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ONSOZ

Bu projede MEMS teknolojisi ile RF devre elemanlari gelistirilmeye ¢aligilmis, proje
qergeves_i_nde tasarim, benzgtim, iiretim ve test agamalarindan gegilmistir. Proje, Orta Dogu
Teknik Universitesi (ODTU), Elektrik ve Elektronik Miihendisligi B6limii’niin Mikrodalga
Arastirma Laboratuari’nda ve ODTU Mikroelektronik Tesisleri’'nde 1 Mart 2002 ile 1 Mart-
2005 tarihleri arasinda Tiirkiye Bilimsel ve Teknik Aragtirma Kurumuw’nun (TUBITAK)
destegiyle ylrtitillmiigtiir.
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0z

RF MEMS (Radyo Frekansi Mikro-Elektro-Mekanik Sistemleri) elemanlari, mikrodalga
frekanslarda cahsan devrelerde kullamlmak tizere fotolitografik islemlerle {iretilen
clemanlardir. Bu elemanlar, ucuz, diigiik gii¢ harcayan, hafif ve kiigik sistemler
geligtirilmesine olanak vermektedir. RF uygulamalar icin, kapali oldugunda diigiik araya
sokma yitimine sahip ve agik oldufunda yiiksek izolasyon saglayan mikro mekanik
anahtarlar, faz kaydiricilar, empedans uyumlama devreleri ya da faz dizili antenler bu
teknoloji ile iiretilebilmektedir. RF MEMS’in bu dzellikleri ve kritik alanlardaki uygulamalar:
sebebi ile, MEMS teknolojisiyle RF devre elemanlar geligtirmek tizere, Orta Dogu Teknik
Universitesi’ndeki (ODTU) Mikrodalga Grubu ve MEMS grubu ortak bir caliyma
baglatmigtir, Ortak ¢aligma, RF MEMS konusunda bir bilgi birikimi olusturmak i¢in genis bir
literatiir taramast ile baslammstir. Edinilen bilgiler sifinda yeni RF MEMS yapilar
tasarlanmis ve bu yapilarnn teorik olarak caligtiklarn HFSS ve MEMCAD yazilimlari
kullanilarak gdsterilmigtir. Bu raporda ODTU’de TUBITAK destegiyle gerceklestirilmig
101E023 numarali “MEMS Teknolojisi ile RF Devre Elemanlarinin Gelistirilmesi” projesi
kapsaminda yapilan isler anlatilmaktadir. ODTU Mikroelektronik  Tesisleri’nde
gerceklestirilen iiretim siiregleri, yapilan benzetimlerin sonuglari, ve tiim bunlar ile tasarlanan,
iiretilen ve test edilen anahtarlar, faz kaydiricilar, empedans uyumlama devreler ve faz dizili
antenler bu raporun kapsadig1 konulardir.

Anahtar Sozeiikler: mikro-elektro-mekanik sistemler, radyo frekansi, anahtarlar, faz
kaydiricilar .
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ABSTRACT

RF MEMS (Radio Frequency Micro-Electro-Mechanical Systems) components are fabricated
by photolithographic processes to be used in circuits operating in microwave frequencies. RF
MEMS technology enable us to develop low-power, light, inexpensive and small systems. By
this technology, components like switches having low insertion loss and high 1solation, phase
shifters, impedance matchers and phased array antennas can be designed and fabricated.
Considering the critical application areas and high performance of RF MEMS, in order to
develop RF circuit components using MEMS technology Middle East Technical University
Microwave group and MEMS group began a collaborative work. This work advanced after an
extensive literature search and in the light of the gained knowledge, new RF MEMS
components are designed whose operation are theoratically proved by HFSS and MEMCAD
softwares. This report presents the studies done in the scope of TUBITAK. project “MEMS
Teknolojisi ile RF Devre Elemanlarimn Gelistirilmesi”. The improved fabrication proces
developed at METU Microelectronic Facilities (METU-MET), simulation results and the
components designed, fabricated and measured such as switches, phase shifters, impedans
matchers and phased array antennas are the subjects of this report.

Key Words: micro-electro-mechanical systems, radio frequency, switches, phase shifters
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1 GIRIS

MEMS teknolojisi, elektronik diinyasinda yeni bir ¢agin agilmasina yol agmugtir. Bu
teknoloji, gelismis yar1 iletken teknolojisi ve mikroigleme yontemleri ile hassas
mikromekanik yapilarin tasarlanmasina imkan vermigtir. Kullandigi bu teknolojiler ve
yotemlerle birgok yeni elektronik yapmun yiiksek performans ve diisik maliyetle
gereklestirilmesini saglamaktadir. Calisma frekanslanmin gitgide arttigi, buna karsin cihaz
boyutlarimn biiylik bir hizla kiiglildiigli giiniimiizde, bu &zelliklere sahip MEMS
teknolojisinin, RF elektroniginin de ilgisini ¢ekmesi kaginilmaz olmus, bunun senucunda, son
yillarda, bu iki teknolojiyi biraraya getirme adina yogun bir aragtirma baglamugtir. Bu
arastirmalar sonucunda, MEMS’in, mikrodalga alaninda kullanilan baz: devre pargalarinin da,
daha yiiksek verim ve daha diisiik maliyetle tekrar gelistirilmesine imkan saglayabilecegi
ortaya konmugtur. RF MEMS teknolojisi kullanilarak iiretilen devre elemanlarinin ortak
ozellikleri diisitk araya sokma yitimine (insertion loss)} sahip olmalari ve daha az giig
harcamalarimin yam sira daha az hacim kaplalamalan ve daha hafif olmalandir, Seri iiretime
gegildigi takdirde de maliyetleri oldukga azalmaktadir. Bu dzelliklerinden dolayr bu
elemanlann, kisisel cihazlarin alici verici devrelerinde ¢ok genis kullanum alanlan vardir.
Ayrica hafif olmalan ve az giic harcamalar telsiz haberlegme sistemleri gibi cihazlarm da
hafif ve uzun 6miirlii olmasim saglamaktadir.

Bu vyeni teknolojinin tilkemizde bulunmasmn iilkemize ne kadar biiyitk bir teknolojik -
avantaj saglayacag yukarida anlatilanlar dogrultusunda son derece agiktir. Bunun yaninda,
her kritik teknolojide oldugu gibi, RF MEMS’de de, cihazlarin yurt disindan alinmasinin hem
zor hem de olduk¢a maliyetli olmasi sebebiyle bu teknolojinin iilkemizde bulunmas:
ekonomimize énemli bir katki saglayacaktir. Biitiin bu diistinceler 1s1ginda, bu raporda bahsi
gegen projenin hedefi, ODTU deki galismalarda MEMS teknolojisini RF devre elemanlan
yapacak olgunluga ulastirmak ve RF MEMS konusunda boHimiimiizde énemli bir altyap:
olusturmak olarak belirlenmigtir. Bu hedefe, bdliimiizdeki saglam RF altyapisini, MEMS
teknolojisi ile birlestirerek ulasmak esastir.

Diinya litaratiiriindeki ¢aligmalara bakilidiginda, RF MEMS arastumalan igindeki en
yaygin ve aymi zamanda Oncii olan iirlin anahtarlardir(switch). Anahtarlar seri ve paralel
olarak iki farkl: sekilde olusturulurlar. Seri anahtarlar hatt1 seri olarak acip kapayarak sinyalin
gegmesini veya gecmemesini saglarlar. Paralel anahtarlar sinyal hattimt toprak hattina
baglayarak sinyalin gegisini énlerler. Bu anahtarlarin en biiyiik 6zelligi esdegerleri olan FET
anahtarlara gore gok daha az araya sokma yitimine sahip olmalan ve gok daha az giig
harcamalaridir. Anahtardan bir {ist agsamada ise mikrodalga geciktirme devreleri (microwave
delay circuits) diger bir deyisle faz kaydiricilar (phase shifters) yer almaktadir. Bu faz
kaydiricilarin en biiytik 6zelligi her frekansta aym faz farkimi vermek vyerine farkl:
frekanslarda dalga boyu ile orantili faz farks vermeleridir. Bu sebepten dolay: faz kontrollii
“dizi (phased array) uygulamalarinda biiylik 6nemi vardir, Faz dizili anten tasarimlarin temel
¢alisma prensibi de faz kaydinicilarla dayanmaktadir. Anahtarlar ve faz kaydiricilarimn
yaninda empedans uyumlama devreleri de RF MEMS teknolojsi kullamlarak -elde
edilebilmekte ve daha kiigiik alanlarda tatmin edici empedans eslemeleri gériilmektedir.

Bu proje kapsaminda MEMS teknolojisi kullamlarak yukarida bahsedilen RF devre
elemanlarinin  gelistirilmesi planlanmugtir,. Bu kapsamda yazilim destekli benzetim
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pronrarnlarl kullanilarak tasarrmlar yapilmus, istenilen performans diizeyine ulasan yapilar
icin serilim (layout) ¢izimleri tamamlanmigtir. Bu g:mmler sonucu maskeler tirettirilmis ve
elde edilen maskelerle ODTU-MET’te {iretim siirecine gecilmistir. Uretilen elemanlar
lotilmis ve ODTU’de gergeklegen bu ilk RF MEMS temelli galigmalar oldukea tatmin edici
sonuclar gdstermistir. Proje basindaki hedeflere bakilidginda, bu hedefleri saglamaya yonelik
caligmalarin yapildigy, hatta éngérillen hedeflerin agildif1 gozlemlenmistir.

Proje basinda yapilan literatiir ¢alismalant ve bélimiimiiz elektromanyetik grubu 6gretim
elemanlariyla birlikte gergeklestirilen beyin firtinasi toplantilari sonucu proje boyunca
gergeklestirilmesi planlanan hedefler belirlenmistir. Bu hedefleri gergeklestirmek igin takip
edilen adimlar su sekilde siralanabilir:

I. HFSS ve MEMCAD gibi yazilimlar kullanilarak mekanik ve mikrodalga
simiilasyonlar yapilmas: ve uygun yapilara karar verilmesi,

2. Karar verilen uygun yapimn performansinin en iyi diizeye getirilmesi icin
optimizasyon ¢alismalarimn yapilmasi,
3. CADENCE yazilim program: kullanilarak tasarimin seriminin yapilmasi ve bu

serimden yurtdisinda maskelerin tirettirilmesi,

4. Tasarmlarin = ODTU-Mikroelektronik  Tesisleri’ndeki  altyapr  kullanilarak
tiretilmesi; gerekirse yeni tasanmlann ve maskelerin yapilmasi,

5. Uretilen cihazin uygun bir paket igine yerlestirilerek test cihazlarlarina baglanmas:
icin uygun bir paket tasarlanmasi ve yapilmasi,

6. Son testlerin éncelikle ODTU'deki imkanlar kullamlarak yapilmas.

Tasarim, simulasyon, iiretim ve dlctim icin ODTU Elektrik ve Elektronik Miihendisligi
Bélimiit MEMS-VLSI Arastrma Grubu ve milimetrik dalga laboratuvarinin biinyesinde
asagidaki araghirma olanaklar: kullanilmstir:

1. Tasarim olanakiarn: Sun Ultra5 is istasyonlan (5 adet), VLSI ve MEMS tasarim
yazilimlan (Cadence, Mentor), FEM simiilasyon olanaklan (ANSYS, MEMCAD).
RF simiilasyon yazilimlan (HFSS, Ensemble),

2. Mikroelektronik tiretim ve test altyapisi: Temizoda, ince film metal kaplama,
litografi donamimu (mask aligner, spinner, vb.), probe station, wire bonders,
kimyasal agindirma odast,

3. Mikrodalga test altyapisi: Probe station, test ekipmanlan (scalar network analyzer,
vector network analyzer, v.b.).

Yukarida belirtilen olanaklar kullamlarak ve de daha &nce deginilen adumlar takip
edilerek, proje sonunda istenilen noktaya gelinmis ve ODTU’deki RF galigmalan ve MEMS
calismalart yeni devre elemanlann gelistirilmesi dogrultusunda ortak bir noktada
bulusmuslardir. Anahtarlar, faz kaydincilar, empedans uyumlama devreleri, faz dizili antenler
ve ayarlanabilir antenler iizerine tasarim ve tiretim galigmalar yapilmig, tatmin edici sonuglar
ahnmustir, 3 yila yayilan tasarim, modelleme ve iiretim siireclerinde uluslararas: alanlarda ilgi
goren sonuclar elde edilmis, hedeflenenin iistiinde ilerleme kaydedilmigtir.

2 GELISME

Projenin basinda hedeflenen tasarimlar, bolimiimiiz elektromanyetik grubu &gretim
elemanlanyla birlikte gergeklestirilen beyin firtinas: toplantilarindan sonra elde edilen gesitli
fikirlerin icinden secilerek ortaya ¢ikmistir. Bu tasanim ¢aligmalann iki grupta
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yogunlastinlmigtir. Birinci grupta, literatiirde halen meveut olan anahtar ve faz
kaydirieilarmin - degisik  geometriler kullamilarak  depistirilmis sekilde iiretilmesi yer
almaktadir. Bu kapsamda gesitli anahtar ve faz kaydiric: geometrileri tasarlanmugtir. Tkinei
grupta ise literatiirde mevcut olmayan yapilarm tasarim yer almaktadir. Bu kapsamda
empedans uyumlama devresi, kontrol edilebilir gii¢ béliicii devresi ve faz kaydiricilarla
entegre bir bicimde tiretilmesi diigiiniilen faz dizili anten sistemi yer almaktadir. Bu
tasarimlarin serimleri yapildiktan sonra maskeler tirettirilmis ve bu maskeler kullamlarak
{iretim siirecine gegilmistir.

Tasarimlar yapilirken mekanik ve elektro manyetik simulasyonlar yapilmistir. Mekanik
simulasyonlarda kullanilan program Coventorware, elekiromanyetik simulasyonlarda
kullanilan progam ise HFSS’tir. Tasarimlari bitmis ve simulasyon sonuglarindan beklenen
performans: gosterebilecegi anlagilmg yapilar tiretim siirecine sokulmustur. Proje boyunca iki
temel iiretim stireci tammlanmigtir. Bu siiregler, tasarlanan yapilar igin optimum {ir{inleri
ortaya g¢ikarabilecek hale gelene kadar degisikliklere ugramis, ve her ikisinden de sonug
alinmustir. Bu raporda proje boyunca ilerleme kaydetmis ve son hallerini almig olan tretim
stirecleri, tasarlanan yapilarla paralel olarak anlatilacaktr.

2.1 URETIM SURECLERININ TANIMI

Uretim siireci 4 ana adimdan olusmaktadir. Bu adimlar birinci metal katmamnn serilimi,
dielektrik katmanmimn serilimi, ara katman ve ikinci metal katmamnin serilimi olarak
siralanabilir (Sekil 1). Bu tabakalarn yapim igin kullanilan malzemelerden, taban gibi,
bazilarimin cinsi tasarim i¢in ¢ok kritik olmakla beraber, metallar gibi, bazilarinin cinsi
tasarimin ¢alismasindan ¢ok performansini etkilemektedir. Bu noktada her katmanin belli bir
malzeme ve yéntem ile sorunsuz yapilabiliyor olmas: ve difier katmanlarin yapim sirasinda
zarar gdrmemesi, tim f{iretim gdze alindifinda performanstan daha Onemli bir hale
gelmektedir. Bahsedilen durum géz oniinde bulundurularak ilk 6nce sirayla her katmanm
birbirinden bagimsiz olarak {retilebilmesine c¢aligilmig, bir taraftan da egzamanl olarak
katmanlarin isleme siireglerinin birbirleriyle uyumu gézlenmigtir. Uyumsuziuk durumlarinda
ise katmanlardan birinin isleme stirecinde degisikliklere gidilmistir. Katmanlarda kullanilan
maddelerde yapilan degisiklikler temel aliarak iki farkl: tiretim siireci tanumlanmusgtr.

[ a0

RN Drela

Sekil 1 Uretim siirecinin &zeti.
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2.2 1. NESIL URETIM SUREC]

Birinci nesil {iretim siireci firetim tecriibesinin artmastyla gok ilerleme kaydetmis ve
degisikliklere ugramistir. Simulasyon sonuglari alinmis tasarimlarin iiretilmesi icin ilk olarak
su sekilde bir siire¢ distintilmiigtiir:

a. Birinci metal tabaka altin (Au) olarak tasarlanmustir ve bu altin tabakasimi cam taban
fizerine yapigtirmak icin krom (Cr) tabaka kullamlmigtir. Bu tabaka igin altin secilmesinin
sebepleri 1) metalin sonlu iletkenliginden kaynaklanan kayiplan en aza indirmek; 2) genel
olarak metallerin iizerinde olusan ince oksit tabakasinin olusumunu 6nlemektir. Altinda
oksitlenme olugmamaktadir, béylece RF karakteristiginde bu oksitlenmeden kaynaklanan
kayiplarin dniine gecilmektedir.

b. Ikinci tabaka, birinci metal tabakasimn iizerinde bulunan yalitkan tabakadir. Bu tabaka
yiiksek dielektirik sabiti nedeniyle Silikon Nitrit (SisNy) olarak secilmistir. Bu tabaka
serilirken gok diizenli olmas: ve kalinligimn degismemesi, hareketli metal tabaka yalitkan
tabakanin tam olarak lizerinde oldugu zaman, yalitkan ¢kmesine ugramamas: ve yiiksek bir
siga saglamasi acisindan ¢ok dnemlidir.

c. Usiincii tabaka, tist metal tabakammn insa agamasinda {izerinde duracagi ara tabakadir. Bu
tabakanin kalinhgm degismemesi g¢ok 6nemlidir. Ciinki, eger bu kahnlik degisirse, havada
asili duran yapilar tabana daha yakin olacak, iletim hatlarinmn karakteristik empedanslan
degigecek, sonug olarak yapilarin RF karakteristikleri defisecek ve kayiplari artacaktir.
Ayrica bu agsamanin sekillendirilmesi yapilann tabana iyi yapigmalan agisindan da ok
tnemlidir.

d. Son tabaka, ara tabakamn destek gorevi gérdiigii ve yapilarin hareketli kisimlarini olusturan
ikinci metal tabakadir. Bu tabakanin ara tabaka {izerinde biiyityebilmesi icin, tnce ara
tabakayr tamamen kaplayan bir bakir(Cu), tohum tabaka kullanilmaktadir. ikinci metal
tabakanin ana maddesi nikel(Ni)'dir. Bu tabakamn kalmlifi yapilarin mekanik karakteristigini
dogrudan etkilemektedir. Bu tabaka serilitken gerilimden de anndinlmis olmasi
gerekmektedir. Clinkii, izerinde az veya fazla gerilim olan tabaka, ara tabaka kaldinldiktan
sonra, asagi veya yukar1 yonde egilerek yapilarin karakteristigini bozabilir.

Son tabaka da serildikten sonra, ara tabaka kendi agindiricisinda kaldinlir ve yapilar
havada asth olarak kalir. Bu asamada gok dikkatli olunmas: gerekmektedir, ciinkii yapilacak
hatalar havada ¢ofu zaman ufak yerlerden tabana bagh olarak asﬂx duran mikro yapilann
zarar gérmesine sebep olabilir.

Daha sonraki ¢aligmalar ve incelemeler yukarida anlatilan bu ilk iiretim tasansinda bazi
eksiklikler oldugunu ortaya ¢tkarrms bu yiizden daha iyi bir optimizasyona ihtiyag oldugu
sonucuna varilmigti. Bunun sonucunda katmanlarin iiretiminde daha ayrntih ve daha
glivenilir olan bir siirece girilmistir. Bu yeni siiregte yapilan baz1 degisikliklere ve bunlarn
nedenlerine asagidaki paragraflarda deginilmistir.

Birinci olarak, tretilen yapilann RF performanslarinin iyi olabilmesi icin birinci metal
katmamn saglamas: gereken kosullar detayl: olarak ele alinmistir. Metal hatlarin direncinin
disiik olmasi gerekmektedir ¢iinkii yiiksek direng sinyal kaybina yol agmaktadir. Hatlann
- direncini disiirebilmek igin yiiksek iletkenlie sahip bir metal kullanmak gerekir. Bunun
yamsira direncin diigiik olmas: i¢in metalin kalinhifini olabildigince yiiksek tutmak
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gerekmektedir. Ayrica metalin oksitlenmemesi veya yiizeyin oksitlenmeyen bagka bir metalle
kaplanmasi gerekir; ¢iinkii oksitlenme hem kontak direncini hem de hat direncini
arttrmaktadir. Temel olarak hattin direncini diisik tutabilmek igin yiiksek iletkenlige sahip,
oksitlenmeyen metallerin kahnlig: kontrol edilebilir bir bigimde serilebilmesi gerekmektedir.

