, have fundamentally
enhanced the filter design. Many novel microstrip filters with advanced filtering
characteristics have been demonstrated. Substrate integrated waveguide (SIW), early
introduced by Ke Wu et al., has attracted plenty of attention and utilized in different
applications due to its merits of higher quality factor, easy integration, low cost, high
power handling and mass production (D. Deslandes & K.Wu, 2006; Y. Cassivi, 2002).

1.2. Problem Statement

In the modern microwave and millimeter-wave communication systems, highly
integrated wideband bandpass filters play important roles for frequency selection.
Meanwhile, the area of research focus on low loss, easily integrable and miniaturized
and low-cost filters. General requirements that must be fulfilled in order match the
increased demand on high-performance filters are low insertion loss, out of band
rejection, high power capability, ease and cost of fabrication, and easy integration with
other components. The commonly used technologies are rectangular waveguides and the
microstrip technology. As it known non-planar metallic waveguides represented mainly
by rectangular waveguide (RWG) shown in Figure 1.3. provides high-performance
requirements in term of low loss high quality factor, however; its bulky, require precise
fabrication processes and it is costly expensive in addition to integration difficulties.
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Figure 1. 3. Rectangular waveguide samples

Regarding planar technologies such as microstrip and coplanar waveguides
shown in Figure 1.4. It distinguished by its lightweight and compactness moreover ease
of fabrication and integration and cost-effectiveness. However; there are a lot of cons
such as high losses, conductor losses due to high current densities in the tiny transmission
space and high dielectric loss, accompanied by high electromagnetic (EM) radiation loss
cases electromagnetic (EM) interference (high cross-talk) due to its unbounded structure,
the low power handling, and low Q-factor.

(b)

Figure 1. 4. Planer waveguides; a) Microstrip; b) coplanar waveguide

Traditional technology cannot satisfy all of the required aspects at once. There is
a performance gap between traditional technologies. What about the solution that comes
to fill the gap between traditional technologies? Recently, a hybrid guiding structure
synthesizing the waveguide structures into a planer structure called substrate integrated
waveguide (SIW) illustrated in Figure 1.5. First presented by (Hirokawa & Ando, 1998),
and introduced by (Deslandes & Wu, 2001). SIW Provides the best compromise that can
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fill the gap between the planar and non-planar waveguiding technologies, where it
exploiting advantages adapted from both rectangular waveguides RWGs and microstrip
lines. Also, it is featured by the ease of fabrication on a low loss profile dielectric
substrate using regular PCB’s fabrication processes.

Figure 1. 5. Substrate integrated waveguide’s general structure

1.3. Objectives

In this thesis, we focus on design two SIW filters, works on X and C bands. We
illustrate our general procedure by designing two filters one for X-band general
applications and the other proposed for C-band space communication. An initial design
is developed by applying empirical formulas and design criteria available in the literature
for SIW. A full-wave electromagnetic simulation of the initial design is realized. We
optimize the SIW model using direct EM full wave simulation, which is implemented in
two stages: optimizing the SIW width to achieve the desired low cutoff frequency,
followed by the transition optimization to minimize reflections of the operating
bandwidth. Then we investigate the effects of the Defected ground structures (DGS) cells
by etching the cells under a microstrip transmission line to perform fast simulation, and
to obtain the initial dimensions of the cells that provide the desired bandgap effect, and
then we can use these cells as initial cells to be used with the SIW structure to construct
the bandpass filter. Recently, a significant number of bandpass filters that realized by
using the SIW and DGS architecture appeared, some examples of these filters are
mentioned in (L. H. Weng, 2008; Y. Huang, 2013).

In SIW-DGS filters designed by (Liu, 2017; Z. He, 2013), the lower edge
frequency of the proposed BPF filter controlled by SIW's width while the upper cutoff
frequency is mainly controlled by the DGS cells. We illustrate our general procedure by
designing two filters one for X-band general applications and the other proposed for C-
band space communication.
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1.4. Scopes

e Design and analyze the results by using EM-full wave simulator “CST Studio
Suite 3D EM simulation and analysis software”, by analyzing the response
referring to scattering parameters and group delay.

e Analyze the result by comparing simulation and measurement for other filters and
proposed filters.

e The X-band filter is centered at 10 GHz with a fractional bandwidth FBW=40%
while the C-band has a central frequency of 6.175 GHz with FBW=8.3%.

e The SIW-DGS proposed filters are built using the Diclad 880 laminate of a
thickness of 0.508 mm, dielectric constante, 2.2 and loss tangent 0.0009
fabricated using LPKF s104 milling machine, and the silver-plated vias using
plated through-hole technique.

1.5. Organization of the thesis
The outline of this thesis is as follows:

Chapter 1 presents the introduction part of the thesis such as glance about filters in
the communication systems, the problem statement, objectives of the thesis, the scopes
of the thesis.

Chapter 2 provides the fundamental theories that cover the background of the work
presented in the subsequent chapters. In which it starts with the general background
theory of microstrip moving to rectangular waveguides. After that touches on the theory
of SIW and finally the design defected ground structures (DGS).

Chapter 3 is related to the methodology included in block diagrams of the design
procedure followed in this thesis.

Chapter 4 looks into filters design procedures in details.

Chapter 5 presents the fabricated filters with the measured results, also contains a
comparison between the measured and simulated results to show their agreements.
Finally, Chapter 6, Sums up with conclusion and recommendations.
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2. THEORETICAL BACKGROUND

Through this Chapter, a background of basic transmission lines theory related to
the waveguiding structures and transmission line types used in filters design will be
presented in addition to the defected ground structure (DGS) theory.

The first section deals with the microstrip transmission lines, moving to the
rectangular waveguide and the related theory, and then the substrate integrated
waveguides (SIW).

In the second section, we discuss the transitions between the microstrip and SIW.
In the third section we touch the theory of defected ground structures (DGS).

2.1. Transmission Lines
2.1.1. Introduction

The transmission line (TL) circuit is simply a structure capable to carry and guide
electrical signals from one point to another. The propagating EM waves store the energy
in both electric and magnetic fields, while the transmission lines stores electric and
magnetic energy in the form of distributed capacitance and inductance (Steer, 2016).

As mentioned earlier, the main category of transmission lines divides it into planar
and non-planar lines. Planar transmission lines include microstrip lines, coplanar
waveguides, slot lines, and strip lines. Whereas examples of non-planar transmission
lines include waveguides and coaxial lines.

Recently, the intensive research on SIW led to present it as a new type of
waveguiding technologies, that enhanced the horizons of development level of circuits
design associated with microwave and millimeter-wave applications and allowed to
apply the non-planer circuits concepts into planer structures. Moreover, SIW is
considered as a planar structure easy to integrate with other planar structures, with
performance comparable to waveguide performance.

2.1.2. Microstrip lines (HONG, 2011)

Microstrip structure is the most popular planar type transmission line formed by
conducting strip having a width (W) and a cladding thickness (t) formed over the upper
side of the thin dielectric substrate with a relative permittivity (&,.) and substrate thickness
(h), while, the ground is the bottom conducting layer as shown on Figure 2.1.

Conducting strip
i

‘L Dielectric substrate
t L

Ground plane
-

Figure 2. 1. Microstrip line structure
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Microstrip supports the Quasi-TEM mode as in Figure 2.2, due to its non-
homogeneous construction, that the filed between the transmission strip and the ground,
exists within two different media, in the air (the fringing field) and the dielectric medium.
As for the TEM wave, it has only transverse components and the propagation velocity of
the TEM waves depends on the properties of the material including, the permittivity ¢
and the permeability p.

Wstrip

FaiiENG

Figure 2. 2. Microstrip quasi-TEM mode where the dashed lines represent the
magnetic field lines and the solid lines represent the electric field lines

As mentioned before in microstrip lines the operating mode is the quasi-TEM
mode which appears because there are components of the electric and magnetic field
propagates through the air above the top pattern and through the dielectric substrate. Due
to this, two different mediums having different characteristics which results in wave
propagation with different speeds in both the regions. This is referred as quasi TEM
mode.

Due to field existence into two different media, the effective dielectric constant
& 1S used, and characteristic impedance Z. for microstrip lines with very thin
conductors derived by (Hammerstard, 1975) provided in a closed-form presented in the
Equations (2.10 — 2.13) :

For Wh<1:
=2 (1 @)_0'5 +0.04(1- K)Z 2.10
fre =7 2 w ' h (2.10)
_ n 8h w
Ze = 57=1n Z+0) (2.11)

where 7 is the wave impedance in free space and equal to 1207 Q.

For W/h=>1:
gre = 0+ 2 (14 @)_0'5 (2.12)
re — 2 2 w .
__n (r w -1
Z, = Jg_re{w +1.393 + 0.677.In (5 + 1.444)} (2.13)
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Where ¢,, h and W represent the dielectric constant of the substrate, the
height of the substrate, and the width of the microstrip line respectively.

The guided wavelength of the quasi-TEM mode of microstrip is given by
Equation 2.14 and Equation 2.15

A
@=ﬁ% (2.14)
Ao=§ (2.15)

c is the velocity of light in free space equal to ¢ = 3.0 X 108 m/s, 4,is the free-
space wavelength corresponding to the operating frequency and the electrical length 6 is
given by Equation (2.16)

0 =41 (2.16)

where £ is the propagation of constant g = 27T//1 , and [ represent the physical
g

length of the Microstrip line.

Microstrip line components have the advantage of the ease of design, fabrication,
integration in addition to the compact size. There is no cutoff frequency for the TEM
mode. Microstrip can transmit signals from direct current (DC) up to high frequency. the
aforementioned features led to make it widely used technology in RF and microwave
circuit design. On the other hand, microstrip suffers from high losses and low power
handling capacity. Also, susceptible to cross-talk and unintentional radiation due to
microstrip's unbounded structure.

Microstrip circuits as a final product are supplied in a metallic enclosure work as
Shield against radiation and electromagnetic interference, this shield affects the effective
dielectric constant and hence the characteristic impedance. The rule of thumb to reduce
the enclosure effect in filter design suggested by (LANCASTER, 2001) which state that
the height of the top conducting shield should be more than eight times the substrate
thickness and the distance to sidewalls of the shield at least five times more than the
substrate thickness.
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2.1.3. Rectangular Waveguides

Mots of transmission lines are formed with two-conductor and they support TEM
mode, where the electric and magnetic fields are perpendicular to the propagation
direction at any point, also they can transmit signals from dc up to high frequencies. The
metallic waveguides are typically single enclosed conductors filled with an insulating
medium as shown in Figure 2.3. Most of the Waveguides are air-filled type, it has better
performance than other dielectric-filled waveguides, other types filled by materials of
dielectric constants of a value higher than air dielectric constant are used for size
reduction purposes, which mean the Waveguide's size decreases as the relative dielectric
constant of the filling dielectric increases. RWG does not support TEM mode because it
needs more than a single conductor to exist, waveguide supports transverse electric (TE)
or transverse magnetic (TM) modes, or a combination from them called hybrid mode.
They can propagate the signals at frequencies above the dominant TE or TM mode cut
off frequency (Pozar, 2012). In which, at a given operating frequency f, only those
modes with f > f. can propagate, as shown in Figure 2.4 f. represents the cutoff
frequency, is the frequency at which attenuation occurs below and propagation takes
place at greater frequencies (High Pass).

i*] o
Circular Rectancular

y
7

90°elbow

Twist

Figure 2. 3. Typical waveguides; a) circular waveguide; b) rectangular waveguide; c)
twist; 90-degree elbow

attenuation Propagation

of mode mn

\fl."JHH

Figure 2. 4. Waveguide cutoff frequency
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Waveguides utilized at high frequencies because they provide lower signal
attenuation and larger bandwidth than transmission lines. Also, it is selected for an
application that s require high Q-factor moreover the ability to handle high power levels
since the fields of propagating waves are spread more uniformly over a larger cross-
sectional area than tiny cross-section transmission lines. Nevertheless, waveguides are
impractical due to large size and high manufacturing costs, also they suffer from
integration problems with planer circuits.

The most used waveguides are rectangular cross-sections waveguides, typical
structure is shown in Figure 2.5 where a and b are the inner dimensions.

Metal walls

Y (0=)

Figure 5. Geometry of a rectangular waveguide with perfectly conducting walls, filled
with a lossless material

Considering the propagation is in Z-direction, TE modes (E, = 0,H, # 0) stands
for transverse electric, in which the electric field is transverse to the direction of
propagation, and TM modes (E, # 0,H, = 0), transverse magnetic, where the magnetic
field is transverse to the direction of propagation. As for hybrid modes (E, # 0,H, # 0
), HE modes all component exist in the direction of propagation.

The Electromagnetic equations of the electric and magnetic fields in each mode
are derived an stated in (Sadiku, 2018). The equations (2.17-2.28) related to TE modes
inside waveguide are summarized in Table 2.1.

Table 2. 1. Electromagnetic equations of the TE modes in rectangular waveguide in
phasor form

TE modes governed equations

Eys = _j;ll)_zll (TlTT[) H, cos (m;'[x) sin (nb%Y) oVZ 2.17
Eys = _j;’_zﬂ (%) Hy sin (m;Tx) cos (%) e vz 2.18
Fes =0 2.19

10
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Hys = 2—52 (%) H, sin (m::x) cos (”ZJ') o 2.20
Hys = Jh—i (T%T) H, cos (m;rx) sin (nZY) o vz 2.21
H,s = Hy cos (m;TX) sin (TUZ')C}/) e vz 2.22
Y=u\/(77r)2+(n?n—) —kz,k=a),u€ 223
I
£ 2.24
T’ B 2
(5
Je :% (%)2 p (%)2 2.25
A=+ 2.26
2.27
=36
i V. 2.28
h = (%) +(ann) L=

In Table 2.1 the terms Y represents the propagation constant, n represents the
intrinsic impedance, f. and A, are the cutoff frequency and the cutoff wavelength for the
TE,,, mode, S represents the propagation phase constant of uniform plane wave, k is
the wavenumber, and u represents the phase velocity.

It should be noted that the phase constant g and the wavenumber k are indeed
equal in TEM modes but in other modes, they can be different.

In (TE,, TM,,,,,) modes each set of integers m and n gives a different field
pattern or mode, referred to as TM,,,, mode, in the waveguide. Integer m equals the
number of half-cycle variations in the x-direction, and integer n is the number of half-
cycle variations in the y-direction.

It is standard practice to have a > b, where TE;, mode is the dominant mode
with the lowest cutoff frequency. TE;, mode has these properties: (1) the electric field is
confined to planes perpendicular to the direction of propagation, whereas the magnetic
field has both transverse and longitudinal components, and (2) the electric field is
directed from one of the guide surfaces straight across to the opposite surface, as shown
in Figure 2.6.a. Figures 2.6.b, 2.6.c demonstrate the top view of a simulated distribution
of magnetic and electric fields of TE | ; mode in a rectangular waveguide.