Bu elektriksel gerekdiliklerin yanisira metalin alt tabana iyi yapigmasi, daha sonraki {iretim
asamalarindaki sicakliklara ve kimyasallara dayanmast, ve litografi teknikleri kullamilarak
diizgiin bir sekilde sekillendirilebilmesi gerekmektedir. Biitiin bu sartlart karsilayabilecek bir
metalizasyon yontemi gelistirmek maksadi ile izleyen paragraflarda anlatilan metal tiirler ve
teknikler daha &nce deginilen yeni siiregte denenmistir.

Ik olarak Al metal kaplanmas: ve sekillendirilmesi denenmistir. Kaplama igin tozutma
(sputter) teknigi kullamlmustir. Sekillendirme igin ise litografi ve agindirma teknikleri
kullamImugtir. Bu ydntemle ilgili bazi 6nemli noktalar asagida verilmistir.

* Al iletkenligi yiiksek bir malzemedir fakat bakir veya altin gibi malzemelere gére
iletkenligi diigtiktiir.

» Al oksitlenen bir malzemedir ve oksitlenmeden korunmasi icin altin gibi
oksitlenmeyen bir metal ile kaplanmas: miimkiin degildir.

o Daha sonraki iiretim agamalarinda kullanilan fotorezistlerin developerlan tarafindan
aginmaktadir. Bu sebepten dolay: daha sonraki asamalara karsi dayamksizdir,

« Sputter teknigi ile istenilen kalinlikta kaplanmasi miimkiindiir.

« Kullamlan gesitli tabanlara (Si, cam, vs.) yapiskanlip iyidir.

» Agindirma teknigi ile kesin hatlar sekillendirilebilmektedir ve iyi bilinen agindirma
yontemleri mevceuttur. '

Yapilan denemeler sonucunda cam pullar iizerinde diizgiin bigimlendirilmis Al hatlar elde
edilmistir. Fakat yukandaki ilk ii¢ maddede belirtilen dezavantajlardan dolayr Al katmandan
vazgecilmistir.

Ikinci denemede bakir hatlar tiretilmeye caligilmigtir. Bakir da altiminyum gibi sputter
teknigi ile kaplanmug ve asindirma teknigi ile sekillendirilmistir. Bakir metalizasyonu ile ilgili
onemli noktalar ise su sekilde siralanabilir:

» Balurn iletkenligi aliiminyum ve altina gére daha yiiksektir.

» Istenilen kalinlikta kaplanmas: miimkiindiir.

» Si veya cam gibi tabanlara kolay kolay yapismamaktadir. Bu sebepten dolay: bakir
kaplanmadan énce tabanin fizerine titanyum kaplanarak yapisma miktan
arttirtlmistir,

» Asindirma teknifi ile sekillendirme sirasmda ¢ok hizh asinma gerceklestiginden
diizgiin bir sekillendirme yapilamamustir. Bunun {izerine bagka bir teknik olan liftoff
kullamlmgtir. Fakat bu sefer de vyiksek sicakliklara ¢ikildigindan basaril:
olunamamustir. '

« Bakir da aliiminyum gibi oksitlenen bir malzemedir fakat bakirin iizerine
oksitlenmeyen bir malzeme olan altin kaplanmasi miimkiin oldugundan bu sorun
cozlilmiistiir,

» Altin ¢ok dayanikl: bir metal oldugundan altta bulunan bakin daha sonraki
agamalarda korumakta ve ilk metal katmanimimn zarar gérmemesini saglamaktadir.
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Birgok avantajma ragmen diizgiin gekillendirilememesi  bakr metalizasyondan
vazgecilmesine sebep olmustur.

Ugiineii olarak altin metal katmani olarak denenmigtir. Altin kaplamada buharlastirma
teknigi kullamlmistir. Sekillendirme sirasinda ise hem agindirma hem de liftoff teknikleri
denenmistir. Altin metalizasyonu ile ilgili 6nemli noktalara asafida deginilmistir:

= Altin iletkenligi yitksek bir malzemedir.

» Istenilen kalmlikta kaplanmas buharlastirma teknigi ile miimkiin olamamaktadir,

« Tabana yapiskanlig1 az oldugundan kaplanmadan once titanyum yada krom gibi
yapistirict bir katmanin kaplanmasi gerekir.

» Agindirma teknigi ile sekillendirildiginde hizh asimadan dolay: istenilen sekiller
clde edilememektedir. Liftoff teknigi kullamildiginda ise diizgiin sekillendirimekte
fakat fazla kalin kaplanamamaktadir.

e Altin oksitlenmediginden dolay1 herhangi bir iletkenlik kayb1 yoktur.

» Dayanikli bir metal oldugu icin daha sonraki iiretim asamalannda zarar gérmez.

Birgok avantaji olmasina ragmen istenilen kalinlikta sekillendirilememesi ve yiiksek
maliyetinden 6tiirii altin kaplamadan vazgegilmistir.

Yukarida anlatilan denemeler sonucunda ilk metal katmam igin su sonuca varimustir.
Katman bakirdan yapilmalidir ciinkit bakirin iletkenligi gerek alliminyuma gerekse altma gore
yitksektir. Fakat bakuir tabana iyi yapisamadif icin yapistirma igin Snce tabana titanyum
serilmelidir. Ayrica oksitlenmeyi engellemek icin tizerine altin kaplanmalidir. Biitiin bu
sorunlar asildiktan sonra geriye sadece diizgiin sekillendirme ve istenilen kalinlikta kaplama
- sorunu kalmustir. Sekillendirme icin liftoff ve agindirma teknikleri daha énceden denendigi ve
basanisiz sonuglar elde edildigi icin bagka bir yontem kullamlmasi gerekmektedir, Bu
sebepten dolay1 alternatif bir kaplama ve sekillendirme teknigi olan elektrokaplama
- kullamilmas: digtiniilmiistiir; ¢iinki elektrokaplama teknigi ile istenilen kalinlikta kaplama
© yaplmasi ve ayni zamanda kaplama yapiirken diizgiin bir sekillendirme  yapilmasi
. miimkiindiir. Sonug olarak ortaya cikan ilk metal katmanimn liretim asamalan Sekil 2°de
© verilmistir, Sekil 2'de gosterilen tiretim sfirecinin asamalart s6yledir:

* Cam pulun iizerine yapismayi saglayacak kadar kalinlikta (75-100 A) titanyum
sputter y6ntemi ile kaplamr.

e Titanyum kapli pulun tizerine elektrokaplama i¢in alt metal olarak kullanilacak olan

- bakir katman (2500 A) sputter yontemi ile kaplanr. : -

* Alt metali ile kaplanms olan pulun iizeri yaklagik 4 pm kalinhiginda fotorezist ile
kaplamir ve bu fotorezist litografi ile sekillendirilir. $ekillendirilmis olan bu
fotorezist elektrokaplama sirasinda kalip olarak kullamilacaktir.,

o Elektro kaplama ydntemi ile kalip olarak kullamlan fotorezistin acilmis bélgeleri
bakir ile kaplamur.

e Bitiin ylizey buharlastirma yéntemi ile ince bir koruyucu altin tabaka ile kaplanir.

* Pul asetonun igine daldinlarak titrestirilir bu sayede hem kalip fotorezisti hem de
fotorezistin iizerindeki altin kalkar.

¢ Pul cok zayiflanlmis olan bakir agindirter ¢ozeltinin igine atilir, Bu sayede alt
metalde kullantlan bakir agindimlarak sekillendirilir.

® En son olarak da pul titanyum agindinc: cozeltinin icine atilir, Agik alanlardaki
titanyum agindinlarak sekillendirme tamamlansr.
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Sekil 2. ilk metal katmanimi tiretim siireci. (a) cam pul izerine sputter teknigi ile titanyum

kaplama. (b) Sputter teknigi ile bakir kaplama. (c) Elektrokaplama igin kalip olarak kullanilan
fotorezistin serimi ve sekillendirilmesi. (d) Elektrokaplama yontemi ile bakir kaplanmas.
(¢} Koruyucu altin katmanin buharlagtirma yontemi ile kaplanmasi. (f) Liftoff teknigi ile
fotorezist ve tizerindeki altin tabakammn kaldirilmas:. (g) Asindirma ile agik bolgelerdeki
titanyum ve bakirin kaldirtlmasi.

Sonuc olarak ilk metal katmanimn {iretimi igin birgok yéntem denenmigtir. Bu denemeler
sonucunda yukarida belirtilen yéntem gelistirilmistir. Denenen biitiin yéntemlerin avantaj ve
dezavantajlart Tablo 1°de verilmistir. Aynca son bahsedilen yontem kullanilarak tretilen
birinei metal katmam hatlarimn RF testleri de yapilmustir. 3 pm kalnhkta ve 2.2 cm
uzunlugunda bir hat igin yapilan hesaplamalarda araya girme kaybinin (Sz;) 1 dB civarinda
oldugu bulunmustur. Bu da asapida Sekil 3°te goriilen 6l¢lim sonuglarma oldukea yakindir.

Tablo 1. Birinci metal katman {iretim yéntemlerinin karsilastinlmast.

fletkenlik | Kahnlik | Sekillendiritme | 120202 | Kimyasal Okssitlenme

yapisma | direnci direnci

Al orta iyi tyi iyi kotit kotit

Cu . S - I .

sputter 1yl orta Kot iyi iyi Iyi

Au iyi kotii QOrta fyi*** iyi iyi

Cu e- - . - I~ - —

Kaplama yi yi Iyi ivi ivi Iy1

* Tabana yapiskanlif saglamalk igin titanyum serildiginde.
*% Ustiine koruyucu bir altin tabaka serildiginde.
*#* Tabana yapiskanlifi saglamak igin krom serildiginde.
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Sekil 3 Cu elektfokaplamé yﬁinferniyle uretllenhattm araya girme kaybl.

RF MEMS f{iriinlerde, birinci metalin iizerine, dogru akum (DC) kisa devre olusmasim
engellemek igin dielektrik yalitim katmam serilmesi gerekmelktedir. Bu amacla silikon dioksit
(510;) ve silikon nitnit (Si3Ny) lizerinde galismalar yapilmustir. Silikon-dioksit iizerine yapilan
¢alismalarin dzeti su sekildedir: ' : '

e Silikon dioksit birinei metal katmam {izerine sorunsuz bir sekilde kaplanabilmektedir.

o Silikon dioksit katmanmimn daha sonraki firetim siireci asamalarmda kullamlan
kimyasallara yeterince dayamklilik gosteremedigi gzlenmistir.

e Silikon dioksitin ¢akma gerilimi (breakdown voltage) yeterince yiiksek degildir.

Yukarida sozii edilen sorunlardan dolayi, calismalarin ilerleyen béliimlerinde silikon nitrit
lizerinde yogunlasilmistir. Calismalarimiz su sekilde 6zetlenebilir.

o Silikon nitrit birinci metal katmamn tizerine sorunsuz bir sekilde kaplanabilmektedir.
e Silikon nitrit sonraki asamalarda kullanilan kimyasallara olduk¢a dayamkhdir.
o Silikon nitrit silikon dioksite kiyasla daha yiiksek bir dielektrik sabitine sahiptir.

Bu sonuglar gergevesinde silikon nitridin yalitici olarak kullanilmasina karar verilmistir.

Daha 6nce de belirtildigi gibi tiretim siireci sonucunda RF MEMS iiriinlerinin elde
edilebilmesi i¢in havada durabilen koprii benzeri mekanik yapilann elde edilmesine
gereksinim vardir. MEMS siireglerinde genellikle yapilanin havada durabilmesi igin ara
katman kullanilmaktadir. Bu ara katmanin segimi, iiretim siirecine uyumlulugu, ara katmanin
kalinhg gibi ¢ok 6nemli konular vardir. Proje cergevesinde temel olarak sizii edilen bu
konular ve bagka ayrintilar tizerinde calisilmistir.

Uretim siirecinde ara katman olarak, literatiir arastirmast da gz oniinde bulundurularak

fotorezist kullamlmasina karar verilmistir. Yapilan denemelerde ilk olarak SJR5740 isimli
fotorezist iistiine calisilmus ancak bu fotorezistin daha kalm ara katmanlarin elde edilmesinde
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kullanlabilecegi anlagilmistir. Tasarimlarimizda 5 pm kahinhiginda ara katmanin kullamimasi
gerektifi ve bunun ok kritik oldugu géz 6niine alinarak baska bir fotorezist, S1828 iistiinde
galigilmaya baglanmugtir. Bu fotorezistin gerek serim ve islenme kolayligi bakimindan gerekse
istenen kalinlifin kolayca elde edilebilmesi yoniinden SJR5740a kiyasla amaglanmiza daha
uygun oldugu gozlenmistir. Ara katmanm sekillendirme siireci ise sorunsuz bir sekilde
gergeklestirilebilir hale getirilmistir.

Ozetle, |

e Arakatman olarak SJR5740 ve S1828 fotorezistleri denenmistir.

o SJR5740 fotorezistiyle istenen kalinliklari elde edebilmekte giicliikler oldugu
gozlenmistir.

» 51828 fotorezisti istenen ara katman kalmhgm saglayabilmektedir.

s 51828 fotorezistinin sekillendirilmesinde bir sorun bulunmamaktadr,

Havada duran képrilerin elde edilmesinde nikel elektrokaplama yapilmaktadir.
Elektrokaplama siirecinde gerilimin istenen yerlere iletilebilmesi icin ara katmamn {izerinin
ince bir metal ile kaplanmas: gerekmektedir. Bu metalin secimi tiretim siirecinin daha sonraki
asamalarl gz 6niinde bulundurularak yapilmalidir. Metalin hangi yéntemle hangi kogullar
altinda serildigi de oldukg¢a Snemlidir.

Elekirokaplama 6ncesi ince metalizasyon ¢alismalar1 gergevesinde ele alinda ilk metal
nikeldir. Bu metal buharlagtirma ySntemiyle serildiginden pulun 1sitilmasi gerekmemektedir.
Dolayisiyla, ara katmanin pismesi gibi bir sorunla kargtlasmasi séz konusu degildir. Ayrica
nikel cam ve ilk metalizasyon yiizeyine iyi bir sekilde vyapisabilmektedir. Ancak
buharlagtirma yntemiyle serilen nikel kolayca catlayabilmektedir. Bu durum stirecin daha
sonraki kismini olduk¢a olumsuz bir sekilde etkilemektedir, Ayrica elektrokaplama icin yine
nikel kullanildigindan, agindirma sirasinda problemler yagandig gézlenmistir.

Ozetlemek gerekirse;

* Nikelin serilmesi buharlastrma yéntemiyle yapildigindan pulun 1sitilmasina gerek
yoktur ve dolayistyla ara katmanin pigmesi gibi bir durum s6z konusu degildir.

¢ Bumetalin ylizeye yapisma sorunu bulunmamaktadir.

¢ Nikel kolayca catlayabilmekte ve siirecin daha sonraki agamalarinda sorunlar
yasanmasina sebep olmaktadir.

° Kopriilerin sekillendirilmesi ve biiyiitilmesinde de elektrokaplama teknigiyle yine
nikel kullamldigindan agindirma sirasinda sorunlar ¢ikmaktadir. ' :

Elektrokaplama oncesi gereken ince metalizasyon katman: olarak nikelin uygun
olmadigma karar verilmesinin ardindan, tozutma (spuitering) yontemiyle bakir serilmesi
tizerinde ¢ahsilmistir. Bu metal kullanildifinda, nikelde karsilashgimiz catlama probleminin
yasanmadig goriilmiistiir. Ayrica elektrokaplamada kullamlan metalden daha farkls bir metal
kullanildipy i¢in agindirma  siireci sorunsuz gerceklestirilebilmektedir. Bakmn yiizeye
yapigmasiu gelistirmek igin bakirdan 6nce gok ince bir tabaka halinde titanyum serilmesi
denenmis ve basan saglanmstir. Bakinn kullanilmasmin getirdigi en Onemli problem ise
tozutma iglemi sirasinda pulun isiilmasindan kaynaklanan ara katmandaki fotorezistin
pismesi durumudur. Ciinkii pismis fotorezisti kaldirmak icin kullanilan kimyasallar havada
durmas: gereken képriilerin yapismasmna sebep olmaktadur., Calismalarimiz diisitk sicaklikta
metal serilmesi islemini gerceklestirerek fotorezistin pismesini - engelleyecek bir siireci



gelistirmek dogrultusunda ilerlemektedir. Bakir katmans kullanmanin avantajlant ve siirecin
problemleri agagida 6zetlenmistir.

o Metal yiizeyinde herhangi bir catlak olusmasi séz konusu degildir.

o Elektrokaplamada kullamilan nikelden farkhi bir metal oldugundan asindirmast
problemsiz bir sekilde yapilabilmektedir.

o Bakurin altinda titanyum kullanilarak metalin yiizeye yapismas: miimkiindiir ve bu
stireg de gelistirilmistir.

e Balurin serilmesi i¢in pulun 1sitilmas: esnasinda ara katmamn pismesi, bu siirecte
karsilagtigimiz en 6nemli problemdir. Bakir kaplamamin daha diistik stcakhklarda
yapilarak bu problemin ¢ziimii iistiindeki ¢aligmalanmiz devam etmektedir,

Daha once de belirtildigi gibi kopriilerin sekillendirilmesi ve olusturulmasinda nikel
elektrokaplama siireci geligtirilmistir. Bu amagla uygun miktarlarda kimyasallarin bir araya
getirilerek bir elekirokaplama cdzeltisi hazirlanmis ve kaplama stirecini daha iyi hale
getirecek degisiklikler yapilmustir. Istenen kalinlikta nikel kopriiler elde edebilmek icin
gereklt akim degerinin elde edilmesi ve mekanik stresin azaltilmasi icin alim ve akimm
uygulanacag stire belirlenmistir. Halen devam eden ¢aligmalarin su ana kadar tamamlanan
boliimlerinde, parlak, pliriizsiiz bir gekilde, istenen kalnlikta ve oldukga diigiik stresle
kopriiler elde edilebilmektedir.

Ara katmanmn silinmesi {iretim siirecinin en kritik agamalarindan birisidir. Bu asamada
yasanan sikintilar temel olarak elektrokaplama oncesi serilen ince metal katmamn serilme
sicakhfiyla yakindan ilgilidir. Daha once de anlatildifi gibi, bu metalin serilmesi
asamasindaki stcakligin diistiriilmesi ve ara katmanin sorunsuz bir sekilde kaldirlmas
hedeflenmektedir. Aksi halde fotorezist pigmekte ve fotorezisti kaldirabilmek igin daha farkl
kimyasallarin kullamlmas: gerekmektedir. Bu kimyasallar ise kopriilerin alt yiizeye
yapismasina sebep olmaktadir. Diigiik sicakliklarda iglenen pullarda kismi bir bagan
saglanmigtir ve sonuglar umut vericidir. Daha da diigtik sicakhklara inilerek daha iyi
sonuglann alinmasina ¢alisilacaktir,

Biitlin bu cahismalarin 15131nda Sekil 4’te 6zetlenen 1. nesil iiretim siireci tanimlanmis, ve
ilk RF MEMS elemanlarinin iiretilmesi saglanmigtir.

2.3 TASARLANAN VE 1. NESIL URETIM SURECINDEN GECEN YAPILAR

Daha 6nce de belirtildigi gibi tasarlanan yap1 ¢alismalan iki grupta yogunlastirlmigtir,
Birinci grupta literatiirde halen meveut olan anahtar ve faz kaydincilarinin degisik geometriler
kullanilarak modifiye edilmis sekilde tiretilmesi yer almaktadir. Bu kapsamda ¢esitli anahtar
ve faz kaydirici geometrileri tasarlanmistir. Ikinci grupta ise literatiirde meveut olmayan
yapilarin tasarimui yer almaktadir. Bu kapsamda empedans uyumlama devresi, kontrol
edilebilir gii¢ béliicti devresi ve faz kaydineilarla entegre bir bigimde tiretilmesi diiséiniilen faz
dizili anten sistemi yer almaktadir. Proje kapsaminda tasarlanan yapilardan bir kismi sadece
simulsayon asamasinda birakilmus bir kismumin ise birinci nesil iiretim siireci sonuglar
alinmigtir. Ilerleyen béliimlerde tasarlanan ve firetilen biitiin yapilarin Gzelliklerine
deginilecektir.
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Sekil 4. RF MEMS birinci {iretim stireci (a) Bakir elektrokaplama i¢in gerekli olan Ti/Cu
(150/1200 A) tohum tabaka serilir ve fotodireng ile bakir elektrokaplanacak yerler belirlenir
(b) Elektrokaplama yontemi ile bakir serilir (2 pm) ve buharlagtirma yontemiyle ince
(1000 A) altin kaplanir (¢) Kaldirma (lifi-off) yontemiyle altin sekillendirilir (d) Ti/Cu tohum
tabakanin asindirihir (e) Silikon nitrit PECVD yéntemi ile serilir ve asindirilacak yerleri
fotodireng ile belirlenir (f) Silikon nitrit asindirtlir (g) Ara tabaka olarak kalin fotodireng
serilir ve sekillendirilir. Sonra elektrokaplama igin Ti/Cu (150/1200 A) tohum tabaka tozutma
yontemiyle serilir (h) Nikel elektrokaplama yapilacak yerler fotodireng ile belirlenir ve nikel
elektrokaplama ile ikinci metal tabaka (MEMS koprileri olusturan tabaka-1 pm) serilir
(1) Ti/Cu tohum tabaka asindirilir. Fotodireng ara tabaka asindirihir ve képriilerin yapigmamast
i¢in yapilar kritik nokta kurutucusunda kurutalur.
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2.3.1 ANAHTARLAR

RF MEMS anahtarlan kendilerine verilen uyarici gerilime gére kisa devre veya agik devre
konumuna gegebilen cihazlardir. Litaratiir aragtirmalarinda baglica iki tiir anahtar yapisinin
varoldufu ortaya ¢ikmigtir. Bunlar seri ve paralel anahtarlardir. Bunlann ¢alisma pren31pler1
alt bagliklarda detayli olarak anIatliacaktxr

2.3.1.1 Paralel Anahtarlar

2.3.1.1.1 Koprii Tipi Paralel Anahtar

Yapilan literatiir taramasiyla ele alinan yapilardan ilki, parale]l anahtarlama yapan bir RF
MEMS anahtardir. Yapinin genel goritntiisii $ekil 5°de verilmektedir. Sekilde gpriilen metal
koprii mekanik olarak yukari-agag elektrostatik kuvvet ile hareket edebilmektedir. Képrii
agafidayken yiiksek deferlere gikan kopril sigasi kisa devre gibi davranarak sinyal iletimini
engeller. Képril yukandayken siga diiger, kisa devre etkisi ortadan kalkar ve boylece sinyal
iletimi saglanir. Yapimin mekanik simiilasyonlani Coventorware programi kullanilarak
yapimugtir. Elektrostatik analizler sonucunda, kopriiniin agagi inebilmesi ve hatta sinyal
hattina defebilmesi igin gereken voltaj 130 V olarak bulunmustur. Tasarlanan bu
geometrideki bir anahtar yapisinin HFSS simulasyon sonuglan Sekil 6 bir onceki béliimde
bahsedilen 1. nesil Uretim siireciyle ortaya ¢ikartilmg yapinin SEM (scanning electron
microscope) fotografi ise Sekil 7°de gosterilmistir,

Cikag

“ n[nk:m tabaka

é}ir{s
Sekil 5. Paralel, koprii tipi anahtarn ii¢ boyutlu gériinfimii.
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Sekil 6 . Paralel anahtarin HFSS simiilasyonu sonuglar.
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Sekil 7. ODTU-MET te iiretilen bir képrii tipi anahtarin SEM fotografi.

Tasarlanan ikinei yap: ise bir énceki anahtara olduk¢a benzer bir geometriye sahiptir. Bu
yapuun en dnemli farki kdpriiyil tagiyan kollarin boydan boya karg: tarafa uzanarak kopritye
karg: tarafta tutturulmasidir. Béylelikle sistemin RF performansinda &nemli bir sapmaya
sebebiyet vermeden, mekanik yay sabiti Snemli miktarda azaltilarak, elektrostatik olarak
kopriiniin hareket etmesi kolaylastinlmistir. Bu anahtarin Coventorware programu kullanilarak
elde edilen ti¢ boyutlu goriintiisti Sekil 8°de sunulmaktadir. Yine aym program kullanilarak
yapilan analizlerde, diislincenin dogrulugu kanitlanmus ve agag1 inme voltajmin 8 V’a diistiigi
gortilmiistiir.

Sekil 8: Uzun kollu anahtarin {i¢ boyutlu éﬁrﬁnﬁisﬁ.

2.3.1.1.2 T-kanatl Paralel Anahtar

ODTU MEMS Grubu tarafinda tasarlanan RF MEMS anahtar yapilarinda birisi de RF
performans: arttirmak tizere tasarlanmus ve daha 8nce literatiirde bulunmayan “T-kanatls
anahtar” olarak da adlandinlabilecek tasarimdir. Bu anahtar, destek noktas: EDK’mn aktif
hatt| tizerinde olan ve toprak hatlara dogru uzanan iki képriiden olusmaktadir. Bu anahtarin il
boyutlu goriintiisii Sekil 9’da verilmistir. Bu anahtarin fark, hatt: yikleyen sifamn koprii ile
aktif hat arasinda degil, koprii ile toprak arasinda olmasidir. Boylelikle, hatti yiikleyen sifa
Snemli miktarda arttirilmis olmaktadir. Bu s13a, asag: durum distinildiigiinde, yaklasik olarak
15 pF’dir ve bu yiiksek siga yardimiyla daha iyi bir yalitima ulasimaktadr. Yapilan HFSS
simiilasyonlarinda bu durum gozlenmigtir. Mekanik simiilasyonlarda ise képriilerin asag



inmesi i¢in gereken voltaj 90 V olarak bulunmustur. Sekil 10°da HFSS simiilason sonuglar
gosterilmektedir. Bu anahtar yapisimn 1. nesil iiretim siirecinden ¢ikan sonucunun SEM
fotografi ise Sekil 11°de gosterilmektedir. 1. nesil fretim siireciyle {iretilen yapilarn
fotograflara bakildiginda ikinci metal katman {izerinde mekanik stres oldugu gézlemlenebilir.

Cikig

100 um

0pm %3 pm 180 pm
Girig

Sekil 9. T- kanatli anahtarin {i¢ boyutlu goriint{isii.
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Sekil 10. T- kanatli anahtarin HFSS simtiilasyonu sonuglar.

27



DB
1= <D KL Hil4
Sekil 11. ODTUMET te firetilen bir T-kanat anahtarin SEM fotografi.

23.1.1.3 Yay Kollu Paralel Anahtar

Mekanik olarak anahtarlarin gelistirilmesi siirecinde tasarlanan temel yapilardan birisi de
yay kollu yam olarak da adlandinlabilecek paralel anahtardir. Bu yapidaki koprii, 4 ayr
destek noktasindan gelen yayli kollar tarafindan havada tutulmaktadir. Anahtarin ii¢ boyutlu
goriintiisii Sekil 12°da sunulmustur. Sekilde de goriilen kollardaki yaylar sayesinde, sistemin
yay sabiti azaltilmig ve agafi inme voltaj daha da uygun degerlere diisiiriilmiistiir.
Coventorware programi kullamlarak yapilan mekanik simiilasyonlarda, bu deger 3.8 V olarak
bulunmustur. HFSS ile yapilan elektromanyetik analizlerde ise yapimn RF performansinin
daha once soz edilen yapilara kiyasla daha k&tli oldugu gozlenmigtir. Bu, yayl: kollardan
dolay1 beklenen bir sonugtur. Ancak mekanik olarak iyilesme gtz 6niine alindiginda, RF
olarak bir miktar kotiiye gidisin kabul edilebilir oldugu kararina varilmistir. Ayrica bu yapi
temel alinarak farkh sayida yay kivrimina sahip, farkli geometrilerde ve degisik destek
noktalarindan tutturulan pek ¢ok anahtar da tasarlanmis ve maske ¢izimlerinde kullamlmistir.

=

® Y
Sekil 12. (a) Yay kollu anahtarin {i¢ boyutlu gériintilsii (b)) ODTUMET 'te tiretilen bir yay
kollu anahtanin SEM fotografi.
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2,3.1.2 Seri Anahtarlar

2.3.1.2.1 Dirsek Tipi Seri Anahtar

Tasarlanan ikinci yapi ise bir 6nceki anahtara oldukga benzer bir geometriye sahiptir. Bu
yapmin en Snemli fark: kprityti tagiyan kollarin boydan boya kars: tarafa uzanarak képriiye
kars: tarafta tutturulmasidir. Boylelikle sistemin RF performansinda 6nemli bir sapmaya
sebebiyet vermeden, mekanik yay sabiti 6nemli miktarda azaltilarak, elektrostatik olarak
kopriiniin hareket etmesi kolaylagtinlmugtir. Yine aym program kullamlarak yapilan

analizlerde, diigiincenin dogrulugu kanitlanmig ve asag: inme voltajinin 8 V’a kadar diistgii
goriilmistiir.

Seri anahtar, EDK’nin aktif hattinin fiziksel olarak kopuk olan kismu {izerinde bulunan bir
kopriiden olugmaktadir. Bu anahtar voltaj uygulanmadiginda RF giicti ¢ikiga iletmemektedir
ve bu yoniiyle paralel anahtarlardan ayrilir. Bu yapinin genel goriintlisii ve 1.nesil iiretim
siirecinden cikan yapimin SEM fotografi Sekil 13°de verilmistir Coventorware kullamlarak
yapilan mekanik simulasyonlarda, kopriiniin agag1 defmesi i¢in gerekli voltaj 36 V olarak

bulunmustur. Sekil 14’te ise tasarlanan bu seri anahtann HFSS simiilasyon sonuclar
gorulmektedir.

@ T m
Sekil 13. (a) Seri yapimun ii¢ boyutlu gériintiisii. Yapimin boyutlan Ly= 103 um, Ly= 110 pm,
L= 50 pm, Lg= 105 um, L, = 2 pm, Ly= 845 pm, L=475 pm, W= 120 pm, S= 20 pm,
d= 0.1 pm, d;= 5 pm’dir. (b) ODTUMET ’te {iretilen bir seri anahtann SEM fotografi.
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Sékil 14 Seri anahtarin degisik k6prit uzunluklarn icin HFSS simiilasyonu sonuglart.



2.3.1.2.2 Tek Girigli Cift Cikish Seri Anahtar

Seri anahtar tasarrmindan elde edilen bilgiler kullamlarak ¢alisma prensibi temel olarak
seri anahtar ile aym olan tek girisli ve iki ¢ikish bir seri anahtar tasarimi da yapilmigtir.Bu
modele gore anahtar aymi destek noktasimi kullanan iki adet seri anahtardan olugmaktadir.
Anahtarin farkli ¢ikislarina voltaj uygulanmast ile istenilen gikisa sinyal iletimi yapilabilir. Bu
yapiun Coventorware yazilimi ile yapilan simiilasyon sonuglarina gore kopriiniin agag:
degmesi igin 95 V uygulanmas: gerekmektedir. Képriiniin asagidaki ve yukanidaki durumlan
icin yapilan HFSS simiilasyonlan sonucunda anahtarin RF performans: ile ilgili elde edilen
sonuglar 3ekil 16°da verilmistir.

20pm 120pm  20um

Sekil 15. Tek girisli ve iki ¢ikisl anahtarin {i¢ boyutlu modeli.
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Sekil 16. Tek girisli ve iki ¢ikisl anahtanin HFSS simiilasyonu sonuglari.
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2.3.1.3 Olc¢iim Sonuclar

[lk maske setinde, tasarlanan koprii yiiksekliklerine uygunlanmasi gereken hareket
voltajim ¢ok yiiksek olmasindan dolay: silikon-nitrit tabakasinda hasarlar meydana gelmistir
ve bu yiizden saglikl 8lgtim alinamamigtir. Bu problemin dniine gecebilmek icin yeni cihazlar
kopril yikseklikleri daha az olacak gekilde {iretilmigtir; ancak bu sebepten dolay: istenen
performans elde edilememigtir. SEM fotograflarinda da goriildiigli iizere hareket voltaji
problemi diginda cihazlarda herhangi bir hata bulunmamaktadir. Cihazlarm Slglimleri pul
iistiinde, ug¢ istasyonu kullanarak (probe station) aJ inceleyicisi (network analyzer) ile
yapilmigtir. Sekil 17°de seri anahtar igin 8lglim sonuglan goriilmektedir. Bu sonuglardan da
poriilebildigi gibi bu iriin anahtarlama yapabilmektedir ve bu sonuglar simulasyon
sonuclarina olduk¢a yakindir. Bu anahtar i¢in agag1 ¢ekme gerilimi 40V olarak Sl¢tilmiistiir ve
bu sonu¢ Coventorware ile yapilan mekanik simulasyon sonuglarina oldukca yakindir (36V).
Sekil 18°tde ise faz kaydirici icin S-parametrleri ve farkl: gerilimlerde araya girme fazi

goriilmektedir. Omegin 50V’luk bir gerilim uygulandiginda 10 GHz frekansinda 100
derecelik bir faz farki elde edilebilmektedir.
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Sekil 17. Tek girisli tek cikish modellerin  S-parametreleri (a) Asagt Durum.
(b) Yukar1 Durum
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Sekil 18. (a) Yiiklenmis hat RF MEMS faz kaydirici i¢in 0 V i¢in S-parametleri. (b) Farkl
gerilimlerde araya girme faz:1 karakteristigi.
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132 FAZ KAYDIRICILAR

Proje kapsaminda tasarlanan MEMS faz kaydiricilar temel olarak iki gruba ayrilmaktadir.
jlk gruptaki faz kaydiricilar  yiiklenmis hat geometrisini  kullanarak faz kaymasi
yaparlar(Analog Faz Kaydmecilar). Ikinci gruptaki faz kaydircilar ise anahtarlanmig hat
geometrisini lullanarak faz kaymasi yaparlar(Dijital Faz Kaydnecilar).

1321 Analog Faz Kaydireilar

Birinci grup faz kaydincilar tqmel olarak iletim hatt: {izerinden giden sinyalin faz hizin
degistirilmesi prensibine dayanir. Iletim hatt: tizerinde giden sinyalin faz hizi
1

vph JE—C_
seklinde verilerbilir. Bu esitlikteki L ve C degerleri iletim hattinin birim uzunluktaki
kapasitans ve indiiktans deperlerini gostemektedir. Hat iizerine periyodik olarak
yerlestirilecek reaktif elemanlar bu degerlerin depismesine ve de hat tizerindeki sinyalin
gecikmesi, dolayisiyla fazimn kaymasinda neden olmaktadir. Bu grup faz kaydimcilann
fiziksel ve devre semalan Sekil 19°da goriilebilir.

MEMS ktipri
Zycir
Eeff H-CLR
........... aH .CLR Lb [
f,cLR™S
Ry
(a) (b} (c)

Sekil 19. RF MEMS analog faz kaydiricilarn fiziksel ve devre semalan (a) Ug boyuthu
goriiniim (b) Ustten goriinlim (c) Esdeger devre semast.

Sekil 19°da gosterilen yapida, kopriilerin yitkseklikleri voltajla ayarlanabilmektedir. Bu
durumda aktif hat ile toprak arasindaki toplam kapasitans kontrol edilebilmektedir. Bir iletim
hattindaki faz izt kapasitansin karekokil ile orantil olarak degismektedir. Boylece iletim
hattinin kapasitans1 kontrol edilerek faz hizt da kontrol edilmis olur.

Daha genis bir aralikta kapasitans ayart yapabilmek igin yeni bir yapt tasarlanmgtir ve T
seklinden dtlirti T-kanatl anahtar yapisi olarak adlandirlmistir. T-kanatli anahtarlar hakkinda
daha detaylt bilgi anahtarlar konusunda verilmistir. T-kanath anahtarlar kullamlarak
tasarlanms bir faz kaydcimn ¢ boyutlu goriintlisit Sekil 20°de gsterilmigtir. Yapilan
benzetimler sonucu T-kanath yapmun standart kopriili yapiya gore, elde edilen faz kaydirimi
g6z dniinde bulundurularak, daha iyi performans gosterdigi anlagiimstir. Sekil 20°de her iki
yapinn frekansa baBll faz kaydirmalan karsilagtizlmstir, Hem T-kanatli hem de standart
kopriili cesitli faz kaydincilar tasarlanmg ve firetilmistir. ODTU-MET’te 1. nesil {iretim
sireciye tiretilen iki farkl tip analog faz kaydiricmin SEM fotograflant Sekil 21°de
verilmistir. Tablo 2’de, iretilen iki DMTL yapisinin boyutlari gosterilmis, Sekil 22°de ise bu
DMTL yapilariun digiilen ve simiile edilen sonucian karsilagtmlmgtir.
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Faz Kaydinm Miktan

Frekang

(b)

Sekil 20. (a) T-kanatl: faz kaydiricimn iig boyutlu goriintiisti (b) T-kanath (diiz ¢izgi) ve
standart képriilii(noktal) faz kaydiricilann araya girme egrileri.

Sekil 21. (a) T-kanath faz kaydiricin SEM fotografi (b) Standart kopriild faz kaydircinin

SEM fotografi

Standart kopriili yap1 kullanilarak cam taban iizerine stirekli faz kaydimi saglayan
siralanmig mems iletim hatlan (DMTL) tasarlanmistir. Bu faz kaydiricilardan iki tanesinin
boyutlar1 Tablo 12°de, S-parametreleri Sekil 22°de gésterilmistir.

Tablo 2. iki farkh. DMTL yapisinin boyutlar (Her iki yapi i¢in de w=100pm)

. Kaprii Toplam uzunluk
Yapi W (um) G {pm) 8" (um) say1si (mm)
1. Yap 122 59 400 45 22.5
2, Yam 96 37 200 75 225
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Sekil 22 (a) 1.DMTL yapisimin S-parametreleri. (b) 2. DMTL yapisiun S-parametreleri

Cam iizerine tasarlanmms bu yapilar disinda faz dizili anten yapilannda kullaniimak lizere
yitksek direngli silikon taban {izerine de analog faz kaydirici tasarlanmustir. 0° ve 35° arasinda
faz kaydirimi hedefleyen bu yapinin S-parametreleri ve frekansa baglh araya girme faz1 Sekil
23°de gosterilmis ve hedeflendigi iizere 15 GHz’te 33° faz fark elde edilmistir.
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(a) 50 birim béliimden olusmus ve 2um (b)) Koprii yiiksekligi 2um’den 1.5um’ye
yiiksekliginde kopriilere sahip DMTL indirildiginde elde edilen araya girme
yapisiunin S-Parametreleri fazi

Sekil 23. Silikon taban iizerine tasarlanms faz kaydirica karakteristigt
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2.3.2.2 Dijital Faz Kaydiricilar

Dijital Faz kaydiricilar (anahtarlanmms hat yapis: kullanilarak yapilmig) kiiciik alanlarda
tasarlanabilir ve biiylikk faz farklari yaratabilirler. Bu sebeple bazi uygulamalarda
anahtarlanmus hat yapisina ihtiyag duyulmaktadir. Bu yapilarda fazladan ihtiya¢ duyunlan faz
kaydirimi mesafe farki ekleme yoluyla elde edilir. Sekil 24’de anahtarlanmi§ hat yapis
kullarlarak silikon taban {izerine tasarlanmig bir RF MEMS faz kaydincimnin i boyutlu
goriintlisti gosterilmektedir. ' o

Sekil 24. Dijital Faz Kaydiricinin 3-Boyutlu gériintiisii. Yollar arasindaki mesafe
2*(480+90)pum.

Sekil 24'da goriilen faz kaydinct 15GHZ'te 30° faz fark: elde etmek iizere tasarlanmigtir.
Sekil 25°de 1. ve 2. yollar arasindaki araya girme faz kaydmmimn benzetim sonuglari
gbsterilmektedir.

Faz Kaydirimi

4] 2 4 5 g i £2 14 16 18 20

Frekans

Sekil 25. Dijital faz kaydiric: i¢in frekansa bagl faz kaydirim miktari

233 AYARLANABILIR EMPEDANS UYUMLAMA DEVRELERI

Empedans uyumlama devresi, basta antenlerin devreye biitiinlestirilmesi ve yaniletken
yiikselteclerin giris ve ¢ikiglanimn diizenlenmesi, glic boliicii devreler de faz dizili anten
uygulamalar1 basta olmak iizere birgok mikrodalga uygulamasinda kullamlan dnemli devre
elemanlaridir. Bu proje kapsaminda tasarlanan empedans uyumlama ve giig boliicil
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devrelerinin en Onemli 6zellikleri: 1) tek yonga fizerinde diger birlesik devrelerle bir arada
iretilerek daha az kayip ve daha yiiksek performans saglamalan; 2) MEMS teknolojisinin
getirdifi avantajlart kullanarak “ayarlanabilir’ olarak yapilabilmeleridir. Su ana kadar
literatiirde yayinlanms sadece birkag tane ayarlanabilir empedans uyumlama devresi
bilinmekte olup, ayarlanabilir gii¢ béliicii devresi ise heniiz bulunmamaktadir.