11
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From Equations (2.17-2.22), we can obtain the field patterns for the TE modes.
For the dominant TE ;, mode, substituting m = 1 andn = 0 in that equations, we obtain
the equation of TE |, which are the Equations (2.29-2.33).

Ty
H,s = H, cos (?) e Bz (2.29)

Changing from phasor to time domain,

H, = Re(H,) (2.30)
H, = H, cos (T) cos(wt — Bz) (2.31)
a
E, = % Hy sin (na ) sin(wt — Bz) (2.32)
X
Hy = ——HO sin (;) sin(wt — Bz) (2.33)
E,=E,=H,=0 (2.34)
[ E"
f 3 E -
o {11
TE10 mode v a 0
(a)

(b) (c)

Figure 2. 6. Rectangular waveguide TE;, mode field distribution; a) Electric field lines
(front view); b) Magnetic field (top view); ¢) Electric field (top view)

If more than one mode is propagating, the waveguide is overmoded. Single mode
propagation is highly desirable to reduce dispersion. This occurs between cutoff
frequency for dominant mode and cutoff frequency of next higher mode.

12
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2.1.4. Substrate integrated waveguides

Substrate integrated waveguide (SIW) is one of emerging guided-wave
structures. This novel waveguiding technology has become popular in the past decade,
SIW principle originated from the dielectric-filled rectangular waveguide.

The necessity behind the development of SIW is the gap between traditional
technologies, in which the Air-filled rectangular waveguides offers high power capacity
and high Q-factor, but they are bulky and expensive, moreover, requires complex
transitions to integrated planar circuits. On the other hand, the planar transmission lines
are low profile (low profile means small height and width) structures with ease of
integration with other planer circuits, but they lack the high-performance requirements
with high losses and radiation leakage. SIW is a kind of integration a metallic rectangular
waveguide into a planar microstrip substrate, can be constructed using standard planar
fabrication processing techniques that include printed circuit board (PCB) for single-
layer structures or other processing techniques for multilayer structures such as low-
temperature cofired ceramic (LTCC) and liquid crystal polymer (LCP).

After looking at Figure 2.7 we can say that SIW is a straightforward integration
of a rectangular waveguide into a microstrip substrate. This provides the best
compromise between the microstrip and waveguide technology with reduced Q factor of
the Air-filled waveguide due to dielectric filling the structure as well as the volume
reduction, but the entire circuit including planar circuit, transition, and waveguide are
constructed over single laminate (Deslandes & Wu, 2001). This recently motivated the
scholars to develop SIW as we can notice from (Ke, Deslandes, & Cassivi, 2003). A Well
fabricated SIW can work up to 150 GHz which enables it to serve Terahertz Applications
(Wang, Hao, & Kui-Kui, 2016), also can work up to higher frequencies depending on
fabrication ability.

13
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" Performance Gap

Integration of non-planer forminto
planerform > SIW form

Rectangular metallic waveguide (

structure. | Planer guiding structures.
Top View
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Basic substrate integrated waveguide (SIW) structure.

Figure 2. 7. Performance gap between planar and non-planar structures led to SIW
development

SIW is a synthesized version of a dielectric-filled rectangular waveguide (RWG),
embedded on low loss profile dielectric substrate through PCB, where the top and bottom
are represented by the laminate's upper and lower cladding of the laminate, while the side
walls are constructed using two-row (chains) of metalized vias (cylinders) that form
electrical side walls prevent the field to pass through in the same principle as in the
conventional rectangular waveguides, as described on Figure 2.8.

Electrical walls

“Broad Side”_wall The vias act as Electrical
| walls “Broad Side” walls

Metal walls
A é
Y pe

(o%e0)

—
Top and bottom wall

Xy

Figure 2. 8. SIW and its equivalent RWG
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This new architecture has characteristics that mix the affirmative characteristics
from the microstrip and the rectangular waveguide as illustrated in Table 2.2.

Table 2. 2. Characteristics comparison between waveguides, planar transmission lines,
and SIW

Cost Loss Power handling Compactness Self- Self-
capability shielded packaged
Waveguides ® ®
Planar - ® ® ® ®
Transmission lines
SIW

Principally, Substrate Integrated Waveguide (SIW) obey principles similar to the
basic principles of conventional rectangular waveguides, with some differences. SIW
side walls represented by truncated vias that do not allow longitudinal current flow (Chen
& Wu, 2014), thus SIW does not support Transverse Magnetic (TM) modes as in a
conventional metallic waveguide. Since most of the times, the SIW width is relatively
greater than substrate thickness, the dominant mode of SIW is TE,, as it presented in
Figure 2.9, followed by TE,, as the next higher mode.

Eo Upper plane '
Dielectric substrate o )
) @
TE,, mode ) 5
d E Wsiw
> < : B« >$
Via
W :}p o
z : Ground Q@
0 plane
(@) (b)

Figure 2. 9. SIW transmission line with TE;, mode; a) cross-section; b) top view

In the design of SIW, the determined parameters are d,P,a representing
respectively the diameter of metalized via-holes, the center to center distance between
adjacent via-holes, and the width of SIW, Shown in Figure 2.10. These parameters must
be chosen carefully in order to avoid leakage losses and avoiding the bandgap ““stopband”
effects that appear in the periodic structures are subject to, moreover, these parameters
must be chosen to maintain the structure robustness and avoiding overproportion, to

15
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avoid all of these effects design rules stated by (Deslandes & Ke, 2006) must be
respected;

Y
e

y
. Iz R @ Width of SIW

a.sr: Effective Width of SIW
in which it can be analyzed as
a Rectangular waveguide

o
@

&
@

N
A\ 4

Figure 2. 10. Top view of the SIW

e To ensure mechanical toughness (to avoid Over perforation) of SIW Equation
2.35 must be satisfied.

P/A. > 0.05 (2.35)
e Periodic structures are subject to electromagnetic bandgaps or stopband effects,
to ensure that there is no bandgap over the waveguide bandwidth of interest the
criteria stated in Equation 2.36 must be satisfied.
P/A. < 0.25 (2.36)
e Judging from the periodic gaps, the SIW structures are subject to a possible field
leakage problem, to avoid this problem the criteria stated in Equation 2.37 must

be followed.

P < 2d (2.37)

16
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The effective width of SIW is the width that equivalent to the width of an
equivalent Rectangular waveguide (RWG), in which both the SIW and RWG have the
same dominant cutoff frequency. The SIW's effective width formula expressed in
Equation 2.38 presented by (Y. Cassivi, 2002), using this effective width the SIW can be
analyzed as a rectangular waveguide.

dZ
Gefr = a7 0.95 * p

(2.38)

A more accurate empirical equation to calculate the SIW’s effective width stated
by (Feng & Ke, 2005) is presented in Equation 2.39.

2 d2

Gopp=a = 108X — + — (2.39)

In filter design, to avoid dispersion effects, the operating bandwidth of SIW
should be confined in between the cutoff frequency of the dominant mode TE;, and cut
off frequency of the next higher mode TE,,(Y. Cassivi, 2002). The cutoff frequency of
the TE;, mode is presented in Equation 2.40 while the cutoff frequency of the TE,, mode
Is presented in Equation 2.41.