Empedans uyumlama devresi kiitiiklii empedans esleme teorisine dayanmaktadir. Teorik
olarak verilen herhangi bir girig empedansini herhangi bir ¢ikis empedansina uyumlayabilmek
icin, kisa devre ile sonlandirilmig, ayarlanabilir uzunlukta iletim hatlan, yani kiititkler
laztmdir. Bizim tasanmimizda bu, iletim hatti iizerine esit araliklarla yerlestirilmis MEMS
anahtarlarla saflanmaktadir. Bu anahtarlar kapali durumdayken iletim hattinin 6zelliklerini
etkilememekte, acikken ise iletim hattm topraga baglayarak kisa devre saglamaktadir.
Bdylece istenilen uzunlukta bir kiitik elde etmek i¢in yapilmasi gereken sey, sadece o
uzunluga denk gelen mesafedeki MEMS anahtant kapatarak o noktada bir kisa devre
olusturmaktir.

Yapida ii¢ kiittiklii empedans esleme yontemi kullamlmistir. Bu yéntemin kullanilmasinin
sebebi, iki kitiikli ybntemin aksine, Smith abafi iizerinde verilen herhangi bir noktaya
esleme yapabilmesidir. Kullamlan kiititklerin uzuntugu 10 GHz frekansinda A/2 (\:dalgaboyu)
olacak gekilde ayarlanmistir. Bunun sebebi kiitiiklerle hatta eklenecek olan gecirinin hem arty,
hem de eksi olabilmesidir. Kiitiikler arasi mesafe de empedans uyumlama devrelerinde genel
olarak kullanilan deger olan M8 olarak segilmigtir. Yapinin ve kiitiigiin fiziksel ve devre
semas1 Sekil 26°da goriilebilir.

; ; S s /8 Hetlm A78 itetim
= Em———me T hain hattt

1 ~ T y.\'upasl'.uf sonladirmn

Kapasitans ile sunlandinlmy ot .
uzunfufu ayarlanabilie hivik A EDK lctim hath

Kapasitans ile senlanderimig
uzuniugu ayarlanabilir btk

(a) _ - (b)
Sekil 26. RF MEMS ayarlanabilir ti¢ kiitiiklii empedans uyumlama devresinin fiziksel ve -
devre semalan (a) Ug boyutlu gériiniim (b) Devre semast.

Yukarida anlatilan yapimn RF benzetimleri Ansoft HFSS ve mekanik benzetimleri de
Coventorware benzetim programlariyla yapilmistir, RF benzetiminde yapilarin mekanik
olarak hareketleri modellenmedigi i¢in verilen giris ve ¢ikis empedanslar icin bir grup kiitik
uzunlugu hesaplanms, o noktadaki anahtarlar agik olarak kabul edilmis ve model bu duruma
gore ¢izilmistir. Cizilen model Sekil 27°de gortilebilir. Benzetim sonuglarina gére yapi, 50 Q
degerini 16 Q degerine uyumlamak iizere ayarlandiginda, 16.3 + j5.5 Q degerine uyumlama
Yapabilmigtir. Ayrica, yapimin sanal yiiklere uyumlama yetenegini test etmek icin, 50 Q
degerini 1.8 + j25 Q degerine uyumlamak igin ayarlandigida yapy, 1.0 +j 24.5 Q degerine
uyumlama yapabilmigtir. Yapimn mekanik karakterini belirleyen, yapida kullanilan MEMS
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anzhtarlarin mekanik karakteridir. Bu anahtarlarin benzetim sonuglarina gére kapanma voltaji
130 V’tur.

Sekil 27. Ansoft HFSS benzetiminde kullanmilan fi¢ kiitiikli empedans esleme devresi
modeli.

Proje kapsaminda tasarlanan ilk empedans uyumlama devrelerinde her kiititk tizerinde
40’ar MEMS képrii konulmustur. Bu sayede kopriiler arasindaki mesafe azaltilarak Smith
Cizelgesi {izerinde daha yogun bir sekilde uyumlama yapilabilmesi amaglanmustir. Tasarlanan
yapilar ODTUMET tesislerinde iiretilmigtir. 1. nesil tiretim siireciyle tiretilen yapilarin SEM
fotograflar Sekil 28°te gorilebilir.

Bu yapi i¢in ilk tasanimlarda DC voltaj uygulama yiniinde problemler yasandigindan
heniiz 6l¢lim agamasina gelinememistir. Fakat MEMS képriilerin yukanida oldugu durumda
yapiun tek kiitiigli icin Z-parametrelerinin dlgtimii alinmigtir. Elde edilen sonuglar Sekil
29°da goriilebilir.

‘ 3 — _k. — Kapasitif sonfudirma
Kapgirars ile sonlandinimg L
Mu{u ayurlunubilir kiltik A8 EDK iletim hats
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Sekil 28. Ayarlanabilir empedans uyumlama devresinin SEM fotograflar. (a) iki kiitiigiin
birlikte goriintimil. (b) Bir kiitiiglin yakindan gorimiimii. (¢) MEMS képriilerin yakindan
goriiniimii,
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Sekil 29. Ug kiitiiklii ayarlanabilir empedans uyumlama devresinin tek kiitiigtiniin 6l¢iim
sonuglan (a) Z11 sanal kismu. (b) Z11 reel kismu.

Giig boliicli devreleri genel olarak, paralel esdegerleri 50 © olan iki iletim hattinin (mesela
62.5 Q ve 250 Q) paralel olarak baglanmasiyla olusturulur. Bu durumda giristen igeri
bakildiginda gériilen esdeger empedans 50 Q olacag: i¢in yansimadan kaynaklanan bir kayip
olmayacaktir. Ayn1 zamanda iki hatta ayr1 ayri gériilen empedanslar farkli olacag icin RF
glic, bu iki hat arasinda karakteristik empedanslar1 oranmda -bu durumda 4:1- béliinecektir.
Bu proje kapsaminda tasarlanan giic boliicii devresi de bu sekilde ¢alismaktadir. Gii¢ boliicii
devresinde, yukarida anlatilan empedans uyumlama devrelerinden iki tane (giris uglar1 bagl,
¢ikis uglar ayri olacak sekilde) paralel olarak baglanmistir. Bu sekilde, empedans uyumlama
devreleri ayarlanabilir oldugundan, ¢ikis empedanslar istenilen bir empedans degerine
ayarlanabilir. Sonu¢ olarak giristen uygulanan giig, cikislardan istenilen oranda béliinmiis
olarak ¢ikmus olur. Ayarlanabilir gii¢ boliicii devresinin semas1 Sekil 30°da goriilebilir.
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Yapuun problem bityiikliigii Ansoft HFSS benzetim programinda yapilamayacak kadar
biiyiiktiir ve bunun igin yapilamamugtir. Ancak yapimn dayandifi teorinin basitligi ve
ayarlanabilir empedans devresinin benzetim sonuglarina gére ¢alistigi goz 6niine alindigmda,
bu yapiun da ¢alismas: beklenmektedir.
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Sekil 30. Ayarlanabilir gli¢ boliicti semas: ve 1/p oraninda giig béliimii igin gerekli

empedans oranlari

Ziz

2.3.4 FAZ DIZILi ANTEN

Faz dizili antenler yiiksek anten kazancina ihtiyag duyulan pek ¢ok iletisim uygulamasinda
gokca kullanilmaktadir. Faz dizili antenler, genellikle besleme agimn, faz kaydiricilarin ve
anten elemanlarinin ayri ayn {liretilip bir araya getirilmesiyle elde edilir. Ancak sistemi
olusturan bu pargalarin bir araya getirilmesi dogal olarak sistem boyutlarinin, paketleme
masraflarimn, parazit etkilerin artmasina yol agmaktadir. Faz dizili anteni olusturan
elemanlarin aym taban {istlinde bir biitiin halinde tiretilmesi, sézii gegen sakincalar1 ortadan
kaldirabilecek bir yaklasimdir. Bu diigiinceden hareketle, RF MEMS teknolojisinin tamdif
imkanlar: kullanarak, faz dizili anten iiretilmesine karar verilmistir. Bu sistemin besleme agim
meydana getiren faz kaydiricilar, yine proje cergevesinde tasarlanan RF MEMS faz
kaydiricilardan olusmaktadar.

Faz dizili antenler, anten elemanlarimin her birisinin faz kaydincilar iizerinden
beslenmesiyle elde edilir. Dolayisiyla faz kaydiricilar, faz dizili antenlerin temel
yapitaglarindan biridir. Proje ¢ergevesinde tasarlanan faz dizili anten ise, yine proje
kapsammnda bulunan RF MEMS faz kaydincilan besleme elemani olarak icermektedir.
Buradaki RF MEMS faz kaydiricilar iki tipteki faz kaydiricinin yiiksek miktarda ve stirekli
faz kaymasi elde etmek iizere bir araya getirilmesiyle elde edilmistir. Ansoft HFSS programi
kullamlarak yapilan simiilasyonlarda, ayrik adimlarla faz kaymas: verecek sekilde tasarlanan
faz kaydiriciun 0°, 30° ve 60° faz kaymasmi verebildigi gorillmiistiir. Bu yapimin temel
yapitagini olugturan tek giriglt 1ki ¢ikish RF MEMS anahtar, yine Ansoft HFSS sonuglarina
gore, -0.09 dB araya sokma yitimine -20 dB yalitima ve -40 dB giris yansimasina sahiptir.
Elde edilen bu ayrk adimh faz kaymasiu stirekli bir hale getirmek amaciyla EDK’y1 képrit
biciminde MEMS anahtarlarla yiikleyerek dalganin hizin1 degistirmek prensibinden hareket
eden faz kaydiricilar kullamlmistir. Faz dizili anten sisteminde kullanilan faz kaydirer 2 cm
uzunlugundadir. Bu yapidaki képriilerin uzunlugu 640 pm, genisligi 100 pm, EDK’dan
yiksekligi 5 pm’dir. Bu kopriiller 100 pm araliklarla periyodik olarak EDK iizerine
siralanmuslardir. Bu yapmumn 15 GHz frekansindaki sinyallerde 0°-35° arahfindaki faz
kaymalanm verebildigi HFSS benzetim programu ile gosterilmistir. Yukanda sézit edilen faz
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kaydiricilann zelliklerinin tek bir yapida birlestirilmesiyle, 0°-35° 30°-65° ve 60°-95°
arasindaki faz kaymasini bu araliklarda siirekli bir sekilde elde etmek miimkiindiir. Bu yeni
yap1, faz dizili anten sisteminde, anten elemanlarimin uygun faz kaymalariyla beslenmesi
amaciyla tasarlanmg ve 15 GHz caliyma frekansinda istenen sonuglar verdigi simiilasyon
programlaryla gdsterilmigtir.

Anten elemani olarak mikroserit yama anten se¢ilmistir. Ciinkii mikrogerit yama antenler,
MEMS teknolojisiyle kolaylikla iiretilebilmektedirler hem de agirlik ve biiytkliik yéniinden
kisitlamalar getiren pek ¢ok uygulama i¢in en uygun anten gesitlerinden biridir. Faz dizili
anten sistemi deneme amagli olarak 15 GHz frekansinda tasarlanmistir. Bu diigiinceden
hareketle, dogrusal bir dizi olugturmak amaciyla, A/2 (A:dalgaboyu) araliklarla d6rt mikroserit
yama anten yerlestirilmistir. Dielektrik olarak cam pul kullanilmigtir ve dielektrik sabiti 5.75,
kalinhg 500 wm’dir. Yama antenler kare olarak tasarlanmuglardir ve kenar boyutlan 4.14
mm’dir. Anteni besleyen mikroserit 50 Q’a uyumlama amaciyla 1.55 mm iceri girintiyle
kesilmistir. Giristeki glicii faz kaydinicilara ve antenlere dagitan besleme afi mikroserit
hatlardan olusmaktadir ve besleme afindaki mikroserit hatlar agilarak EDK’ya gegiste
uyunlama saglanmigtir. Uyumlama amaciyla yapilan igeri girintinin miktarni ve anten
boyutlarni yeterince iyl sonuglar almana dek Ansoft Ensemble programu kullamlarak
gelistirilmistir, Tasarlanan yama antenin genel goriintlisii Sekil 31°de griilebilir.

Sekil 31. Faz dizili anten sisteminde kullanilan yama antenlerden biri. Yama anten 4.14
mm kenar uzunlufuna sahip bir karedir. Anteni besleyen 778 um genigligindeki mikrogerit
hat, uyumlama amaciyla igeri girinti seklinde 1.55 mm kesilmistir. :

Ansoft Ensemble programiyla yapilan benzetimler sonucunda elde edilen E- ve H-
diizlemindeki 1s1ima oriintiileri Sekil 32 (a) ve (b)’de sunulmugtur. E-diizlemindeki 1ima
Sriintiistintin simetrik olmamasi ise anten elemanlarini besleyen faz kaydwicilarmn toprak
hatlarindaki genis metal hatlardan kaynaklanmaktadir. Sekil33’de ise sistemin Sy
karakteristigi verilmektedir. Faz dizili anten sistemi, tasarlandig1 gibi, 15.08 GHz frekansinda
-20 dB’den daha diisiik bir giris yansimasina sahiptir.
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Sekil 32, (a) E-diizilemi 1s1ma oriintiisi. (b) H-diizlemi 1$1ma &riintiisii. Noktah ¢izgiler
capraz polarizasyon, siirekli ¢izgiler ise eg-polarizasyon bilesenini gdstermektedir.
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Sekil 33. Faz dizili anten sisteminin S;; karakteristigi
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Sekil 34. Uretilmig faz dizili antenin fotografi.

Yukanda bahsedilen faz dizili anten yapisinin test edilmesi sirasinda empedans uyumlama
devresinde kargilagilan DC voltaj besleme problemleri asilamadigindan, yap! icin su anda elde
edilebilmis bir l¢iim sonucu bulunmamaktadir. Bu problemi asmak i¢in gelistirilen ikinci
nesil tasarim hakkinda bilgi raporun ilerleyen boliimlerinde verilecektir.

24 2. NESIL URETIM SUREC]

RF MEMS yapilarn firetilmesi igin ikinci bir tiretim siireci tasarlanmasinin sebebi, birinci
liretim siirecinde tiretimi zorlagtiran bazi agamalardan kurtulmak, ayrica iiretim siirecini kolay
ve tekrarlanabilir hale getirmektir. Uretim siirecindeki katmanlar degismemekle beraber,
katmanlar olusturan maddeler ve maddelerin serilis yontemleri ciddi olarak degistirilmistir.

Uretim stirecinde yapilan degisikligi daha iyi anlamak i¢in eski tiretim siirecini hatirlamak
- gerekir. Eski firetim siirecinde birinci metal katmam elektrokaplanmis bakir tabakadan
olugturulmaktaydi. Bu tabaka iizerine tel baplanti (wire bonding) yapmak zor bir islem
oldugundan, iizerine yaklasik 1000 A altin buharlastirilarak bu tabakaya tel baglant: yapmak
miimkiin oluyordu. Ayrnca bu altin tabaka balar tabakadaki oksitlenmeyi onleyerek RF
kayiplarin azalmasimi sagliyordu. Ama bu sekilde elde edilen birinci metal katmani, ti¢ ayn
islem (Ti/Cu tozutma, Cu elektrokaplama, Au buharlastirma) gerektiriyor ve ¢ok zaman
aliyordu. Ayrica bu sekilde en fistteki altin tabakada tiretim sirecinin sonraki asamalarinda
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yapisma problemleri gizlenebiliyordu. Birinci metal tabakanin biiyiik kism bakir oldugu i¢in
gretim  siirecinin  sonraki asamalarinda kullamlan organik ¢bziiciiler iginde de zarar
gorebiliyordu.

Yeni tiretim siirecinde birinci metal katmami Sekil 2’de goriilebilecegi iizere iki islem
yapilarak Gretilebilmektedir. Ilk 6nce cam taban tzerine, 200/1800 A Cr/Au altn
elektrokaplama igin tohum tabakasi olugturmak iizere buharlashinlir. Burada krom tabaka
altinin cama yapismasim saglamak igin kullanilir. Daha sonra elektrokaplama yontemiyle 1.5-
2 um altin kaplanir. Burada birinci metal katman olarak altin kullanilmasinin amaci, yukarida
da soylendigi gibi oksitlenmeyi dnlemek, iiretim siirecini sadelestirmek ve disariya baglant:
vaptlmas: gereken bu tabakaya tel baglant yapilabilmesini saglamaktir.

Yeni iiretim stirecini eskisinde farkhi kilan ikinci 6zellik ise ara tabaka olarak kullarlan
fotodireng malzemeden vazgecilerek elektrokaplanmis bakir ara tabaka kullanilmasidir. Son
zamanlarda MEMS literatiirinde sikga karsilagilan bu yontem ile ara tabakanin kalmlig
kontrollil bir gekilde ayarlanabilmektedir ki bu, yapilarin ara tabaka kalinh@ma birinci
dereceden bagl: olan RF performansini ciddi olarak etkilemektedir. Onceki tiretim siirecinde
kullamlan fotodireng malzeme sicakh@a ¢ok duyarh oldugu igin, bir sonraki asama olan Ti/Cu
tohum tabaka serimi sirasinda ¢atlama ve bozulmalarla karsilagabilmek miimkiindiir. Ara
tabakanin bakir yapilmas: sayesinde Ti/Cu tohum tabaka, ara tabakanin altina serilmektedir;
boylece tohum tabakada bozulma riski olduk¢a azalmaktadir. Ikinci metal tabakanin
elektrokaplama ile serilebilmesi i¢in gerekli olan tohum tabakaya ise, bakir ara tabaka iletken
oldugu igin artik gerek yoktur ve bdylece {iretim siirecinin en riskli agamasi olan fotodireng
tizerine tohum tabaka serilmesinden bu yeni tiretim siirecinde vazgegilmistir.

Yeni iiretim siirecindeki son yenilik ise MEMS képriileri olugturan ikinci metal tabakanin
altin elektrokaplama y&ntemiyle yapilmasidir. Bu sekilde yapilar icerisinde en fazla RF kayba
neden olan koprii kisimlarimi iletkenligi 1.5%107 S/m’den (nikel) 3.3x107 S/m’ye (altin)
¢ikartitmistir. Bu sayede yapilann RF kayiplarinda ciddi bir azalma hedeflenmektedir.

Asapida Sekil 35°te gosterilen yeni (iretim siireci ODTU Mikroelektronik Tesisleri
biinyesinde ilk defa denenen bir siireg oldugundan yukarida anlatilan haline gelinceye kadar
bazi eniyileme galismalari yapilmistir, Bunlardan ilki, altin elektrokaplama ¢ozeltisi iginde
kullamlacak bir fotodireng se¢imi yapmak olmustur. Genel amacli kullamlbilen Shipley
S1800 serisi fotodirenglerin ne kadar pisirilirse pisirilsin CN bazli altin elektrokaplama
¢ozeltisinde ¢atlama yaptig1 yapilan denemelerde g6zlemlendikten sonra, baska bir fotodireng
aranmistir ve yine aym firmanm SJR 5740 isimli fotodirenci denenmistir. Bu fotodireng ile
basarili sonuglar elde edilmig ve bir problem yasanmarnistir.

Ikinci olarak birinei metal katman: igin gerekli olan tohum tabakasimn secilmesi tizerine
¢ahisilmigtir. Bunun igin literatiirde kullanilan Cr/Au tabaka secilmis ve ilk olarak 1000/200 A
kalinliklarda buharlastirma y&ntemiyle serilmistir. Burada Cr tabakanin kaln olarak
segilmesinin sebebi elektrokaplama sirasinda akim: agirlikhi olarak bu tabaka iizerinden
tagimak ve elektrokaplama yapilmayacak yerlerdeki 200 A ince altim asindirarak
elektrokaplama sonrasindaki tohum altin  asindirma  isleminden kurtulmak olarak
hedeflenmigtir. Bu gekilde yapilan denemelerde altin elektrokaplama sirasinda herhangi bir
problemle karsilagilmamigtir, ama daha sonra birinci metal katmam iizerinde optik ylizey
profilleyici ile yapilan gzlemlerde, kaplanan kisimlarin kenarlarinda 1-2 um yiiksekliginde
¢ikntilar oldugu gozlemlenmistir. Bu gikintilar, yaklagik olarak yapilarin ara katman kalmlig
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(2 pm) yiiksekliginde oldugundan yapilarin RF Kkarakteristigini tamamen degistirmektedir. Bu
sekilde kenarlar1 sivrilmig bir yapinin SEM fotografi Sekil 36°da goriilebilir. Daha sonra
tohum tabakadaki katmanlarnin kalinbiklari 200/1800 A olarak degistirilmis ve tohum
tabakasinin agindinlmas elektrokaplama sonrasinda yapilmustir. Bu sayede tohum tabaka
icinde altin daba kalin oldugundan tahminimizce elektrokaplama sirasinda kenarlarda olusan
akim yogunluklan ortadan kalkmus ve ¢ikintilanin 8niince gegilmistir.

=3 Buhataghnimeg k Elaklrokaplanmg sl

= Buhaaghinimg al Buhatagurimg b

(c) (d)

5740 fomndieng
=3 Elaktrchopisnmiy el

(9) (h)

Sekil 35. RF MEMS ikinci {iretim siireci (a) Altin elektrokaplama icin gerekli olan Cr/Au
(200/1800 A) tohum tabaka serilir ve fotodireng ile bakir elektrokaplanacak yerler belirlenir
(b) Elektrokaplama yontemi ile altin serilir (1.5-2um) (c) Cr/Au tohum tabaka
elektrokaplama ile altin kaplanmis yerler fotodireng ile korunarak asmdirilir (d) Silikon nitrit
PECVD yontemi ile serilir ve agindirilacak yerleri fotodirenc ile belirlenir () Silikon nitrit
agmdirilir (f) Képriilerin destek noktalan negatif fotodireng ile korunarak kalan yerler
elektrokaplanmig bakir ara tabaka ile doldurulur (g) MEMS képriilerin koyulacag: verler kalin
fotodireng ile belirlenir ve bu alanlar elektrokaplanmus altin  ile doldurulur
(h) Elektrokaplanmig bakir ara tabaka ve tohum Ti tabaka agindirilir. Képriilerin yapismamasi
igin yapilar kritik nokta kurutucusunda kurutulur.
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Sekil 36. RF MEMS faz kaydicinin yakin SEM fotografi. Burada birinei metal katman
kenarlarinda olusan ¢ikintilar, ara katmani ve ikinei metal katman: etkilemis ve ikinci metal
katmanda beklenmeyen yilkseltiler olugmustur.

Yeni {iretim siirecinde eniyilestirmesi yapilmas: gereken bir konu da birinci metal katmani
elektrokaplama akim yoguniugudur. Akim yogunlugu elektrokaplama siirecinde kaplama
hizim, iletkenligi ve film zorlamasum etkileyen bir parametredir. Yapilan ilk denemelerde
akim yopunlugu 3 mA/cm2 olarak denenmistir. Fakat bu akim yogunlugu ile bagarili
kaplamalar yapilmasina ragmen elde edilen iletkenlik degeri yeterli bulunmamg ve akim
yogunlugu 6 mA/cm2’ye ¢ikartilmistir, Bu akim yogunlufu ile yapilan denemelerde pul
fizerinde genis alanlarda soyulmalar gézlenmistir. Bunun sebebinin film zorlamasinin krom
tabakanin cama yapisma glictinden daha fazla olmasi olarak tahmin edilmistir. Son olarak
akim yopunlugu 4.5 mA/cm2 olarak denenmistir. Bu son denemede film iletkenlifinde
3mA/cm2’ye gore artig gozlenmigtir. 3 ve 4.5mA/em2 akim yofunlugu ile iretilen
esdiizlemli dalga kilavuzu hatlarin S-parametreleri Sekil 37°de goriilebilir.

F—Gold_w1_run1

t-Gold_w2_run1
— Circuit model

-3 —1—Gold_wafer2_run2
-~ Gold_wafer3_run2
—Gold_waferd_run2
— Gold_waferi_run2

-4 T T
0 5 10 15 20
Frekans(GHz)

Sekil 37. 3 ve 4.5 mA/cm?2 akim yogunlugu ile {iretilen altin elektrokaplanmug hatlarn S21
Oletimleri.
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Birinci metal katman: gibi ikinci metal katmammn akim yogunlugu da oldukca 8nemli bir
parametredir. Ciinkii yiiksek degerli bir iletkenlik ile beraber film zorlamasi da MEMS
koprtilerin diizgtin bir sekilde havada durmas: igin gereklidir. Yapilan denemelerde 3 mA/cm2
ve 7.5 mA/em2 akim yogunluklariyla sikistirma ve ¢ekme gerilimleri elde edilmistir ki, bu
durum da bu iki akim yogunlu arasinda bir noktada gerilimsiz bir film elde edilebilecegini
gdsterir.

2.5 TASARLANAN VE URETILEN IKINCi NESIL YAPILAR

RF MEMS yapilarin tiretilmesi icin yeni bir siire¢ gelistirilmesiyle beraber birinci tiretim
sirecinden gelen limitler ortadan kalkmistir. Ayrica yeni bir taban malzemesine gecilmesi ve
gerekli olan yeni katmanlarindan da eklenmesiyle {iretim siireci ciddi bir asama kaydetmistir.
Bu sayede birinci nesil RF MEMS yapilarda {iretim siirecinden gelen hatalar ciddi manada
azaltilmigtir. Raporun bu bélimiinde ikinci iiretim sitreci kullanilarak gelistirilen ve yeni
tasarlanan RF MEMS yapilar hakkinda bilgi verilecektir.

251 ANAHTARLAR

2.5.1.1 Yiiksek Direngli Silikon Taban Uzerine Mikroserit Seri Anahtar

Bu béliimde anahtarlanmusg hat faz kaydirieilarin tasariminda kullanilacak mikroserit seri
anahtarlar tamtilmaktadir. Tanttilan ilk yapida yukan durumda iyi yaltima ve agagi durumda
iyl yansimaya sahip seri anahtar {iretimi amaclanmustir, Anahtar, faz dizili anten tasariminda
kullamlacag: i¢in ilk olarak cam tabanin iizerine yapilacak sekilde tasarlanmstir. Ancak actk
uglardaki sagaklarin cam taban iizerinde yiiksek olmas: sebebiyle cihazin, yiiksek direngli
silikon taban fizerine yerlestirilmesi uygun bulunmustur, Taban kalnhg 500 pm’den
200pm’ye distiriilmils ve & ise 4.6°dan 11.9°a yiikselmistir. Béylelikle cam taban {izerinde
900 pm olan 50€’luk hattin geniglifi 120um dusiiriilmiistiir. Bu sayede sacaklarda dnemli
miktarda azalma saglanmig ve agik uglar arasindaki yahtim artirilmustr.

Destek ayadl

k]

Hareket
elektrodu

P

Képri

Taban Metali

100 pm 100 pm 60 pm

Kaprii parcast  Gegig
w=40 pm  wi1=120 um
w2=60 pm

50 @ hat

Sekil 38.Tek hareket elekirotlu anahtar yapisi
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Sekil 39. Anahtar yapisinin EM simulasyon sonuglari

2.5.1.2 Mikrogerit hat iistiine paralel anahtar yapisi

Mikrogerit (MS) hat iistiinde paralel anahtarlama yapabilmek amaciyla tasarlanan
anahtarn genel goriintiisii $ekil 40°ta sunulmustur. Yap: genel olarak, 900 pum genisliinde 50
Q M$ hat, bu hattin 2 um tizerine yerlestirilmis 30 pm genisliginde MEMS k&prii, képriiniin
destek ayaklarindan birine bagli olan dairesek kiitiikten olusmaktadir. Uyumlama amaciyla,
50 Q’luk hat inceltilerek 300 um genigliginde 100 pm vzunlugunda yiiksek empedansh hatta
déniismektedir. Gegis ig¢in 450 pm uzunlugunda bir iletim hatti kullanilmaktadir. Ansoft
HFSSv9.1 kullamlarak yapilan EM benzetimlerde, dairesel kiitiigiin uzunlugu 2800 pm olarak
ayarlandifinda koprii, asagl durumda en iyi yalitim 10 GHz frekansinda saglamaktadir.Sekil
41°de goriilebilecedi gibi, bu anahtar yapisiyla, képrii asagi durumdayken 9.6-10.1 GHz (% 5
bant genigligi) arasinda 20 dB’den, 9 GHz-10.6 GHz (%15 bant genisligi) arasinda 10 dB’den
daha iyi yahitim elde edilebilmektedir. Bu yapiun yansima kayb: ise 8-12 GHz arasinda 30
dB’den daha iyidir. Dairesel kiitiik uzunlugunun 2800 pm’den 1750 pm disiiriilmesiyle,
képriiniin asag durumdayken sagladigi yalitim performansimin merkez frekans: 14.5 GHz’e
cekilmistir ve Sekil 42°de de goriilecegi gibi bir onceki yapiyla benzer performanslar 14.5
GHz frekansi civarinda elde edilmistir.

450 um

.....................................

900 Lm@ ...................................... T

2800 pm./
MEMS Koprit

Sekil 40. MEMS kopriiniin M$ hat {istiine yerlegtirilmesiyle gerceklestirilen paralel anahtar
Yapist. Dairese] kiitiik koprit asag1 durumdayken toprak etkisi gostererek giris-cikis arasinda
yalitim saglanmaktadir.
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Sekil 41. 10 GHz merkez frekansinda galisan M3 tistiindeki paralel anahtar yapist igin EM
benzetim sonuclar. (a) Yukart durum yansima kaybi (b) Asag durum yaliim performanst.
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Sekil 42. 15 GHz merkez frekansinda galigan MS§ iistiindeki paralel anah.tar yapist igin EM
benzetim sonuglari. (a) Yukari durum yansima kaybi (b) Asag: durum yalitim performanst.

2.5.1.3 Esdiizlemsel dalga kalavuzu iistiine paralel anahtar yapisi

EDK iistiinde anahtarlama yapmak amaciyla tasarlanan dier paralel anahtarin genel
gdriintiisii ve yapr igin kullanilan devre modeli Sekil 43°te sunulmugtur. Devre modelinden de
anlagilacagn gibi yukari durumdayken disiik olan képrii kapasitanslan (Csb ve Cbg),
képriiniin anahtarlama yapmak amaciyla agapi ¢ekilmesi durumunda oldukea yiiksek bir
seviyeye gelerek giristen gonderilen RF giiclin  yansiyarak ¢ikiga ulagmasim
engellemektedirler. Sekilde gorillen endiiktif uyumlama kisimlan sayesinde modeldeki
endiiktans istenen seviyeye getirilerek, asag1 durumda yalitim performasinin merkez frekanst
10 GHz olarak ayarlanmstir.Sekil 44’te HFSS sonuglari ve bu sonuglara gore modelin
sagladigi performans goriilebilir. Mode] ile EM benzetimler arasinda optimizasyon yoluyla

elde edilen sonuclara gore model parametrelerinin aldig degerler ise Tablo 3’de verilmistir.
¢ EDK :

Zo,pil Z,o,pl
L
/i
S Cy
Cb“ - __Chg
Endiiktif uyumlama
kisimlan Destek noktasi
(a) (b)
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Sekil 43. (a}) MEMS képriiniin EDK f{izerine yerlestirilmesiyle elde edilen paralel anahtar
yapist (b) Yap: i¢in kullamlan devre modeli. Modeldeki kapasitanslar, EDK mmn sinyal hatti
ile koprii arasindaki (Cgp) ve koprii ile EDK’nin diizlemsel topraklan arasindaki kapasitanslari
modellemek i¢in kullanilmgtir.

-40

-80-

Devre modeli

— Devre modef

-B04 40~

—9— HFS8

Yukan durum yansima (dB)

-0

1

5 10 15
Frekans (GHz)

(a)

T
20

—0— HF58

Asage durem yaleerm (dB)

-60 T T

10
Frekans (GHz)

(b)

T
15 20

Sekil 44. EDK {izerinde anahtarlama yapabilen paralel anahtar yapis1 i¢in EM benzetimlerin
sonuglar. (a) Yukar: durum yansima kaybi (b) Asag: durum yalitm performans:.

Tablo 3. Modelin EM benzetimlere optimizasyonuyla elde edilen model
parametrelerinin degerleri.

Koprii durumu  [Cyp (pF) (Cog (pF) IL (pH) 7 (CY) Colf o (dB/cm)
Yukari durum [0.071 [0.134 57 85 2.78 0.27
Asagi durum 4.5 5.29 57 85 2.78 0.27

25.2 FAZ KAYDIRICILAR

2.5.2.1 Analog Faz Kaydineilar

Yeni nesil iiretim siireci sonunda daha &nce tasarlanan analog faz kaydiricilar gelistirilmis
ve daha iyi performans gdsteren yapilar elde edilmigtir, Tablo 4’te tasarlanan ve tiretilen bir
DMTL (siralanmg MEMS iletim hattr) analog faz kaydiricinin boyutlar verilmistir.

Tablo 4’te boyutlan verilen bu yapiun farkh gerilimler uygulanarak elde edilmis S-
parametreleri gdsterilmistir. Bu yapiyla elde edilen faz kaydirimu gesitli gerilim degerleri igin
lgtilmiis, 0 ve 25 Volt igin olan sonuglar Sekil 45°de gosterilmistir. Tablo 5°te ise 10, 20, 40
ve 60 GHz frekanaslarinda Slgiilen cesitli degerler verilmistir.

Tablo 4 ki Farkh DMTL yapisinm boyutlart
Her iki yap1 igin w=100pm

W(um) G s’ Koprii sayisi Toplam
(pm) {um) uzunluk (mm)
22 59 400 75 22.5
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Sekil 45. Hareket verme sonucu elde edilmis S-parametreleri (a) Yansima katsayisi (b) Iletim
katsay1si
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Sekil 46. Faz kaydirici yapinn 0 ve 25V gerilimler i¢in iletim katsayisinin faz1.
Tablo 5 Frekansa gore parametrelerin degisimi.
iPa]“ameter 10 20 40 B 60
Faz Kaydirmm (°)  |21.5 42.87 87.87 . 1136.36.
’H(ayxp (dB) 4.66 6.65 72 - 2.7
°/dB 4.61 6.44 . eT
°/mm 0.95 1.9 ~ lbos

2.5.2.2 Dijital Faz Kaydiricifar

Yeni nesil dretim teknigi ile Sekil 47°de gériilen farkli bir djital faz kaydine: da
tasarlanmug (ytiksek direngli silikon taban tizerine) ve iiretilmek iizere pul {izerine yerlesimini
gosteren maske ¢izimleri tamamlanmugtir. Bu yapida 4 yolun basinda ve sonunda birer tane
olmak {izere toplam 8 anahtar vardir. Bu anahtarlardan ikisini kontrol ederek sinyal, faz
kaydirma amaciyla, 4 yolun kombinasyonlarina ynlendirilebilinir. Anahtarlar1 kontrol etmek
i¢in toplamda 12 tane besleme bacad: gereklidir.

Bu faz kaydirier da hedeflenen faz kaydirma miktarlan su sekildedir: 15 GHz’te 35°-36°
faz kaydimmu ve 10GHz’te 22°-23° faz kaydirimi. Bu gecikme zamam miktarlar1 ilk bit i¢in
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700 pm uzunlugundaki yolla (350 um x 2) ve ikinci bit i¢in1400 pm uzunlugundaki yolla
(700 pm x 2) saglanmstir. Sekil 48°de biitiin faz kaydincr yapisimn S-parametereleri
gosterilmigtir. Gorildiigi gibi geri donme kaybr 20dB’den daha iyi, araya girme kaybi
1dB’den daha diistiktir. Sekil 49°da bu yapmun farkli yol secimleriyie sagladigi degisik faz
kaydirmi miktarlan frekansa bagli oalrak gdsterilmigtir. Beklendigi tizere faz kaydim
frekansa gére lineer bir degisim gosteriyor. Sekil 50°de ise indiiktif olarak eglenmis bir faz
kaydirict yapisinin frekansa bagh grup gecikmesi gosterilmistir..

_ TT1 I

350 pum , 700 pm
600 pm -
=40 um
R = V) 1=40
600 um

Ll

Geri Diinem Kayhi
Araya Girme Kaybi

-80 r | I -5
0 5 10 15 20
Frekans (GHz)

Sekil 48. Anahtarlanmis Faz Kaydirici yapisimin simulasyon sonuclari.
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Sekil 49. Anahtarlanmis faz kaydirici yapisimn farkl yollanindan elde edilen frekansa bagh
faz kaydirim miktarlarn
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Grup Gectkmesi

Sekil 50. Indiiktif olarak eslenmis anahtarlanmig yapinin frekansa bagh grup gecikmesi

2.5.3 EMPEDANS UYUMLAMA DEVRELERI

Ikinci nesil empedans uyumlama devreleri genel yapi ve ¢aligma prensibi olarak birinei
nesil yapilarla yam olmakla beraber, alt yapilar bazinda ciddi farkhihiklar géstermektedir. Bu
farklardan birincisi yapilarin tiretildigi halde DC voltaj verilmesinde problem ¢ikartan MEMS
anahtar yapisinin degistirilmesi olmugtur. Kullanilan yeni anahtar yapisi Sekil 43 ve Sekil
44°de goriilebilir.

Sekil 43’te gosterilen anahtar yapisimin destek noktalar taban iizerine indiginden DC
voltaj uygulamada ciddi bir avantaj saglamaktadir. Ayrica MEMS képrii tizerinde olusturulan
endiiktif uyumlama kisimlar da yapinin asagi durum performansim ciddi olarak artirmaktadir.
Son olarak bu tasarim silikon taban {izerine iiretildiginde yeni bir katman olan resistif katman
da kullanilacaktir. Bu sayede yapilarin su anda en énemli problemi olan DC voltaj uygulama
probleminden kurtulunmas: umulmaktadir.

Yeni nesil empedans uyumlama devresindeki bir dier énemli yenilik ise toplam MEMS
anahtar sayisin ilk yapiya gore ligte bir oraninda azaltilmasidir, Ilk yapida 120 olan anahtar
say1s1 bu yapida 40°a indirilmigtir. Bu sayede yapilarin daha yiiksek bir verimle iiretilmesi



hedeflenmis ve bu konuda basari elde edilmistir. Yapmin benzetimlerle elde edilmig
empedans uyumlama kabiliyeti Sekil 51°de goriilebilir.
i1

Sekil 51. Ikinci nesil 40 anahtarh ayarlénabilir empedans uyumlama devresinin Smith Abaf
iizerinden uyumlama yapabildigi noktalar.

ikinci nesil empedans uyumlama devrelerinin iiretimi igin deneme kosular yapilmig ve
basarili sonuglar elde edilmistir. Uretilen yapilarin SEM fotogratlar1 Sekil 52°de goriilebilir.
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Sekil 52. Ikinci nesil empedans uyumlama devresinin SEM fotograflari. (a) bir MEMS
anahtarin gériinimi. (b) aym anahtann bir pargasimn, farkli agidan ve yakindan, goriiniimii.
() Empedans uyumlama devresinin bir kiitiig{iniin timden gériinimii.

2.5.4 FAZ DIZILI ANTEN

Ilk tiretim siirecinden edinilen tecriibelerle ikinci nesil RF MEMS calismas: icerisinde
yeni bir faz dizili anten yapisi tasarlanmistir. Bu yapr 6nceki yapiyla karsilagtirildifinda
birgok farklihk igermektedir. Bu farkliliklarda ilk secilen taban malzemesidir. Tkinci nesil faz
dizili anten iki ayrn taban lizerinde tretilerek pul baglama yontemiyle (wafer bonding)
birbirlerine yapistirlacaklardir. Yap: sonug olarak yine tektag (monolithic) bir yapi olarak
kalacaktir. Yapinin tizerindeki analog ve dijital faz kaydiricilar ile bu faz kaydiricilarin DC
voltaj beslemeleri 150pm kalinliginda silikon taban {izerine yapilacaktir. Bu taban malzemesi
secilmesinin sebepleri dijital faz kaydinicilar igin gerekli olan yiiksek performansli seri
anahtarlar icin bu tabamin uygun olmasi, DC voltaj uygulamak icin gerekli olan yiiksek
direngli hatlarin silikon taban {izerine serilebilmesi ve analog faz kaydiricilarin silikon taban
lizerinde fiziksel olarak daha az yer kaplamasi olarak siralanabilir. Yapilarin mikroserit anten
kisimlan ise cam taban {izerine yapilacaktir. Anten yapimu icin cam taban malzemesinin -
secilmesinin sebebi cam tabanin er degeridir (er=4.6). Bu deger antenin 1$imm veriminin
yitksek olmasi i¢in uygun bir degerdir.