F = Co (a— @
C(TE10) 2-\/6_r 095=x*b
F _ G (a— @ - 4 )7t
€TE20) T \[€, 1.1%xb 6.6 * b2

)1 (2.40)

(2.41)

C, is the speed of light in free space. The thickness of SIW affects only the Q -
factor.
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Figure 2.11, illustrates the effect of changing the width of the SIW "a" on the cut
off frequency of the TE10 mode, as we can notice that increasing the width leads to a

decrease in the 3 dB cut off frequency.

.
-3dB a=14.4 521
- = a=14.4 511
a=13.9 821 | |
N o= = = ra=13.9 811
: 77 N 7 - == a=13.5 S21
@ LI INEW A N s — — .a=13.5S11 N
: ! N 1 a=13.3 521
£ \ /v
g AW a=13.3 S11
[} \ I -
E "_,
o i
® A
e l\l' i
» v
_60 | | | | | | | |
4 6 8 10 12 14 16 18 20

Frequency : " GHz "

Figure 2. 11. Effect of changing the SIW’s width (a) on the TE10 mode cutoff frequency
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2.2. Microstrip — SIW Transition

In order to connect and integrate SIW circuits either passive such as filters, couplers,
power dividers, and antennas or active circuits such as amplifiers, mixers, oscillators with
other planer circuits like microstrip or coplanar waveguide (CPW) Low-reflection
transitions are required. Also, it is required to make the component design independent
from the influence of the transition.

Microstrip-SIW transition is used for adapting the impedance and to excite SIW
fundamental mode TE,, using the microstrip line quasi — TEM mode as shown in
Figure 2.12.

(a) (b)

e-field (f=10.4) [1] o
frequency 104 GHz

Phase 0°

Maximum 83,0785 dB{V/m)

(©)

Figure 2. 12. SIW excitation using microstrip port; a) TE;,-SIW; b) Quasi — TEM
microstrip line; c) Electric field distribution in SIW transmission line exploiting the TE;,
mode excitation using Quasi-TEM mode

The first transition was the microstrip taper introduced by (Deslandes & Wu,
2001), and it still the most widely used type of Microstrip-SIW transition in single-
layered circuits shown in Figure 2.13. Since it covers the complete bandwidth of the
wideband SIW filters. Its performance is better when compared to other microstrip
transitions such as direct transition, and easier to design than the Coplanar-SIW

19
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transitions, moreover, well-optimized taper transition can provide minimum insertion
and return losses. Most of the time, the taper transition physical dimensions are
calculated using computational solutions available on Electromagnetic simulation
programs due to the difficulty of yielding accurate analytical representation (Caleffo,
2016). The difference in the field modes between SIW (transverse electric field) and
microstrip (transverse electromagnetic filed) is considered as the main factor that
increases the difficulty of calculation for accurate analytical solutions.

Figure 2. 13. Configuration of the microstrip-SIW transition

Microstrip Line - Substrate Integrated Waveguide new wideband transition
introduced by (Kordiboroujeni & Bornemann, 2014) illustrated in Figure 2.14, this
transition offer insertion and return losses better than the traditional transition in
(Deslandes & Wu, 2001). The new aspect of this transition is the addition of two vias to
the widely used microstrip taper transition.

8 O

Wsiw ©)

© O

O O

. O Wty p1 O

PO O
T ovow\ /A

Figure 2. 14. Structural parameters of the new taper-via transition between microstrip
and SIW (Kordiboroujeni & Bornemann, 2014)
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After calculation of SIW and microstrip parameters for the desired frequency
band, (Kordiboroujeni & Bornemann, 2014) extracted simple formulas to calculate the
taper-via transition parameters based on their empirical experiments, the parameters are
in Equations (2.42-2.45) as follow w,_,, L;_,, p1,w;, the width of the transition, the
length of the transition, the distance between the last side vias and the transition vias, and
distance separation between the transition vias as it depicted on Figure 2.14.

Wiy = Wy + 0.1547 x Wy, (2.42)

Le—y = 0.2368 * Ay_ms (2.43)

p1 = 0.6561 xp (2.44)

wy = 0.8556 * Wy, (2.45)
Ago

Agoms = —= (2.46)

V Ereff

Where A,_,,,s in Equation 2.46 is the microstrip line guided wavelength calculated at
the center frequency, 44, is the free space wavelength at the center frequency, and &,..¢f
Is the effective dielectric constant of the microstrip line at the center frequency.

2.3. Defected Ground Structures

Defected ground structures (DGS) was first proposed by Korean scholar (Jong-Im
et al., 1999) based on studying of Photonic-bandgap (PBG) structures. DGS is realized
by etching of a simple structure “fault” in the ground plane, sometimes using more
complicated shapes and it can be used in cascaded form for better performance. DGS
cells were used first in the ground of transmission lines such as microstrip and coplanar
lines. That's why it are called defected ground structures. DGS cells are disturbing the
electrical current distribution which leads to changes in the transmission line
characteristics such as equivalent capacitance and inductance (L. H. Weng, 2008). DGS
presence usually provides a band-rejection feature (Ahn et al., 2001).

Some of popular simple DGS cells like square head slot, circular head slot,
dumbbells slot, and arrowhead slot, are shown in Figure 2.15. DGS cells are utilized in
microwave circuits such as antennas to enhance the bandwidth and increase the gain,
also, in filters, power dividers, and couplers, for enhancing the performance and for
shrinking elements size. DGS cells are being modeled by LC resonance circuits, in which
the resonance frequency is controlled by the cell's shape and dimension.
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Figure 2. 15. Simple DGS slots

DGS cells can provide an electromagnetic bandgap, this feature is being used in
microwave circuits in order to provide band stop, also used to provide low pass filter
response, which offer efficient and compact geometry than using open-stubs or stepped
line, simply by loading a microstrip line with DGS cells of appropriate characteristics in
the ground plane of a microstrip line, we can get the low pass response as it is shown in
Figure 2.16.
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(d)

Figure 2. 16. Microstrip line loaded by dumbbell DGS cells (Jong-Im et al., 1999); a)
LPF structure; b) microstrip transmission line; ¢) dumbbell DGS cells etched in the
ground plane; d) S-parameters response

Different types of DGS cells have been used in filter design, mainly to enhance
the stopband characteristics properties and suppress harmonics, and spurious response,
also, for circuit miniaturizing purposes. A variety of relatively new configurations that
were summarized by (L. H. Weng, 2008) are shown in Figure 2.17, these cells can
provide better performance than those of simple shapes mentioned in Figure 2.15.
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Figure 2. 17. Several forms of DGS cells; a) spiral head; b) “H” shape; ) a square open-
loop with a slot in middle section; d) open-loop dumbbell; e) interdigital DGS

A novel DGS unit cell proposed by (Z. He, 2013) offers better performance
compared with previous mentioned DGS cells, it has an advantage distinguish it from
traditional cells, So that it can be incorporated in the top plane of SIW structures, which
is more convenient with SIW structures than etching in the ground plane. The resonant
frequency of the cell is controlled by the geometry and dimensions of the cell (Y. Huang,
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2013). Figure 2.18. illustrate the schematic of the cell. It is reported that the bandgap
effect may be due to DGS's negative permeability in the vicinity of its resonant
frequencies.

Figure 2. 18. The schematic of the DGS cell from (Y. Huang, 2013); “the orange
indicates the copper and the white indicates the substrate’s insulation material”

The conventional method for analyzing the DGS which based on trial and error
iterative method is used to analyze DGS cells to obtain the required dimensions of the
cells that give the intended response using the full-wave simulator, to conduct a fast
simulation, we incorporate the DGS cell with a microstrip transmission line, which
reduce number of the cells in the simulator mish, after that we use these DGS cells with
SIW structure. Figure 2.19 illustrates the geometry and response of the DGS cell which
mentioned in Figure 2.18 incorporated with a microstrip line in CST.