Faz dizili anten yapisinin yandan goriinitmii Sekil 53°te goriilebilir. Burada ilk énce cam
tabanlarin bir yiizil lizerine antenlerin yapimi tamamlanacak, daha sonra silikon tabamn alt
yiizii sekillendirilecek ve en son olarak da silikon ve cam tabanlar alt yiizeylerinden altin-altin
anodik baglanti yontemi (gold-gold anodic bonding) ile baglanacaktir, Silikon yiizdeki
mikrogerit hattin cam tabandaki antenlere baglantis, iki pul arasinda agilan yanktan sinyalin
iletilmesiyle saglanacaktir (slot coupling). Faz dizili anten yapisinin serimi de (layout) Sekil
54’te goriilmektedir.
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Faz dizili anten

MEMS devre
elemaniari Mikroserit hattin
' : sonu

\ Mikroserit hat ile alt
taraftaki yama anteni

- _ beslemek igin
| Cam taban, t=500 ym, £~4.6 Kullanilan yarik

Sekil 53. Faz dizili anten yapisimn yandan goriiniimii.

Faz dizili anten yapisinin {iretilmesi kadar dogru olarak test edilebilmesi de &nemlidir.
Bunun icin faz dizili antenin dig diinyaya uygun bir sekilde baglanmasi gerekmektedir. Faz
dizili antene konnektor takilabilmesi asagida Sekil 55°te goriilen diizenek dngoriilmektedir.

Dijital faz
kaydirici

Tel baglant: gegigleri R

E JEL.S

BC volta} \\1‘

bagtant:
ayadi

HIEHITIEG]

s
//

= (TR G L

Yarik baglantii yama anten

Sekil 54. Tkinci nesil faz dizili anten yapisimn serimi.
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FAZ DIZiLI ANTEN YAPISI IGIN TEST DUZENEG]

—*RF baflag
Tektas yapiy dig
dOnyaya baflayan
Toprak
baglanti tel bagtantlar
ayagi
Mikrogerit hat .
T _ MEMS davra . )
elemanian Silikon Uzasindakl
= = M35 hattin sonu
Toprak E i Fai £ 1 i ;
via |H T Ortak toprak
BOO jums plakasindakl baglanti
RO4003 yanti
taban Cam tahan, =560 pm, 6,=4,8
Yama anten
800 um
RO4003
taban

Sekil 55, Ikinci nesil faz dizili anten yapisi i¢in hazirlanan test diizenegi.

2.55 AYARLANABILIR ANTENLER

Uretilen ikinci nesil RF MEMS yapilan arasinda TUBITAK 102E036 projesi kapsaminda
tasarlanan iki ayarlanabilir anten yapist vardir. Birinci yapi, icine MEMS kapasitorleri ile
yiikld kisa devre kiitiik yerlestirilmis EDK beslemeli dikdortgensel yarik antendir. Yapida
bulunan MEMS kapasitérler ile rezonant frekanslar istenen degerlerde elde edilmektedir.
Birinci yapiun Gstten gdriintimd Sekil 56°de goriilebilir.

(b)
Sekil 56. Ayarlabilir anten yapilari — Birinci yapi. (a) EDK beslemeli dikdértgensel yarik

antenin kapasitorlerle yiitklenmemis hali. (b) Yiklenmis hali.

Sekil 57'te gériilen Sl¢lim sonuglan incelendigihde yapinin resonant frekanslarin yapiya
kapasitorler eklenmesiyle diistiigii gozlemlenmistir, Bu da tasanm sirasinda kullanilan
diistincenin dogrulufunu gostermektedir.
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Sekil 57. EDK beslemeli dikddrtgen yarik antenin 8l¢iim sonuglart.

Tasarlanan ve iiretilen ikinei yap1 ise ise RF MEMS anahtarlarla ayarlanabilir hale
getirilmis ¢ift frekansli mikrogerit antendir. Bu ¢ift frekansh anten yama anten yapisina
iceriye gOmiilmils bir girinti ekleyerek tasarlanmigtir (Sekil 58). Frekansa bagh doniis
kayiplar her iki frekans icin de Sekil 59°da gosterilmistir.

DC besleme Hatti  +— 96mm —
Sinyal hatti

RF MEMS anahtarlar

10| ‘-"‘H::._\ :;/.,—-" Iy ‘.,\_‘ \ - .
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35| Birinei konfigurasyon m—— o & — Birinei konfigurasyon
[Kinci konfigurasyon w .- = 18 o= Hiinci Luni‘hurusyun
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Y30 856 HAT 4585 B5G  Bh  B5i B02 B63 264 5665 865 s .3_-,5 ) a0 Tat T A5
Frakans (GHz) a1t Frekans (GHz) « 10*
(a) Yiiksek frekans i¢in (b) Diistik frekans i¢in

Sekil 59. Ayarlanabilir ¢ift frekansli anten yapisinin giristeki déniis kayb:
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2.6 SIRALANMIS MEMS ILETiM HATLARI ICIN MODELLEME CALISMASI

Son yillarda RF MEMS konusunda yapilan ¢alismalarda genellikle, anahtar, kapasitor,
indiiktér ve rezonatér gibi aynk devre elemanlar iizerine yogunlasimistir. Bu devre
elernanlarina ek olarak, faz kaydincilar, uyumlama devreleri ve iletim hatlar gibi dagitilmag-
siralanmis  (distributed) devre elemanlan da ele alimmugtir. Bu  elemanlarin
gergeklestirilmesinde, periyodik olarak dizilmis reaktif yiiklerle iletim hattiin yitklenmesi
esas alinmistir, Hatti yilkleyen devre eleman: olarak genellikle ayarlanabilir MEMS képriiler
kullamlmaktadir. Kopriilerin  yiiksekliklerinin  ayarlanabilmesiyle, iletim  hattinin
parametrelerini kontrol edebilmek miimkiin olmaktadir. Bu tiir iletim hatlarina dagitilmg
(swralanmig) MEMS iletim hatlan (Distributed MEMS transmission lines- DMTL) adi
verilmektedir.

Yiiksek empedansh es diizlemli dalga klavuzunun (EDK) periyodik olarak MEMS
kopriilerle yiiklendigi DMIH hakkinda genis analizler mevcuttur. Bu analizlerde MEMS
kopriiller aynk CLR devresiyle modellenmigtir. Sekil 60’ta DMIH’nin genel goriintiisii ve
ayrik seri CLR devre modeli sunulmugtur. Bu model yiiklenmemis yiiksek empedansl iletim
hattimin kayiplarini hesaplamakta ampirik bir ¢arpan faktorii kullanmakta ve r oram (Sekil
60’daki r=s’/w) 5-10 iken ve MEMS koépriilerin yitkseklikleri 1.5 pm oldugunda oldukea iyi
modelleme performans: gostermektedir, Ancak, kopriiler arasindaki uzaklik képrii genigligi
ile kiyaslanabilir diizeylere ¢ekilince (1=1,2 ve 4 gibi) ve daha ¢ok sayida koprii kullanilinca
(45, 75 ve 112 kopril), model ile dlgiim arasinda uyumsuzluklar ortaya gikmaktadir. Model ile
dlelimler arasinda uyum ancak hat kayiplarimin hesaplanmasmda kullamlan ampirik garpan
faktoriiniin arttinlmasiyla bir miktar artirilabilmektedir. CLR modelinde baskin kayip
mekanizmas: yiiksek empedansli hatlardir. Dolayisiyla kdprii sayisinin arttirnilmasiyla ampirik
carpan faktoriintin arttiriimas: gerekliligi beklenen bir sonugtur. Ancak bu garpan faktériiniin
ne oranda ve niye arttirlldifn CLR modeliyle fiziksel olarak agiklanamamistir.

Proje kapsaminda yapilan ¢alismalarda, CLR modelinin baz: yapilar igin yetersizlifi géz
6niine alinarak yeni bir model iizerinde calisilmistir, Farkl fiziksel boyutlara sahip DMIH
yapilar i¢in dnerilen bu modelin genel goriintiisit Sekil 61°de verilmistir. Bu modelde de
goriilecegi gibi yiiklenmemis kisimlar yine yiiksek empedansh iletim hatlariyla
modellenmistir. Diigiik empedansli iletim hatlar1 ise MEMS kopriileri temsil etmektedir.
Ditsitk empedansh iletim hattindan ytiksek empedansh iletim hattina gegisler ise stireksizlik
(discontinuity) etkilerini hesaba katmak i¢in LC devreleriyle modellenmistir. Raporun daha
sonraki boliimlerinde de gosterilecegi gibi model ile dlglimler arasinda oldukga iyi bir uyum
sdz konusudur. :

Zycir
€eff H-CLR
............ aH,CLR Lb"""""“
IhcLr=S
Ry
(b)

Sekil 60. (2) DMIH’nin genel goriintiisii. (b) Arka arkaya baglanmis yapilardan her biri igin
sunulan CLR modeli.
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Sekil 61. Proje kapsaminda yapilan galismalarla, DMIH yapilar igin 6neriler yeni model.

2.6.1 ONERILEN MODELIN ELEMANLARI

Onerilen model, DMIH yapisimin tamamimn ashnda iletim hatlar1 ve bu iletim hatlan
arasindaki stireksizlik etkilerinin hesaba katilmasiyla modellenebilecedi 6ngoriisiine dayanur.
Yitksek empedansli iletim hatlarimin parametreleri kaynaklarda sunulan formulasyonlarla
hesaplanabilir [7]. Diisiik empedansli iletim hattt MEMS képriileri modellemektedir. Tabanin
alt yiizii iletken kaph EDK’nin {izerine tavan seklinde bir iletken kondugundaki elektrik alan
dagilimi incelendiginde, MEMS képriiler i¢in niye diisitk empedansh iletim hattinin
kullanildigt daha iyi anlasilabilir. Béyle bir EDK’da, Sekil 62’de de goriilecegi gibi elektrik
alan EDK’nin sinyal hattindan ¢ikap diizlemsel toprak hatlarmna ve taban ile tavandaki
iletkenlere dogru yayilmaktadir. Eger MEMS képriiler bu yapidaki tavan kismina benzetilirse,
elektrik alanlarnin ¢ok biiyiik bir kismunin sinyal hatti ile MEMS képrii arasma sikisacagl
ongorilebilir. Clinktt MEMS koprii, diizlemsel toprak hatlarina ve tabandaki iletkene kiyasla
¢ok daha yakin bir mesafededir (sadece 5 pm). Bu durumda, EDK mikroserit hat yapisina
déniismeye baglar, MEMS k&pril bu mikrogerit hattin toprag1 gibi, koprii ile sinyal arasindaki
bosluk ise mikroserit hattin dielektrik malzemesi gibi davranmaktadir. Yiiklenmemis EDK ile
yilklenmis kisim arasindaki  siireksizligi modelleyebilmek amaciyla, LC devreleri
kullanilmstir. Burada sdzii edilen siireksizlik ani empedans ve alan degisiminden dolay:
meydana gelmektedir. LC devrelerindeki indiiktans, akim dagilumindaki degisimi, kapasitans
ise siireksizlik bdlgesindeki sagak alanlart modellemek i¢in kullanilmistir.

Sekil 62. Tabamn alt yiizu uetken kapli EDK min tizerine tavan seklinde bir iletken
kondugunda olusan elektrik alan dagihimu,
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2.62 MODEL PARAMETRELERININ HESAPLANMASI
Modelin gecerliligini gdstermek amactyla 500 pm kahhginda Pyrex 7740 cam taban

iizerine (er = 4.6, tand=0.005) farkhh kopri araliklan ve koprii yiiksekliklerinde gesitli
DMIH tasarlanmus ve firetilmistir. Tablo 6’da bu yapilarin fiziksel boyutlar ve hesap edilen
yitksek empedansli iletim hattimin parametreleri verilmistir [7]. Diigitk empedansh iletim
hattnin parametrelerinin (ZL, geff,L, «L) hesaplanmasinda daha &ncede belirtildigi gibi,
EDK’'nin {izerine tavan seklinde bir iletken konuldugundaki formiilasyon kullanilmagtir.
MEMS koprii, formiilasyonda kullamlan yapr igin tavan olarak kabul edilmistir ve yitksekligi
2,3, 4 ve 5 um’dir. Diigitk empedansli hat i¢in hesap edilen parametreler

Tablo 7'de verilmistir. Bu degerler Ansoft HFSSv9.1 kullamlarak yapilan EM
penzettimlerle de uyum igindedir. Modeldeki stireksizlik parametreleri, Ld ve Cd, dlgtimler ile
model arasinda yapilan optimizasyon sonucunda elde edilmistir ve raporun bir sonraki
poliimiinde sunulacaktir.

Tablo 6. Ug farkli DMIH yapisi igin fiziksel boyutlar ve yiiksek empedansh iletim hattimn
hesap edilen parametreleri (@ 10 GHz). Biitiin yapilar i¢in w=100 um’dir.

. . .1 Toplam
W | G| s [Kopri uzunluk Zy OH

(on) ) ) saysst |0 (@) ) (@Brom)

TipI | 74 {183 100} 112 | 224 | 89 {2.78] 0.25
TipII | 96 | 87 |200] 75 22,5 | 83 |2.78] 0.23
TipII1 |122] 59 |400] 45 22,5 | 70 {2.77| 0.25

Tip

Tablo 7. Diisiik empedansh iletim hatti igin hesap edilen parametreler (@ 10 GHz).

@2 pm @3 pm @ 4 um @ 5 um

Ti 7y oL | VA3 ar L ZL oL | Zy aL |

P | (@ |(@Bem)®™H (Q) | (dBlem) || (@) |(dBlem)| ™ (Q) |(dB/cm) efbL
Tipl]9.12 | 3.96 [1.12]13.01] 2.62 [1.17[1654] 196 |1.22119.76| 1.57 |1.27
TipI| 7.17 | 3.99 |1.1]10.31] 2.64 [1.14]13.21] 197 |1.19]15.89 1.58 |123
Tip 1] 5.68 | 4.02 |1.09] 8.2 | 2.66 [1.13[10.54] 1.99 [1.18}12.72] 1.59 |1.22

2.6.3 BENZETIMLER VE OLCUMLER

Ansoft HFSSv9.] kullamlarak, DMIH yapilari iizerinde gergeklestirilen EM
benzetimlerle, diisik empedansh iletim hattinin parametreleri dogrulanmug ve siireksizlik
inditktans ve kapasitanslan elde edilmistir. Benzetimlerde, 10-14 kopriilii yapilar ele
alinmistir, Optimizasyon araglari kullanilarak, model ile benzetim sonuglar: aralarinda en az
fark olacak sekilde birbirine yaklastmimigtir. Tablo 8’de optimizasyon sonucunda elde edilen
parametreler sunulmugtur. Sekil 63 (2)’da da goriilecegi gibi sagak kapasitansi sinyal hattimn
genisligine gore dogrusal olarak degigmektedir. Sagak alanlarin  degigiminin hangi
degiskenlere bagl oldufu diistniildiiglinde, bu durum beklenen bir sonugtur. Benzer bir
dogrusal davrams koprii yiksekligi degistirildiginde Sekil 63(b)’de oldugu gibi
gozlenebilmektedir. Bu durum ise rapor edilen sagak kapasitans degerleri gdz Oniine
alindiginda yine beklenen bir durumdur.
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Tablo 8. Optimizasyon sonucunda elde edilmig farkls yiiksekliklerdeki DMIH yapilan igin Ly
ve Cy degerleri. Optimizasyonda Ly, Cy ve a; diginda biitiin parametreler sabit tutulmugtur.

@ 2 pm @ 3 um (@ 4 pm @ 5 um
Tip Ly Cq Ly Cy ¥ Ly Cqd Ly Coq
Tip1] 6.27 | 4.09 | 5.89 | 3.81 | 5.88 | 3.01 | 5.89 | 2.47
Tip 11| 6.47 | 4.91 | 6.09 | 4.36 | 547 | 4.10 | 6.39 | 3.15
Tip 1] 4.03 | 6.97 | 3.38 [ 6.07 | 3.27 | 5.13 | 3.88 | 3.98

4F a/-j/a
e § it

3F o M —— & um
—>=3 am

(~~2—2 zm

—.—122uym

Fo- et 98 M
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o] />

/

Capacitance (fF)

L]
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Width {m) Height {nm}
(a) (b)

Sekil 63. (a) Siireksizlik kapasitansinin sinyal hattinin genisligine gore degisimi.
(b) siireksizlik kapasitansinin koprii yitksekligine gore degisimi.
Sekil 64°te de goriildiigii gibi siireksizlik inditktansimn kopri yiiksekligine gore degisimi
az, ancak sinyal hattina gore degigimi oldukca yiiksektir. Bunun bir sebebi akim dagilimimin

sinyal hattinin genisliginden oldukea etkilenmesi olabilir. Ancak bu durum koprii yiiksekligi
icin gecerli degildir. '

Onerilen modelin gegerliligini ortaya koymak amaclyla,“degi;‘.ik boyutlara sahip SMIH
yapilarin EM benzetimleri yapilmig ve ayrica yaptlar ODTU Mikroelektronik Tesislerinde
iiretilmistir. Onerilen model ile yapilan devre bazli benzetimler, hem EM benzetimlerle, hem

de dlgiim sonuglaryla kargilastirildifinda gayet tutarl sonuglar elde edilmis, bdylece modelin
gegerliligi kamtlanmustir.
7

peel & im TF

a-é%é\_ /2

m
T

inductance {pH}

»~
T

Induciance (pH}

o 122 pm
e G6 ym

31 L L] 1 1 L 2 i ] 1 1 1 74 um
0 BO 0 106G H b 120 130 20 25 a0 15 40 4.5 5.0
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Sekil 64. (a) Siireksizlik indiiktansinin sinyal hattinin genisligine gore degisimi. (b)
Siireksizlik inditktansinin képri yitksekligine gére degigimi.
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Sekil 65. (2) DMIH Tip I @ 5 pm igin dlciim sonuglari. (b) DMIH Tip III @ 5 pm igin 8l¢lim
sonuglar:.

Tablo 9. Benzetim ve 8l¢iim sonuglarindan elde edilmiy stireksizlik parametreleri ve hattin
kayip parametreleri (Lg, Cq, 01). oL parametresi 10 GHz’de hesaplanmstir.

Benzetim Oleitm
La| Cq oL La | Cq L
(pH)| (fF) |(dB/cm) | (pH) | ({F) | (dB/cm)
Tipl {5.80| 2.47 1.57 059 | 1.61 1.85
Tip 11T |3.88| 3.98 1.59 |11.09| 2.08 1.20

Tip

3 SONUC

Bu projede ODTU’de MEMS teknolojisi ile gelistirlen RF devre elemanlani tasarlanmus,
iiretilmis ve test edilmistir. Proje baginda ODTU’deki galigmalarda MEMS teknolojisini RF
devre elemanlar: yapmak icin geligmis bir noktaya getirmek ve RF MEMS konusunda
bolimiimiizde dnemli bir altyap: olusturmak hedeflenmis, projenin sonuna gelindiginde ise bu
hedeflere ulasildig gozlemlenmisgtir.

Yapilann tasarlanmasi ve simulasyonu igin HFSS ve MEMCAD yazilim programlar
kullanilmigtir. Uretim ODTU Mikroelektronik Tesisleri’nde ve ODTU Elektrik Elektronik
Bilimiinde bulunan temiz odada ve kimyasal alanda yapilmigtir. Olciimler ise Probe Station,
test ekipmanlan (scalar network analyzer, vector network analyzer, v.b.) ile
gergeklestirilmistir. ' '

Tasar: agamasinda atilan ilk adim genis ¢apta bir litaratiir aragtirmasi yapmak olmustur.
Bu litaratiir arastirmalari, anahtarlar ve faz kazydiici yapilarin RF MEMS diinyasindaki en
yaygin elemanlar oldufunu ortaya ckarmigtir. BSliimiimtizde yapilan aragtirmalar ve beyin
firtmast toplantilart sonucu hem bu yapilar hem de bunlara ek olarak tasarlanan empedans
uyumlama devreleri, faz dizili antenler gibi yeni yapilar proje kapsamimna alinmaya karar
verilmistir.

Tasarlanan yapilarm ftretimi igin defisik {retim agamalarl Sngoriilmits, uygulama
adimlarinda gesitlemeler yapilarak sonugta iki temel lretim stireci tammlanmistir. Her iki
liretim siireci de 4 ana adimdan olusmaktadir. Bu adimlar birinei metal katmammn serilimi,
dielektrik katmanmmn serilimi, ara katman ve ikinci metal katmanimn serilimi olarak tesbit
edilmistir. ‘
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ODTU’de gelistirilen RF MEMS birinci iiretim siirecinde birinei metal tabaka icin bakar,
dielekirik kaplama i¢in silikon nitrit, ara katman igin fotodireng, ve ikinci metal katmani igin
nikel kullamlmigtir. Uretim siiresince takip edilen adimlar su sekilde &zetlenebilir: Bakir
elektrokaplama igin gerekli olan Ti/Cu (150/1200 A) tohum tabaka serilir ve fotodireng ile
bakir elektrokaplanacak yerler belirlenir. Elektrokaplama yontemi ile bakir serilir (2 um) ve
buharlastirma yontemiyle ince (1000 A) altin kaplanir. Kaldirma (lift-off) yontemiyle altin
sekillendirilir. Ti/Cu tohum tabakanin agindinlir. Silikon nitrit PECVD yéntemi ile serilir ve
agindirtlacak yerleri fotodireng ile belirlenir. Silikon nitrit asindirilir. Ara tabaka olarak kalin
fotodireng serilir ve sekillendirilir. Sonra elektrokaplama igin Ti/Cu (150/1200 A) tohum
tabaka tozutma yOntemiyle serilir. Nikel elektrokaplama yapilacak yerler fotodireng ile
belirlenir ve nikel elektrokaplama ile ikinci metal tabaka (MEMS képriileri olugturan tabaka-
1 pm} serilir. Ti/Cu tohum tabaka asindirilir. Fotodireng ara tabaka asindirilir ve képriilerin
yapismamas! i¢in yapilar kritik nokta kurutucusunda kurutulur. Bu dretim siireciyle cam taban
iizerine anahtarlar, faz kaydinicilar, empedans uyumlama devreleri ve faz dizili antenler
{iretilmig, anahtar ve faz dizili antenlerin, gerilim uygulama problemiyle karsilasilsa da, 6l¢ciim
sonuglart alinmistir.

Gelstirilen ikinci nesil iiretim siirecinde ise birinci metal tabaka i¢in altin, dielektrik
kaplama i¢in silikon nitrit, ara katman igin bakir, ve ikinei metal katmam i¢in altin
kullamlmugtir. Uretim siiresince takip edilen adimlar su sekilde 6zetlenebilir: Altin
elektrokaplama icin gerekli olan Cr/Au (200/1800 A) tohum tabaka serilir ve fotodireng ile
bakur elektrokaplanacak yerler belirlenir. Elektrokaplama yontemi ile altin serilir (1.5-2 pm).
Cr/Au tohum tabaka elektrokaplama ile altin kaplanmig yerler fotodireng ile korunarak
asindirilir. Silikon nitrit PECVD y6ntemi ile serilir ve asindirilacak yerleri fotodireng ile
belirlenir. Silikon nitrit asmdirilir. Kopriilerin destek noktalarnn negatif fotodireng ile
korunarak kalan yerler elektrokaplanmis bakur ara tabaka ile doldurulur. MEMS képriilerin
koyulacag yerler kalin fotodiren¢ ile belirlenir ve bu alanlar elektrokaplanmis altin ile
doldurulur. Elektrokaplanmis bakir ara tabaka ve tohum Ti tabaka asindirilir. Kdpriilerin
yapismamas: icin yapilar kritik nokta kurutucusunda kurutulur. Bu iiretim siireciyle cam taban
izerine anahtarlar, faz kaydiricilar, empedans uyumlama devreleri, faz dizili antenler ve
ayarlanabilir antenler iiretilmistir.

Anahtar yapilar uluslararas: alanlarda oldugu gibi ODTU biinyesindeki calismalarda da
seri ve paralel anahtar olmak lizere ikiye aynlmus, her iki tip icin de degisik tasarimlar
yapilmistir. Paralel anahtar yapist i¢in cam lizerine litaratiirde var olan képrii tipi bir anahtar
tasarlanmistir. 1.nesil iiretim siirecine gore tasarlanan bu yapuun 0-20 GHz arasindaki
performanslaninin  HFSS  programiyla simulasyonlart yapilmis, bunlarin  sonucunda
0.05dB’nin altinda araya girme kaybi, 40dB’nin {istinde geri yansima elde edilmistir.
Coventorware ile yapilan mekanik simulasyonlar sonucu bu yapinin agagi inme voltaj: 130
Volt olarak bulunmustur, Yine paralel anahtar yapist igin bu sefer litaratiirde var olmayan
yeni bir yap1 gelistirilmis, seklinden o6tiiril T-Kanathi anahtar olarak isimlendirilmigtir. Bu
yapuun simulsayon sonuglarindan, 0.06dB’nin altinda araya girme kaybi, 25dB’nin altinda
geri yansima ve 15dB’nin altinda yansima elde edilmigtir. Bu anahtarin hatti yiikleyen sianimn
koprii ile aktif hat arasinda depil, koprit ile toprak arasinda olmasidir. Béylelikle, hatt
yiikleyen s1fa 6nemli miktarda arttirnlmis olmaktadir. Bu s1fa, asag1 durum diigiiniildiigiinde,
yaklasik olarak 15 pF’dir ve bu yiiksek sifa yardimiyla daha iyi bir yalitima ulasiimaktadir.
Simulsayon sonuglan da bu yargiy: desteklemektedir. T-Kanatl: anahtar yapisinin asag) inme
voltaji da 90 Volt olarak hesaplanmustir. Bu iki yapi disinda asagi inme voltajin daha agagi
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degerlere gekmek i¢in yay kollu anahtar gelistirilmigtir. Kollardaki yaylar sayesinde, sistemin
yay sabiti azaltilmig ve asai inme voltaji daha da uygun degerlere, 3.8 Volt’a kadar
ditstiriilmiistiir.

Seri anahtar yapisi i¢in 1. nesil {iretim siirecine gére dirsek tipi ve tek girisli ¢ift gikagh
tasarimlar yapilmugtir. Dirsek tipi i¢in yapilan simiilsayon sonuclanndan 0.1dB’nin altinda
araya girme kaybi, 15dB’nin tstiinde yalitim gdzlenmistir, Tek girisli ¢ift ¢ikish yapida ise .
0.36dB’nin altinda araya girme kaybi, ¢ikislardan biri igin 24dB’den digeri iginse 18dB’den
biiyiik geri yansima, ve her 1ki ¢ikis igin de 10dB’den biiyiik yalitim elde edilmistir.

2. nesil {iretim siirecine gore faz dizili anten yapilarinda kullaniimak {izere silikon taban
{izerine mikrogerit hat {izerine paralel anahtar yapist tasarlanmistir. Bu yapimn Ansoft
HFSSv9.1 kullamlarak yapilan EM benzetimlerinde, dairesel kiitliglin uzunlugu 2800 pum
olarak ayarlandiginda koéprii, asaf durumda en iyi yaliimi 10 GHz frekansinda
saglamaktadir. Bu anahtar yapisiyla, képrii asagi durumdayken 9.6-10.1 GHz (% 5 bant
genisligi) arasinda 20 dB’den, 9 GHz-10.6 GHz (%15 bant genisligi) arasinda 10 dB’den daha
iyi yalitim elde edilebilmektedir. Bu yapinin yansima kaybi ise 8-12 GHz arasinda 30 dB’den
daha iyidir. Mikroserit diginda bir de EDK iistiinde anahtarlama yapma i¢in bagka bir anahtar
daha tasarlanmustir. Bu tasarimda yukan durumdayken diisitk olan képrit kapasitanslar (Csb
ve Cbg), kopriiniin anahtarlama yapmak amaciyla asag: ¢ekilmesi durumunda oldukga yiiksek
bir seviyeye gelerek giristen gdnderilen RF giicin  yansiyarak cikisa ulagsmasini
engellemektedirler. Ayrica endiktif uyumlama kisimlan sayesinde modeldeki endiiktans
istenen seviyeye getirilerek, asagi durumda yalitim performasimin merkez frekans: 10 GHz
olarak ayarlanmisgtir. :

Anahtarlar disinda arastirma konusu olarak kabul edilen diger bir yap1 da faz kaydiricilar
olmustur. Faz kaydiricilar ¢aligma prensibine gore ikiye aynlmistr. ilk gruptakilere
yiiklenmis hat geometrisini kullanarak faz kaydirmast yaptirilmistir (Analog Faz
Kaydirieilar). Tkinci gruptaki faz kaydinicilar ise anahtarlanmus hat geometrisini kullanarak faz
kaydirmas: yapmaktadir (Dijital Faz Kaydiricilar).

Analog faz kaydincilan su sekilde ¢aligmaktadir: [letim hattr tizerine periyodik olarak
yerlestirilen reaktif elemanlar hat {izerindeki sinyalin gecikmesi, dolayisiyla fazimn
kaymasinda neden olmaktadir. Analog faz kaydiricilar daha 6nce agiklan anahtar yapilarindan
képrit tipi ve T-Kanatli tip paralel anahtarlarla tasarlanmistir. Cam iizerine 1. nesil tiretim
siirecine gore yapilan ilk tasarilanin HFSS simulasyonlarina elde edilen sonuglara gore, aym
boyutlarda ve aynt maddelerden yapilan T-kanatl yapi, képril tipi yapiya gére ¢ok daha iyi
faz kaydinimi saglamigtir. Standart kopriilii yapr kullanitarak cam taban iizerine siirekli faz
kaydirimu saglayan siralanmig mems iletim hatlart (DMTL) tasarlanmstir. Bu hatlar tiretilmis
3dB’nin altinda araya girme kaybi 20dB’nin altinda geri yansima kaybi 8lgillmiistiir. Cam
lizerine tasarlanmis bu yamlar disinda faz dizli anten yapilarinda kullanilmak iizere yiiksek
direngli silikon taban iizerine de analog faz kaydiric: tasarlanmistir, 0° ve 35° arasinda faz
kaydirimu hedefleyen bu yapimn simiilasyon sonuglari sonucu S-parametreleri ve frekansa
bagl: araya girme hedeflendigi tizere 15 GHz'te 33° faz farks elde edilmistir. 2. nesil {iretim
siireciyle de faz kaydirlar tasarlanmug, tiretilmis ve &lgiilmiistiir. Olgiim sonuglanna gore
10GHz’te 21.5° , 20GHz'te 42.87°, 40GHz’te 87.87°, 60GHz’te 136.36° faz kaydirm elde
edilmigtir.
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1. nesil Uretim streciyle 4 tek girisli ¢ift ¢ikigh anahtar yapisiyla desteklenen ve 3 yoldan
olusan cam lizerine tasarlanmis bir dijital faz kaydirici tasarlanmus, simtilasyon sonuglar
15GHz’de 30° faz farki elde edildigini géstermigtir. 2. nesil tiretim siireciyle de farklt bir
dijital faz kaydire: tasarlanmig ve tiretilmistir. Bu faz kaydiricida 4 yolun basinda ve sonunda
birer tane anahtar vardir. Bu anahtarlardan ikisini kontrol ederek sinyal, faz kaydirma
 amactyla, 4 yolun kombinasyonlarina y&nlendirilebilinir. Anahtarlar1 kontrol etmek igin
- toplamda 12 tane besleme bacapi gereklidir. Bu faz kaydimci da hedeflenen faz kaydirma
miktarlan su sekildedir: 15 GHz’te 35°-36° faz kaydirimi ve 10GHz te 22°-23° faz kaydirim.
Simulasyon sonuglarina gére bu faz kaydirici yapisinin geri dénme kayb: 20dB’den daha iyi,
araya girme kaybi 1dB’den daha distiktiir.

Bu proje kapsarnda tek yonga iizerinde diger birlesik devrelerle bir arada iiretilerek daha
az kayip ve daha yiiksek performans saglayan ve MEMS teknolojisinin getirdigi avantajlar:
kullanarak “ayarlanabilir” 6zellik gésteren empdans uyumlama devresi de 1. nesil tiretim
siirecine gére cam {izerine tasarlanmug ve iretilmistir. Bu empedans uyumlama devresi
kiitiikldi (iletim hath) empedans egleme teorisine dayanmaktadir. Yapida ti¢ kiitiiklii empedans
esleme yontemi kullanilmigtir, Her kiitiik lizerine esit araliklarla yerlestiritmis 40°ar MEMS
koprii empedans uyumlayiciun ayarlanabilir olmasini saglamaktadir. Kullanilan kiitiiklerin
uzunlugu 10 GHz frekansinda /2 (A:dalgaboyu) olacak sekilde ayarlanmustir. Kiitiikler aras:
mesafe de empedans uyumlama devrelerinde genel olarak kullamilan deger olan A/8 olarak
seilmistir. Simulasyon sonuglarina gore yapi, 50 Q degerini 16 Q degerine uyumlamak {izere
ayarlandifinda, 16.3 +j5.5 Q degerine uyumlama yapabilmistir. Ayrica, yapimin sanal yiiklere
uyumlama yetenegini test etmek igin, 50 Q degerini 1.8 + j25 Q degerine uyumlamak icin
ayarlandifmda yap1, 1.0 + j 24.5 Q degerine uyumlama yapabilmistir. Yapimin mekanik
karakterini belirleyen, yapida kullanilan MEMS anahtarlarin mekanik karakteridir. Bu
anahtarlarin benzetim sonuglarina gére kapanma voltaji 130 V'tur. Bu yap: igin ilk
tasanimlarda DC voltaj uygulama yoniinde problemler yasandigindan heniiz Slctim agamasma
gelinememigtir. Fakat MEMS kapriilerin yukarida oldugu durumda yapinin tek kittiigti i¢in Z-
parametrelerinin §l¢limit alinmustir. 2. nesil tiretim siireciyle ilkine cok benzeyen empedans
uyumlama devreleri tasarlanmug ve {retilmistir. Aradaki fark ise temel olarak DC gerilim
uygulamadaki sorunu yenmeye y@nelik olmustur. Anahtar yapistmn destek noktalan taban
lizerine indiginden DC voltaj uygulamada ciddi bir avantaj saglamaktadir. Bu tasanm silikon
taban {izerine tiretildiginde yeni bir katman olan resistif katman da kullanilacaktir. Bu sayede
yapilann su anda en 6nemli problemi olan DC voltaj uygulama probleminden kurtulunmas:
umulmaktadir. Yeni nesil empedans uyumlama devresindeki bir diger tnemli yenilik ise
toplam MEMS anahtar sayisinin ilk yapiya gore tigte bir oraminda azaltilmasidir. 1k yapida
120 olan anahtar sayisi bu yapida 40’a indirilmistir ' :

Yukarida anlatilan empedans uyumlama devrelerinden iki tane (giris uglan bagli, ¢ikis
uglar ayr olacak sekilde) paralel olarak baglanarak bir gii¢ boliici devresi olusturulmas:
planlanmigtir. Bu sekilde, empedans uyumlama devreleri ayarlanabilir oldugundan, ¢ikis
empedanslar istenilen bir empedans degerine ayarlanabilinecegi diigtinlilmistiir. Ancak bu
yapuun biiyiikligii Ansoft HFSS benzetim programinda yapilamayacak kadar biiyiiktir ve
bunun i¢in yapilamamistir

Anlatilan bu yapilarin diginda bir de faz dizili anten yapis: tizerinde calismalar yaprlmustir.
Proje gergevesinde tasarlanan faz dizili anten, proje kapsaminda bulunan RF MEMS faz
kaydiricilar: besleme eleman: olarak igermektedir. Ansoft HFSS programi kullamlarak
yapilan similasyonlarda, ayrik adimlarla faz kaymast verecek sekilde ve 1. nesil iiretim
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siirecine gére tasarlanan faz kaydiricinim 0°, 30° ve 60° faz kaymasint verebildifi gorilmiigtir.
Bu yapinin temel yapitagim olusturan tek girishi iki gikisli RF MEMS anahtar, yine Ansoft
HFSS sonuglarina gore, -0.09 dB araya sokma yitimine -20 dB yaliima ve -40 dB giris
yansimasina sahiptir. Elde edilen bu aynk adimh faz kaymasin: siirekli bir hale getirmek
amaciyla EDK’yr képrii bigiminde MEMS anahtarlarla yiikleyerek dalgamin hizini
depistirmek prensibinden hareket eden faz kaydincilar kullanilmigtir. Bu yapimn 15 GHz
frekansindaki sinyallerde 0°-35° araligindaki faz kaymalarini verebildigi HFSS benzetim .
programu ile gosterilmigtir. Yukarida sozii edilen faz kaydiricilarin 6zelliklerinin tek bir
yapida birlestirilmesiyle, 0°-35°, 30°-65° ve 60°-95° arasindaki faz kaymasim bu araliklarda
siirekli bir sekilde elde etmek miimkiindiir. Bu yeni yapi, faz dizili anten sisteminde, anten
elemanlarinin uygun faz kaymalariyla beslenmesi amaciyla tasarlanmugtir. Anten elemam
olarak mikroserit yama anten secilmistir. Faz dizili anten sistemi deneme amagl olarak 15
GHz frekansinda tasarlanmistir. Bu diistinceden hareketle, dogrusal bir dizi olugturmak
amactyla, A/2 (A:dalgaboyu) araliklarla dért mikrogerit yama anten yerlegtirilmigtir. Anteni
besleyen mikroserit 50 €’a uyumlama amaciyla 1.55 mm igeri girintiyle kesilmistir. Giristeki
giicii faz kaydiricilara ve antenlere dagitan besleme ag: mikrogerit hatlardan olusmaktadir ve
besleme agindaki mikroserit hatlar acilarak EDK’ya gegiste uyumlama saglanmistir. Faz dizili
anten sistemi, tasarlandigi gibi, 15.08 GHz frekansinda -20 dB’den daha diisiik bir girig
yansimasina sahiptir. Ancak faz dizili anten yapisinn test edilmesi sirasinda DC voltaj
besleme problemleri asilamadigindan, yapi test edilememistir. 2. nesil liretim stirecine gore
tasarlanmus faz dizili antende ise su diiglinmigtir: iki ayn taban lizerinde iiretilerek pul
baglama yontemiyle (wafer bonding) birbirlerine yapistirilacaklardir. Yap: sonug olarak yine
tektas (monolithic) bir yap: olarak kalacaktir. Yapinin {izerindeki analog ve dijital faz
kayduricilar ile bu faz kaydiricilarin DC voltaj beslemeleri 150um kahnliginda silikon taban
{izerine yapilacaktir. Yapilarin mikrogerit anten kisimlari ise cam taban {izerine yapilacaktur,
Anten yapimu i¢in cam taban malzemesinin se¢ilmesinin sebebi cam tabamn er degeridir
(sr=4.6). Bu deger antenin 131um veriminin yiiksek olmas: igin uygun bir degerdir. Maske
¢izimleri tamamlanmis olmasina ragmen heniiz ikinci nesil {iretim siireciyle firetilmis bir faz
dizili anten bulunmamalktadir.

{retilen ikinci nesil RF MEMS yapilar arasinda TUBITAK 102E036 projesi kapsaminda
tasarlanan iki ayarlanabilir anten yapisi vardir. Birinci yapi, igine MEMS kapasitorleri ile
yiiklii kisa devre kiitiik yerlegtirilmis EDK beslemeli dikdértgensel yarik antendir. Tasarlanan
ve tiretilen ikinei yapt ise ise RF MEMS anahtarlarla ayarlanabilir hale getirilmis dual frekans
mikroserit antendir. Bu dual frekans anten yama anten yapisma igeriye gémilmilg bir girinti
ekleyerek tasarlanmigtir

Tasarim ve simulasyon asamalarinda litaratiirde var olan siralanmis MEMS iletim hatlann:
modellemekte kullamlan modelin eksiklikleri oldugu ortaya ¢ikarilmigtir. Proje kapsaminda
yapilan ¢aligmalarda, CLR modelinin baz: yapilar i¢in yetersizligi gz 6niine almarak yeni bir
model iizerinde ¢aligilmigtir. Bu model yliklenmemis kisimlar yine yliksek empedans! iletim
hatlariyla modellenmigtir. Diigiik empedansl iletim hatlarn ise MEMS képriileri temsil
etmektedir. Diigiik empedansh iletim hattindan yiiksek empedansh iletim hattina gecisler ise
siireksizlik (discontinuity) etkilerini hesaba katmak igin LC devreleriyle modellenmistir.
Onerilen modelin gegerliligini ortaya koymak amactyla, degisik boyutlara sahip SMIH
yapilarin EM benzetimleri yapilmug ve ayrica yapilar ODTU Mikroelektronik Tesislerinde
iiretilmistir. Onerilen model ile yapilan devre bazli benzetimler, hem EM benzetimlerle, hem
de 6lciim sonuglartyla kargilastinldiginda gayet tutarh sonuglar elde edilmis, b&ylece modelin
gecerliligi kanitlanmistir. :
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Diigiik maliyet, tasanim esnekligi, kiigiik boyutlar ve yiiksek performans gibi avantajlar
nedeniyle MEMS teknolojisi RF alamnda da, diger bir ¢ok alanda oldugu gibi dikkat ¢ekici
bir noktaya gelmistir. ODTU’de baglayan ve devam eden RF MEMS caligmalan olgun
durumda bulunan mikrodalga ve MEMS bilgilerini birlestirmis ve yeni yapilarin tasarlamp
iretilmesine imkan saglamgtir. Bugiine kadar yapilan calgmalar tasarim, simiilasyon ve
iretim asamalarimi hemen hemen sorunsuz hale getirmeyi basarmus, eksikleri neredeyse
tamamlanan mikroelektronik tesislerinde istenilene yakin performansta tiriinler elde edilmeye
paslanmistir. Bugiine kadar tasarlanan ve iiretilen yapilarin yaminda yakin gelecekte, degisken
kapasitor, indiiktor ve filtre devreleri arastima konular: arasina alinacaktir.
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1. INTRODUCTION

This paper presents a reconfigurable dual-frequency rectangular slot antenna using MEMS
(Microelectromechanical Systems} technology. MEMS devices have proven their usefulness in
microwave applications with their reduced cost, improved performance, and miniaturized
dimensions feasible for batch fabrication. MEMS components seem to take the place of off-chip
components in wireless communications [I]. Since RF MEMS components have tunable
characteristics, the integration of these compenents with radiators may yield several advantages
in terms of reconfigurability in polarization, frequency, and radiation pattern. The monolithic
integration of tunable MEMS components with antennas can also reduce parasitic effects, the
losses, system size, and costs. In last years, due to the interest to combine various wireless
applications in a single systern, reducing the system volume is a challenging issue. An antenna
that can operate in multi-frequency might be an appropriate solution to reduce the system
volume. This paper presents a new dual-frequency antenna structure implemented with the
MEMS technology to achieve better performance than previous approaches. The tunable
MEMS capacitors integrated with a dual-frequency rectangular slot antenna provide
reconfigurability in frequency without eny adverse effect on the radiation pattern. The
following sections explains the antenna structure, simulation results, and fabrication process.