(b) (©)
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Figure 2. 19. Microstrip line loaded by DGS cell; a) 3-D structure; b) microstrip
transmission line; ¢) DGS cell etched in the ground plane; d) S-parameters response; f)
the real part of the permeability; “the yellow and orange indicates the copper and the
white indicates the substrate’s insulation material”
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2.3.1. DGS Applications in Microwave Circuit (L. H. Weng, 2008)

e Stopband or band gap Effects (demonstrated above)
DGS utilization in filter design is in two-level:

» One is directly using the band-gab effects of DGS in filter design.

» The other is using DGS in pre-constructed filters to improve performance, such
as providing a sharper transition from passband to stopband also, suppressing
higher modes or spurious responses, and hence result in improvements in the
stopband characteristics.

e Slow-Wave Effect

Another property of DGSs is the slow-wave effect that arises due to the equivalent
LC components. That comes from the fact that the transmission lines loaded with DGS
possess higher impedance than the conventional ones, moreover, it has a higher slow-
wave factor than the conventional ones. Slow-wave structures act to reduce the group
velocity of a transmission line or increase its group delay compared to a normal "fast-
wave" structure, so they are useful in shrinking the size of the microwave circuits.

e High Characteristic Impedance

The transmission lines loaded by DGS cells have much higher impedance than
conventional lines. That is due to the presence of DGS cells in the ground of transmission
lines leads to an increase in the equivalent inductance and reduces the equivalent
capacitance of the lines, which results in an increment in the equivalent impedance of
that lines. For example, the conventional microstrip line impedance realization is limited
to, around 100 ~ 130 Q, after loading a DGS cell on the ground plane it can be increased
to more than 200 Q for the same line width which has a lower impedance. And this was
demonstrated in a design of Unequal Wilkinson Power Divider conducted by (Oh et al.,
2007), Figure 2.20 demonstrates layout of the 1:6 unequal Wilkinson power divider
designed by adopting a microstrip line with a simple rectangular-shaped DGS cell to
realize 208 Q of characteristic impedance. The 208 Q cannot be realized using a
conventional microstrip transmission line.

Figure 2. 20. Picture of the fabricated 1:6 Wilkinson power divider with DGS designed
by (Oh et al., 2007)

26



EKLER M. NASSER

3. METHODOLOGY

In this chapter, we present in brief the overall design strategy of the filters and
the procedure followed to suppress the spurious response and optimize the overall
response of the desired responce. Before starting the basic design stages, the flowchart
presented below illustrates the overall design method followed during the design process.
For this thesis” two compact SIW-DGS bandpass filters have been designed, the first
one is having center frequency of 10 GHz with 4 GHz bandwidth, and fractional
bandwidth of (FBW= 40%), while the second design is having center frequency of 6.175
GHz with 500 MHz bandwidth ( FBW=8.3%) designed for Space Application. The
printed circuit board (PCB) used in the design is Diclad 880 woven fiberglass/PTFE
composite material having a dielectric constant of 2.2, with dissipation factor 0.0009 at
10 GHz, and a thickness of 0.508 mm. The overall design process was held using CST —
full-wave simulator, time-domain solver, also verified by the frequency-domain solver.
Followed by fabrication and measurement to analyze the performance of the designed
filters. The flowchart shown in Figure 3.1. illustrate the overall design process of the
thesis, while the flowchart in Figure 3.2. shows the filter design process, and in Figure
3.3, we can see in the flowchart the strategies followed to get the initial design of the
DGS cells used in the filter design process. In the next chapter, the design process is
presented in detail.
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Is the frequency
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physical parameters
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Fabrication process End
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Figure 3. 1. Overall design process of the thesis

27



EKLER

M. NASSER

SIW TL design “work as HPF”’, with
Fc = Lower cutoff frequency of BPF

v

DGS cell initial design over microstrip
TL to provide Low pass response with
cut off freq. Fc = The upper cutoff
frequency of the BPF

\4
:::: Incorporating DGS cells on the

SIW upper plane to give BPF
response

\ 4

Parameter Sweeping for
optimizing process

\ 4

Spurious suppress using dumbbell
DGS cells incorporated in the
backside of the filter

Figure 3. 2. Filter design process
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Figure 3. 3. Conventional design process of the DGS cells
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4. DESIGN PROCESS AND RESULTS
4.1. X- Band Filter
4.1.1. SIW & Taper transition design

As mentioned before the wideband X-band filter has a center frequency of 10 GHz
with a fractional bandwidth of 40%, the design had built over Diclad 880 substrate that
has a dielectric constant of &, = 2.2, dissipation factor tan § = 0.0009, and thickness of
0.508 mm. The first step in the design process is to calculate for SIW width that gives
cutoff frequency corresponding to the lower cutoff frequency of the intended design
equal to 8 GHz, the calculation was done using equations [2.23-2.28]. Then after SIW
width calculation, the taper transition was designed, in which, the taper's initial design
parameters were borrowed from (Kordiboroujeni & Bornemann, 2014), then
optimization and modification were held, the taper geometry was modified to give less
insertion loss and return loss, the combination of SIW with the taper transition gives the
SIW the integrability with other microstrip circuits, this first part of the design process
provides a high pass filter response with cutoff frequency at 8 GHz. The geometry of the
design is illustrated in Figure 4.1.a, b, whereas the parameters corresponding to the
dimensions of this configuration illustrated in Figure 4.1 are listed in Table 4.1. The
simulation was run using CST MW studio, Figure 4.2 illustrates the resulting S-
parameters.
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Figure 4. 1. SIW transmission line; a) upper plane; b) bottom plane; “the yellow
indicates the copper and the gray indicates the substrate’s insulation material”

Table 4. 1. Dimensions of X-band SIW & Taper which illustrated in Figure 4.1

Symbol | Value | Symbol | Value
(mm) (mm)

Wm 1.919 | Wsiw | 13.9

Lm 3.6 d 1

Wit 4187 |P 1.9

Lt 3.6 Wtvia | 12.4

Wex 0.5 P1 1

Lex 6.6 SubTh | 0.508

S-Parameter "dB"

-60 1 1

9
Frequency :

10

Figure 4. 2. The simulated S-parameters using CST
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As we can notice from the S-parameters the insertion loss (S21) around 0.4 dB,
and return loss (S;,) better than -18 dB ranging from 8.3 GHz up to 11.5 GHz, in
optimizing process we focused to obtain the minimum return loss (S11) in the first half
bandwidth of the intended design, since after loading the design with DGS cells the

response corresponding to the upper half of the bandwidth will be affected the frequency
response of the DGS cells.
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4.1.2. DGS cell design

Moving to the next part of the design process, to yield the initial dimension of the
DGS cell, the cell was designed using the conventional design process using the full-
wave simulator CST MW studio. In order to save the time and conduct a fast parameter
sweep until acquiring the initial dimensions of the cell, the DGS cell was modeled by a
microstrip transmission line, where we etched the cell on the ground plane of a microstrip
transmission line, as illustrated in Figure 4.3. Table 4.2 lists the dimensions of the cell
shown in Figure 4.3, as for the simulation results, the s-parameters of related to this
configuration are in Figure 4.4.

1
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v
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(b)

Figure 4. 3. DGS cell modeling using microstrip TL; a) Cell schematic; b) 3D-
Structure; “the yellow and orange indicates the copper and the gray indicates the
substrate’s insulation material”
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Table 4. 2. DGS cell parameters

Symbol | Value | Symbol | Value
(mm) (mm)

Wm 1.919 | gl 0.51

L 1.75 g2 0.6

w 4.6 sp 0.5

S-Parameter "dB"

-60 1 1

|

| | |

12
Frequency : " GHz "

14 16 18 20

Figure 4. 4. DGS cell simulated S-parameters using CST

We can see from Figure 4.4 that the DGS cell provides us band rejection in the
region surrounding its resonance frequency. Etching the microstrip line with DGS cell
produces a low pass filter as have here we have LPF with cut off frequency approximately
11 GHz and transmission zero located at 16.3 GHz. The next step in our work is to
incorporate this cell with the SIW designed in section 4.1.1, to have a bandpass filter by
combining high pass filter (SIW) with low pass filter (DGS) as we will see in the

following sections.
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4.1.3. 18-Order SIW-DGS bandpass filter

The specifications of bandpass filter design which are determined before are as
follow FBW 40%, Centre frequency of 10 GHz, with Diclad 880 laminate, to achieve
this we start in this section with the first step by loading the SIW configuration by single
DGS cell which has been modeled using a microstrip transmission line in section (4.1.2),
here we are etching this DGS cell in the center of the upper plane of the SIW, which is
designed before in section (4.1.1), this initial configuration represents the first step in the
design process which is considered as 1% order BPF illustrated in Figure 4.5. the
dimensions of the SIW and the DGS cell that building the configuration of the 1% order
SIW-DGS BPF are the same as in sections (4.1.1, 4.1.2), the simulation was held using
CST MW studio, Figure 4.6 presents the simulated S-parameters.
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Figure 4. 5. 1% order SIW-DGS BPF; a) upper plane; b) bottom plane; “the yellow
indicates the copper and the gray indicates the substrate’s insulation material”
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Figure 4. 6. S-parameters corresponding to the 1%-Order SIW-DGS BPF

We can notice from the simulated the S-parameters that combination SIW with
DGS cell can produce BPF manner, we have insertion loss (S21) 0.74 dB at the center
frequency 10 GHz, and the return loss (Si1) in the passband better than -10 dB, -3db
edges frequencies the lower at 7.9 GHz and the upper located at 12.26 GHz, for The
rejection the transmission is better than -30 dB located at 14.7 GHz.
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4.1.4. SIW-DGS 3'd order BPF

In this section, for the sake of better response, rejection, and sharper transition from
passband to the stopband we increased the number of DGS cells in the SIW’s upper plane
to 3-cascaded cells which form a 3"-order SIW-DGS bandpass filter. Three-cascaded
identical DGS cells were added to provide a sharper transition from passband to
stopband. We will notice from the simulation results of this configuration down below,
the appearance of a spurious response in the upper stopband. The distance "s" that
separate between the adjacent cells and the distance "sp" that separates between the two
halves of the DGS cell, controls that spurious response, in order to minimize we have to
assign these parameters carefully, to achieve the best performance in the passband, with
a minimum spurious in the stopband. the geometry of the filter is shown in Figure 4.7,
and the simulation results obtained using CST MW studio are presented in Figure 4.8.
The values of “s” and “sp” parameters are 1 and 0.5 mm respectively.
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Figure 4. 7. 3" order SIW-DGS BPF; a) upper plane; b) bottom plane; “the yellow
indicates the copper and the gray indicates the substrate’s insulation material”
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S-Parameter "dB"
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Figure 4. 8. S-parameters "simulation results" of the 3 order SIW-DGS BPF

As we notice from the simulated S-parameters in Figure 4.8, we have insertion
loss (S21) 0.4 dB at the center frequency 10 GHz, and the return loss (S11) better than -
15.731 dB in the passband, the 3 dB upper edge of the filter at 12 GHz, and we have out
of band rejection in the transmission coefficient (S21) appear with a minimum rejection

15.2 dB ranging from 12.6 GHz until the spurious response appearance at around at 15.76
GHz.
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4.1.5. SIW-DGS 3" BPF — with one Dumbbell cell

In this section, in the sake for enhancing the overall response of the filter, we used
one Dumbbell DGS cell etched in the center of the bottom plane located just beneath the
center DGS cell located on the upper plane of the filter, as it represented in Figure 4.9,
the dimensions of this dumbbell slot stated in Table 4.3, and simulation results using
CST MW studio are shown in Figure 4.10.
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Figure 4. 9. 3" order SIW-DGS BPF with one dumbbell in the bottom plane; a) upper
plane; b) bottom plane; “the yellow indicates the copper and the gray indicates the
substrate’s insulation material”
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Table 4. 3. Center Dumbbell DGS dimensions

Symbol | Value | Symbol | Value
(mm) (mm)

L1 4.7 L2 0.5

Wi 0.35 w2 0.9

By S

$1,1
$2,1

-10 |

Freq 16.32

20 S$2,1 -21.68

-30

-40

S-Parameter "dB"

-50

| 1

4 6 8 10 12 14 16
Frequency : " GHz "

-60

Figure 4. 10. 3" order SIW-DGS BPF - with one Dumbbell cell simulated S-parameters

We can see from the simulated S-parameters that the loading procedure of the
structure by dumbbell cell in the ground plane enhanced the coupling between the upper
and bottom plane, which led to improvements in the response of the filter, in such that
the insertion loss (S21) now become around at center frequency of 10 GHz became to be
0.33 dB, while the return loss (S11) became better than 20 dB in the passband range, also
we got better rejection better than 21 dB ranging from 12.8 GHz up to the appearance of
the spurious response at 16.34 GHz. Moreover, we can notice that the spurious response
in this step has a maximum value of -21dB compared with -15.2 dB in the previous
section.
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4.1.6. SIW-DGS BPF - 3 Dumbbell DGSs etched in Ground plane

In this section, we sum up with the last step in the optimizing process of the X-
band filter, in order to provide a further enhancement in the response of the filter and for
better out-of-band rejection and more compact configuration, the first step done here was
deleting four vias from each row to make the structure more compact, after that, we run
the simulation and approximately there was no change in the response, after that, we
have loaded the structure by extra two dumbbell cells, where they were etched in the
ground plane, just beneath the microstrip ports lines. Figures 4.11.a, 4.11.b presents the
upper and bottom plane of this configuration, while in Figures 4.12.a, 4.12.b we illustrate
the simulated S-parameters and the Group-delay between inserted between the two ports
of the filter. The dimensions of the port dumbbell tabulated in Table 4.4. The simulation
process was held using CST MW studio time-domain solver.
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Figure 4. 11. 3" order SIW-DGS BPF - with three dumbbells; a) Upper plane; b)
Bottom plane; “the yellow indicates the copper and the gray indicates the substrate’s
insulation material”
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Table 4. 4. Port Dumbbells dimensions.

Symbol | Value Symbol | Value

(mm) (mm)
L3 1.7 w4 0.9
W3 0.3 SBD 12.5
L4 0.5

S-Parameter "dB"

-60 1 1 1

22

2 4 6 8 10 12 14 16 18 20
Frequency : " GHz "
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(b)

Figure 4. 12. Simulation results of the 3" order SIW-DGS BPF with three dumbbells;

a) S-parameters; b) Group-delay
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The dimensions stated in the Tables 4.1- 4.4 are the final values for the optimized
result (by simulation), we can observe that after adding the dumbbells beneath the ports
the response has significantly enhanced, from Figure 4.12. a, we can see approximately
0.35 dB insertion loss (S21) at the center frequency of 10 GHz and the return loss (S11)
better than -32 dB in the passband, the transmission coefficient almost flat in the
passband, regarding the upper rejection we have a wide out-of-band rejection of 25 dB
ranging from 13 GHz to further than 22 GHz, the spurious response has been significantly
reduced to lower than 25 dB at (15.3 and 16.5) GHz, and a transmission zero of -58dB
rejection at 14.7 GHz, as for the group delay of between filter ports it is illustrated in
Figure 4.12.b we can notice that it is approximately flat within the passband, with a delay
about 0.32 ns at the center frequency of 10 GHz, and the variation is quite smooth for a
microwave filter. Finally, regarding the size of the filter, the filter preserves the
miniaturization property with a total size of 17.7*30 mm?.
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4.2. C— Band Filter

Our goal is to present a simple compact planer design of a bandpass filter having
specifications as follows, a center frequency of 6.175 GHz with 500 MHz bandwidth
(FBW=8.3%), to emulate the response of non-planer filter introduced by (Tomassoni et

al.,2017).

Our proposed filter forms 3rd order SIW-DGS C-Band filter, combining SIW
structure loaded with 3 cascaded DGS cell, the same cell structure used in section 4.1.2,
with the same substrate. the resulting filter structure is presented in Figures 4.13 a, b, and
its dimensions are tabulated in Table 4.5. The filter modeled using CST MW full-wave
simulator, and simulation conducted using the time-domain solver. The simulation result:
S-parameters, and group delay illustrated in Figure 4.14. a, and Figure 4.14. b.
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Figure 4. 13. 3" order SIW-DGS C-Band BPF; a) Upper plane; b) Bottom plane; “the
yellow indicates the copper and the gray indicates the substrate’s insulation material”

Table 4. 5. C-Band filter dimensions

Symbol | Value | Symbol | Value
(mm) (mm)

Wm 1519 | SP 0.8

Lm 3.8 S 0.8

Wi 7.587 | L 2.5

Lt 4.7 W 8.47

Wsiw 16.25 | gl 0.5

d 1 g2 0.6

P 1.9 SubTh | 0.508

S-Parameter "dB"

4 5 6 7 8 9 10 1" 12 13 14 15
Frequency : " GHz "

(@)
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(b)
Figure 4. 14. 3 order SIW-DGS C-Band BPF; a) S-parameters; b) Group-delay

The interface transition between SIW and microstrip used in the design is a taper
transition that has been designed using the full-wave simulator, the filter is a simple
combination of SIW loaded with 3 cascaded DGS cells. As we can observe from S-
parameters that filter has 3-dB bandwidth of 500 MHz ranging from (5.925-6.425) GHz,
the insertion loss (S21) at the center frequency of 6.175 GHz around 0.80 dB, and return
loss (S11) in the passband better than 30 dB, regarding the out-of-band rejection we con
notice the sharp transition from the upper 3-dB edge frequency at 6.425 GHz to the zero
transmission of -68 dB at 7.4 GHz, the spurious response is appearing at 10.05 and 10.38
GHz lower than -12.2 dB. As for the filter’s size, the filter preserves the compactness
property with a total size of 20*37.9 mm?.

The 3" order SIW-DGS C-Band filter offers good performance when compared
with the non-planer 5th order filter C-band realized by using single-mode TM resonators
introduced by (Tomassoni et al.,2017), illustrated down below in Figure 4.15.
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Figure 4. 15. 5" order filter in C-band realized by using single-mode TM resonators (top)
and relevant full-wave simulated response simulate with HFSS (bottom) (Tomassoni et
al., 2017)

Figure 4.15 above illustrate the 5™ order C-band filter realized using single-mode
TM resonators, and the relevant simulated response, if we want to make a comparison
between the high-performance non-planer filter and our planer one realized using SIW-
DGS, we can say the latter present good performance. Both suffer from a spurious
response. The non-planer design insertion loss in first is about 0.2 dB while our design
has insertion loss around 0.81 dB in the passband, as we see from the simulated result
for both filters, we can conclude that the SIW performance is better against spurious
response.

In (Tomassoni et al.,2017) they overcome the spurious response, by incorporating
two bandpass filter to form 9th order one (filter + pre-filter) to have upper stopband free
of spurious response, another way to suppress the spurious, is to accompany the output
terminal of the bandpass filter with a Low pass filter, but this way make the design bulky.

For our design there is two way for enhancing the response and provide better
suppression to the spurious the first, we can change the transition as we did with the X-
band filter this lead to reduce the insertion loss and provide better return loss. The second,
for suppressing process of the spurious responses, is to support the design with extra
DGS cells in the ground plane that can provide better suppression over a wider range,
Also, we can re-tune the dimensions of the DGS cells to reduce the spurious responses
and without affecting the passband performance, especially tuning the parameters
affecting the spurious significantly, which are the distance separating between the two
halves of the cell “SP”, and the distance separating between the adjacent cells “S”.
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5. MEASUREMENTS

In this chapter, we discuss the fabricated sample and related measurements. To
conduct the measurements of the fabricated filters, Ceyear 3672c-S Vector Network
Analyzer is used. Calibrated by full two-port SOLT calibration. In the subsections below
we illustrate the measurement process and the problems we faced during measurements.

The fabricated sample of X-band filter is shown in Figure 5.1, during the fabrication
the milling machine faced difficulties with Rogers DiClad 880 laminates based on woven
fiberglass reinforced, PTFE-based composites substrate, which cause it to be not rigid
enough, has flexibility, and a degree of softness, so the LPKF S104 milling machine
cannot etch the copper at high degree of efficiency at edges during processing, as we can
notice through the fabricated sample in Figure 5.1 below.

(b)
Figure 5. 1. Fabricated X-Band filter; a) Upper plane; b) Bottom plane
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The SMA connectors that were available with us during the measurements are
shown in Figure 5.2 also include their related dimension. The distance between the inner
conductor pin and the ground legs about 1.4 mm which does not match the laminate
thickness of 0.508 mm, which led to confusion in the installation and so the measured
results.
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Figure 5. 2. SMA connector and its corresponding dimensions
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5.1. X-Band measurements

The first installation of the SMA connector illustrated in Figure 5.3, as we can notice
we tried to avoid any problem that could result due to coupling between the SMA legs
and the dumbbell DGS cells etched beneath the filer ports, so at the ground plane we tried
to bend the connector legs to push them away as much as possible form the dumbbells to
avoid any coupling that could disturb the measurements. Also, the inner pin length of the
SMA connector is greater than the filter's microstrip ports length, so we soldered the
connector in such a way the SMA pin stick with the first half of the microstrip ports as
we see in Figure 5.3.

(b)

Figure 5. 3. Bad installation of SMA connector; a) upper face; b) bottom face
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After this installation of the connector as mentioned above, we put the filter under
test to conduct the measurements, we got very bad results as shown in Figure 5.4.

2020.06.10 17:06
stimulus  Utility He"‘l e e

file  Trace/Chan Response Marker/Analysis ’

$21 Logll 10. 0000dB/0. 0000dB
50. 000

40.000

Figure 5. 4. Measured Sy1 response

A comparison between the ideal simulation results and the measured results are
shown in Figure 5.5 below, we can see that the measured results are not acceptable. So,
to investigate the reasons that led to disturbing the measurements, we modeled the SMA
connector alongside the filter in the simulator to see its effect, at the same form we
installed during the measurements, as shown in Figure 5.6, a comparison between the
simulation results taking into account SMA effects and the measured results illustrated in
Figure 5.7.
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Figure 5. 5. Ideal simulation results vs. measurement results
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Figure 5. 6. SMA inclusion in the simulation; a) upper view; b) bottom view; c) side
view
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Figure 5. 7. Simulated S-parameters taking into account SMA bad installation vs.
measured S-parameters

After looking at Figure 5.7, we conclude that these bad results are attributed to the
wrong end installation of the SMA connectors used in measurement setup. Also, from the
field distribution shown in Figure 5.8, it can be noticed that the inner conductor of the

SMA that fall on the air act as external inductor disturb the matching between the end
connectors and the filter’s ports.
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Figure 5. 8. Field distribution due to SMA miss-installation; a) E-field top view; b) E-
field bottom view; c) E-field side view; d) H-field top view; e) H-field bottom view; f)
H-field side view

So, while we were trying to avoid any problem could be originated duo to any
coupling between the SMA ground legs and dumbbells DGS we felled into destructive
problem led to disturbing the matching between the filter and the connectors. Wherefore,
we had corrected SMA installation and strengthen the soldering as it is shown in Figure
5.9, where now the SMA inner connectors are completely soldered with the ports, and the
ground legs are soldered well to avoid any coupling affecting the measurements.
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Figure 5. 9. Fixing/Correcting SMA connector installation

After the correction of SMA installation, we conducted the measurements and
we got better results shown in Figure 5.10. comparison between the measured S-
parameter response after correction SMA installation and the ideal simulated results is
shown in Figure 5.11.
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(b)

Figure 5. 10. Measured Results after the correction of SMA installation; a) S2; measured
response; b) S11 measured response
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Figure 5. 11. Ideal simulation vs. measured S-parameters
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The measured transmission parameter (Sz1) agree with the simulated (Sz21) in term
of center frequency and in term of out of band rejection, but there is insertion loss
difference where the simulated insertion loss at the center frequency of 10 GHz about
0.33 dB while the measured response about 1.6 dB, also there is slight deviation at the
transition's edges at the lower and the higher edges. In term of return loss as we see from
Figure 5.11 there is a noticeable difference between to simulation and the measurements
within operating band boundaries, so to introduce explanation to these issues we return
to the simulation program to conduct the simulation taking into account the inclusion of
the SMA connector almost exactly as in the measurements, SMA connector inclusion in
the filter model is shown in Figure 5.12, a comparison between the modeling and the real
installation of the connector is shown in Figure 5.12. In Figure 5.13 we present a
comparison between the simulation results considering the SMA connector and the
measurement response.
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(©)

Figure 5. 12. Inclusion SMA connectors in the Simulator; a) top view; b) oblique view
of the upper face; c) oblique view of the bottom face
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Figure 5. 13. Simulation SMA- included vs Measured results
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Here the measured results agree well with the simulation after the inclusion of the
SMA in terms of the center frequency, bandwidth, return loss, and insertion loss as well
as the out of band rejection, we have a measured insertion loss (S21) about -1.6 dB, also,
we have measured return loss (S11) better than -10 dB, which agree well with simulation
results that takes into account the SMA connector presence. at the lower edge frequency,
we see that the transition of the measured response is less severe than the simulated this
attributed to the transition fabrication not clear enough at the taper edges, and to the
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drilling and coating quality of the via holes, that is because in these type of filters the via's
dimensions and the distance between the vias affect the lower edge cut off frequency.

So, after looking at Figure 5.13, we conclude that the difference between the ideal
simulation results and the measurements shown in Figure 5.11 attributed to end launch
SMA connectors that are used in measurement setup but did not take into account during
the design, these connectors affect the insertion and the return loss.

Also, high-performance end launch connectors that having a thinner and shorter
inner pin connector, and of a separating distance between the inner conductor and ground
legs suitable to laminate thickness should be used or using K-connector that fit well and
work up to higher frequencies than SMA connectors, these connectors are shown in
Figure 5.14, these type of connector provide excellent return Loss and better insertion
losses up to frequencies more than 26 GHz.
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(b)

Figure 5. 14. High-performance end launch connectors; a) high-performance SMA
connector serve up to 26.5 GHz; b) 2.92mm or k- connector serves up to 50 GHz

5.2. Discussing the Reasons for the Results Variation

Here we present the main reasons that affect the agreement between the
measurements and the simulation, then we suggest measures to get better compatibility
between them.

The variation between the simulation and the measurement results is probably
caused by:

U Fabrication tolerance.

O The connector losses and unexpected material losses that are not included in the
simulations.

QO Installation misalignment of the SMA connector, that is because the available
connectors are not suitable for the filter, owing to SMA connector size does not
suit the laminate size.
++ Should use a proper SMA of a thinner pin (inner conductor)

%+ Using SMA connector having a separation distance between the inner pin
(conductor) and the ground legs that match laminate's thickness used in the
design process. The SMA connector we have used has a thick and a tall inner
pin conductor also, the separation between the inner pin and the ground's legs
is about 1.405 mm that is not matching and greater than laminate's thickness
which is 0.508 mm. So, a high-performance connector with a tiny inner
connector pin should be used, as suggested in section 5.1.

For better agreement between the simulation and the measurement:

O The design process and the real measurements should be done in a synchronized
manner
« To take into account any unexpected problems and differences that
originated due to the material and conductor losses.
++ To ensure that set up of simulation settings gives reliable results.

O Inclusion the SMA during the design process to ensure solid taper transition
tuning.
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6. CONCLUSION

In this work, we have looked in the design prosses of two bandpass filters based on
Substrate integrated waveguide (SIW) and defected ground structures (DGS) techniques,
that have the feature of being easily integrated with other planar structures. The first BPF
is a wideband filter for X-band applications and the second is a broadband filter dedicated
to C-band space communications. The modeling and simulation processes of the filters
were conducted by building 3D models in CST Microwave Studio.

The X-band proposed filter gets a low insertion loss and good return loss with sharp
and wide out-of-band rejection, we exhibited the design stages that includes the
performance enhancement process. The filter prototype constructed using SIW-DGS
cells in the upper face of the SIW and it had a good performance in the passband, but it
suffers from spurious response appears in the stopband. To widen the bandwidth of the
stopband and increase suppression of the spurious responses, dumbbell slots were etched
on the ground plane of SIW resulting in a very wide stopband rejection and reduced
spurious response, accompanied by better passband performance.

The C-band filter is designed for C-band satellite communication applications, it
was mainly designed to simulate its peer filter of non-planar waveguide technology,
which proved the ability of this cheap technology to do a good job when compared with
the expensive bulky metallic waveguide’s technology. Also, the proposed filters offer
almost a flat group delay in the passbands. The proposed filters have a relatively compact
size.

The outcomes of the work in this thesis spot the light on the validity and ability of
this technology in designing high-performance wideband filters. Further size reduction
can be done using Half Mode Substrate Integrated Waveguide. Other methods can be
implemented along with SIW in designing of novel narrowband filters such as using
coupling matrix synthesis to design filters based on iris type resonators or seeking for
novel resonators with higher Q-factor, these filters can be supported with DGS or spur
lines at the input and output ports to produce another transmission zeros to further
enhance the stopband performance.
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