2. ANTENNA DESIGN

The general view of a rectangular slot antenna fed by a 50 Q CPW line is given in Figure 1 (a).
The antenna is designed on glass substrate (g=4.6, tan6=0.005} having a thickness of 500 pum.
A rectangular slot antenna itself shows a dual frequency operation with a significant amount of
cross-polar component in H-plane for the second resonant frequency. When a stub is inserted to
the slot opposite to the feeding transmission line, cross-pelar component in H-plane can be
reduced to a level lower than -30 dB, resulting in a dual-frequency antenna. The stub
dimensions, i.e. the characteristic impedance of the stub, also controls the resonant frequencies
and the separation between these frequencies [2]. In order to dynamically reconfigure resonant
frequencies of the antenna, 6 MEMS cantilever type capacitors are placed periodically onta this
stub to modify the characteristic impedance of the stub as shown in Figure 1 (b). The anchors of
these cantilevers are attached to the stub. Two cantilevers supported by these anchors are
sispended over the conductor carrying the RF signal. As can be seen from the cross-sectional
view in Figure 1 (b), these cantilever type capacitors resembles to a “T-wing" structure which
can be actuated electrostatically by applying DC voltage between the RF signal line and
suspended cantilevers [3]. Since these cantilevers are bended from 2 pm to 1.4 pm under
actuation, the loading capacitance increases rtesulting in a change in the characteristic
impedance of the stub. Due to this capacitive loading, the characteristic impedance of the stub
can be modified dynamically which enables reconfiguration of the resonant frequencies.

3.SIMULATION RESULTS

The proposed design has been simulated using Ansoft HFSSv9.2. The structure is designed to
have cantilevers at 2 pm height when they are not actuated. Since MEMS cantilevers can only
use 1/3 of their initial height because of the mechanical instability, they have been lowered
down to 1.4 pm height to achieve maximum loading on the stub. The simulation results for 5-12
GHz band are given in Figure 2. The resonant frequencies of this structure when the cantilevers



is at 2 um occur at 8.48 GHz (10 dB BW: 4.2 %) and 10.53 GHz (10 dB BW: 10 %). As the
height of the cantilevers moves down to 1.4 wm, the resonant frequencies shifts down to 7.3
GHz (10 dB BW: 1.6 %) and 10.2 GHz (10 dB BW: 11.7 %). Radiation patterns for related
frequencies are shown in Figure 3-6. The figures show that the antenna radiates broadside for
all of the four resonances and increasing the capacitance by lowering down the cantilevers do
not cause any adverse effect on the radiation patterns. '

MEMS
cantilevers

Silicon
Nitride
Base Metal [

150 pm 200 pm 150 um
(c)
Figure 1. (a) A rectangular slot antenna with 50 Q0 CPW feeding line. (b) Stub loaded
rectangular slot antenna where the characteristic impedance of the stub is modified with MEMS
capacitors, (¢) Cross-sectional view of the loading section of the antenna.

4. FABRICATION

The antenna will be fabricated on 500 pm thick Pyrex 7740 glass substrate. The process flow is
as follows: (2) 0.01/0.25 pm of Cr/Au is evaporated as a seed layer for gold electroplating,
(b) 2 pm of Au is deposited via electroplating and Cr/Au seed layer is etched. (c) 0.2-0.4 pm of
SiN, is deposited as dielectric layer by PECVD process and patterned by RIE. (d)
0.01/0.25 pm of Ti/Cu layer is sputtered and anchor regions are patterned by etching. (e) The
regions for sacrificial layer deposition is defined and 2 pm of copper is deposited via capper
electroplating. (f) Structural metal regions are defined and 1 pum of Au is deposited via
electroplating for structural metal. (h) Sacrificial layer is removed and the devices are released
using critical point dryer,

5. CONCLUSION

A reconfigurable dual-frequency rectangular slot antenna using MEMS technology is presented.
In this structure, a rectangular slot antenna is integrated with MEMS cantilever type capacitors.
The simulations results show that the structure has a dual frequency behavior where both of the
resonant frequencies can be reconfigured dynamically. By the actuation of MEMS cantilevers,
the lower resonant frequency shifts 1.2 GHz, whereas the higher tesonant frequency has a shift
of 330 MHz without any distortion on the radiation pattern. The structure is currently in




fabrication. Measurement results will be presented and compared with the simulation results at
the symposium.
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INTRODUCTION . . N .

The tunable and reconfigurable properties of RF MEMS components have been investigated in various studies
on switches, capacitors, inductors, resonators, filters, phase shifters, and matching networks [1]. These properties of
RF MEMS components can be used as an enabling tool in wireless communication and radar systems. The
integration of tumable RF MEMS compornents with radiators is one of the examples to the usage of this enabling
technology resulting as reconfigurable antennas in terms resonant frequency, polarization, radiation pattern.

This paper presents two reconfigurable antenna structures using MEMS technology. The first structure is a
CPW-fed rectangular slot antenna where a shert circuited stub loaded with MEMS capacitors is inserted to the
antenna structure. The variable capacitors, which are controlled with DC voltage, are placed onto the stub in order to
achieve a control on the characteristic impedance of the loading stub. Since the characteristic impedance of the stub
has an effect on the resonant frequencies, the resulting antenna has reconfipurability on the resonant frequencies of
the antenna. The other structure is an inset fed microstrip patch antenna with a slot opening which is used to obtain a
dual frequency antenna. The switches placed on the inset feeding provide matching for each of the dual frequencies
depending on the states of the switches controlled with DC actuation.

ANTENNA DESIGN

The general view of a rectangular slot antenna fed by a 50 £2 CPW line is given in Figure 1 (a). The antenna is
designed on glass substrate (g=4.6, tand=0.005) having a thickness of 500 pm. A rectangular slot antenna itself
shows a dual frequency operation with a significant amount of cress-polar component in H-plane for the second
resonant frequency. When a stub is inserted to the slot opposite to the feeding transmission line, cross-polar
component in H-plane can be reduced to a level lower than -30 dB, resulting in a dual-frequency antenna. The stub
dimensions, i.e. the characteristic impedance of the stub, also controls the resonant frequencies and the separation
between these frequencies [2]. In order to dynamically reconfigure resonant frequencies of the antenna, 6 MEMS
cantilever type capacitors are placed periodically onto this stub to modify the characteristic impedance of the stub as
shown in Figure 1 (b). The anchors of these cantilevers are attached to the stub. Two cantilevers supported by these
anchors are suspended over the conductor carrying the RF signal. As can be seen from the cross-sectional view in
Figure 1 (b), these cantilever type capacitors resembles to a “T-wing” structure which can be actuated
electrostatically by applying DC voltage between the RF signal line and suspended cantilevers [3]. Since these
cantilevers are bended from 2 pum to 1.4 um under actuation, the loading capacitance increases resulting in a change
in the characteristic impedance of the stub. Due to this capacitive loading, the characteristic impedance of the stub
can be modified dynamically which enables reconfiguration of the resonant frequencies. The proposed design has
been simulated using Ansoft HFSSv9.2. The structure is designed to have cantilevers at 2 um height when they are
not actuated. Since MEMS cantilevers can only use 1/3 of their initial height because of the mechanical instability,
they have been lowered down to 1.4 pm height to achieve maximum loading on the stub. The simulation results for
3-12 GHz band are given in Figure 2 (a}. The resonant frequencies of this structure when the cantilevers is at 2 pm
occur at 3.48 GHz (10 dB BW: 4.2 %) and 10.53 GHz (10 dB BW: 10 %). As the height of the cantilevers moves
down to 1.4 pum, the resonant frequencies shifts down to 7.3 GHz (10 dB BW: 1.6 %) and 10.2 GHz (10 dB
BW: 11.7 %). The base metallization fabrication of the antenna structure has been completed and Figure 2 (b) shows
the measurement results compared with the simulations. The deviations of the simulation and the measurement at
the maxima of the reflection coefficient are due to the finite conductivity of the gold layer used in the fabrication
which is assumed to be perfect conductor to reduce computational efforts.

Opening slot on a microstrip patch antenna is a very common way to achieve dual frequency operation. In fact,
opening a slot on the patch but keeping the feed location fixed does not result in satisfactory matching levels for
both of the frequency bands, because of the frequency dependent inductance and capacitance values of the patch.
The second antenna design in this work presents a solution to the matching problem of a dual frequency antenna by
changing the feed location of a microstrip line fed patch antenna with an electronic control on the length of the inset
through the use of RF MEMS switches [4]. Placing RF MEMS switches across the inset provides two states. When
switches are at ON state, they do conduct and shorten the inset length and when the switches are at OFF state, they
do not conduct and antenna operates as if there is nothing in the inset. In summary, ON and OFF states of switches
correspond to the shorter and the longer inset lengths, tespectively. Dual frequencies of operation are chosen as 6.5
and 8.5 GHz for this design. The DC lines are connected to the ground at the end. Therefore when a DC voltage is



supplied in addition to the RF signal, the switches are actuated. In the case of actuation, RF signal should not follow
the DC line path. Therefore, the length of the DC line from the switch to the ground is adjusted to 0,75 A (0.25 A is
not preferred to avoid spurious radiation) at 8.5 GHz, so that the short circuit at the end of the line appears like an
open circuit at the switch position for the RF signal.

Ground connections of DC lines are planned to be supplied by 50 Q CPW probe feed. Hence, a tapered
transition section that converts a 50 £ microstrip line to a 50 £ CPW line is designed and added to dual-frequency
microstrip antenna structure. To model the grounding of DC lines in simulations, a large via from the top metal layer
to bottom metal (ground) layer is placed. The whole simulated structure is shown in Figure 4 and the simulation
results for both RF MEMS configurations with single {first configuration) and double (second configuration)
switches are shown in Figure 5. The simulations are performed with HFSS by Ansoft in order to accurately model
the three-dimensional RF MEMS switch structures that are integrated to the planar antenna.

(@ . _ (b)
Figure 1. (a) A rectangular slot antenna with 50 © CPW feeding line. (b) Stub loaded rectangular slot antenna where
the characteristic impedance of the stub is modified with MEMS capacitors. (c) Cross-sectional view of the loading
section of the antenna.
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Figure 2. (a)Reflection coefficient characteristics of the designed antenna for 2 um and 1.4 pm cantilever height. (b)
Measurement results for the unloaded (no structural layer) CWP-fed slot antenna compared to simulation results.
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Figure 3. Radiation pattern at 8.48 GHz for the cantilever height at 2 pm (a) E-plane (b) H-plane.
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Figure 5. Input Retun Losses of both re-configurable dual frequency microstrip antennas with
integrated RF MEMS switches configurations for (a) Lower Frequency, (b) Upper Frequency.

CONCLUSION

This paper presents two reconfigurable antenna structures using MEMS technology. The first structure is a
reconfigurable dual-frequency rectangular slot antenna. In this structure, a rectangular slot antenna is integrated with
MEMS cantilever type capacitors. The simulations results show that the structure has a dual frequency behavior
where both of the resonant frequencies can be reconfigured dynamically. By the actuation of MEMS cantilevers, the
lower resonant frequency shifts 1.2 GHz, whereas the higher resonant frequency has a shift of 330 MHz without any
distortion on the radiation pattern. The fabrication of the first structure has been completed up to base metallization
process. The measurement and simulation results show a very pood agreement. The second design is a
reconfigurable dual frequency antenna structure including its integrated RF MEMS switches and their actuation
lines together with a CPW feed is introduced. The number of switches used in the inset is decreased compared to the
hybrid design presented in [4]. Because instead of utilizing the available RF MEMS switches, new switch designs
suitable for this application are performed. Two different switch configurations are studied. Although very good
performance is obtained for both of these configurations, the double wing design is preferred due to the lower DC
voltage required for the actuation of the switch. The fabrication of both of the antennas will be completed in the
MEMS facilities of METU. The second antenna structure but without the microstrip to CPW transition section will
also be manufactured to measure the radiation characteristics of the antenna.
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ABSTRACT -

This paper presents a new madel far the distributed MEMS transmission liee (DML}
structuss where the MEMS bridges that are placed pesindically on & high-imped transymission
line #re represented as low-impedance transmission liazs, mther than o lumped CLR citcuit. The
model includes LE aetwarks al the transition paint from high-impedance 1o bow-impedance lines
1o account for the effects of discontinuity, The sccusacy of the model is verified with
measigreeents an three types of DMTLS that are fabricated with an RF MEMS process bassd on
clectroforming an & plass substrate, The DMTLs have MEMS bridges with 100 pm widsh and
intesbrifge spacings of 100, 200, znd 400 pn, The measurcrment results of the fnbricated devices
are in pood agrecment with the model, verifying thet modsling of MEMS hridges with
transmission Jines pravides a good spproximation for the loss mechanisms in DMTLs when the
interbridge spacing epproaches (o MEMS bridge width.

INTRODUCTION

The rescarch o RE MEMS hos Increased significantly in the Tast few yeass, focusing on
fumped componznts such as switches, copucitors, inductors, and resonators. In addition: 1o these
lumped campenents, there arc also investigations and reparts on distributed coropanents such as
phase shifters, filtses, matching networks, and transmission lines, The implementation of
distributed components employs the ides of loading a planar transmission line periodically with
reactive companents. Generzlly, the losding elements are tunable RF MEMS bridges, fonming a
ransmission line with adjustable parameters, namely distributed MEMS transmission line 11]. The
DMTLs are used in implementation of phase shifters {1-3], resanators (4], and filters [5].

There are extsnsive analyses of DMTL {1, 2, 8], where high-impedance coplanar waveguide
(CPW) is Inaded petiodically with MEMS bridges. These analyses are based on the modeling of
the MEMS bridge as o jumped series CLR circuit. Fig. | shows a general view of the DMTE, and
lumped sevies CLR cireuit model (6] This mede] uses an empirical multiplication factar for the
loss of the unleaded CPW line and provides good agreoment with measurciment results when the
1atia, r, {r=r' i Fig. 1) is about 5-10 and the MEMS bridge height is about 1.5 pm. However,
we ohserved that when interbridge spacing s reduced o the order of bridge width (such as =1, 3,
and 4) and a high pumber of bridges (45, 75, 112} is used, the apreement between the
measusements and the modef starts 1o deviate if simitar volues far the parameters rre used, The
filling can only be improved if the mubiplicative factor is inereased. This result is physically
unressonable with the CLR mods! which assigns the major foss mechanism in the BMTL structurs
to thz unlaaded TPW line. : :

Fig. 1. (a) Top view of DMTL. (b) Lumped- Fig. 2. The proposed circuit model for the
element CLE madel of the unit section of DMTL DMTL, where the MEMS  bridges are
{6]. B ed with low-imped transmission

lines.

This paper presents a now mode! for the DMTL that con be used for various DIMTL strugtures
withs different dimensions. Fig, 2 shows this new model, where the MEMS bridges arc represented
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with low-impedante trensmission lines. The irznsitions from [ow-impedance fines to unloaded
CPWs ore also modeled with LC networks which sccount for the discontinuity effects, To vesify
the model, DMTLs with ratios r=t, 2, and 4, end MEMS bridge heights of § pum are fabricated and
measured, [t i observed (bat the model is in good agreement with the measuremens results,

ELEMENTS OF THE CIRCUIT MODEL

The madel propases that all parts of the DMTL structure are actually tmnsinission lines hnvmg
different prrameters and discontinudlies in t The high-imped: fines act og the unloaded
CPW lines whose parameters con easily be calenlared using the formulation in [7). The [ow-
impedance line models the MEMS bridges, The use of a low impedance line is understcod betier il
the figld distribution of o conductor backed CPW {CACPW) with & top cover is considered. Ina
CBCPW with top caver, the electric field is mainly coupled from the signal line of the CPW ta its
plannr grounds, but thers is slso coupling to the back and lop covers. If the MEMS bridge is
considered as a top cover, mest ofthe Nsld would be conlined batween the signal line and the top
cover. This is because the MEMS bridpe, which nlso acts a3 a ground glanc fur the CPW, is much
cioser than the planar grounds of the CPW and the back cover. In this casc, the CPW converges 1o
a micrestrip (MS) line where the pround of the micrstip is the MEMS bridge. In arder to moded
the discontinuities, LC netwarks are employed between the unloaded CPW and the MEMS bridge.
The discontinuity nectrs because of the abrupt impedance and feld distribution chanpe in the
masition regions. The inductance in the L network models the change in the carrznt distribution,
ond the eapagitance nceounts for the fringe ficlds ot the discantinuity point,

CALCULATION OF THE MODEL PARAMETERS

tn arder to verfy ths madel, three DPMTLs with different Gmensiona are designed on 500 pin
Pyrex 7740 plass substeate (¢, =4.6, tang=0.605). Table I gives the dimensions of the DMTLs
which are introduced | m Fig, 1, Using these dimensions with 2 metallization thickness af 2 sm and
conductivity of 5x10° $/m (clc:implnt:d Cu), the high-impedance line pamameters (2. Gpw aw)
ore caleulsted with CPW formulation in [7). For the calewlation of the {ow-impedance fine
parameters {Zo, &y @), the formulation for M5 Hne ia [7] §s used. This is becsuse the MEMS
bridge is modeled s 3 low-impedance MS fine as explained in the previous section, The air gap
under MEMS bridge is asswmed 1o be the dielzciric of the MS line and has a thlckness of § pm,
The conductivity of the MEMS bridge is taken as 1x£0° $/m (eloctroplated Ni). The colculated
porameters for both high- and towsimpedanes [incs are given in Table [E. These values agres with
the EM simulations dene using Ansoft HFSS v9.0. Discoatinuity parsmetars, L and €, are found
by fitting the measurement results do the eireuit simulations and will be explained in the next
secligns.

FABRICATION

The DMTLs are fabricatzd on 500 pm thick Pyrex 7740 giess substrate. The process flaw is 25
follows: (o} 0.01/0.25 pm of Ti/Cu is spuitered a3 a seed Fayer for capper electroplating (B) 2 gm
of Cu is deposited vin ¢lectrnplating. {¢) 0.1 pm of Au is evaporated nnd panterned by lift-off. {d)
0.2-0.4 pm of Si,N, is deposited as dielectric layer by PECVE process and patterned by RIE. (<)
5 pm of phatoresisc is deposited and patterned as sacrificial layer. (f) 0.01/0.25 pm of T/Cu is
sputtered os o seed Jayer for mickel electraplating. () 1 pm of Ni is depasited via electroplating,
() Secrificipl layer iy romoved sad the devices are released using critical point dryer.

MEASUREMENT RESULTS

The 5-parameters Tor different types of DMTLS meationed in Table ] can be seen in Fig. 3-5. In
ol| af the figures, the measured 5-permmciers are (s 4grectient with the simulation results, This can
olso be observed from the Z-parumeters of the DMTLs. These resufts alsa verify that the mode] is
suceessful in predicting the DMTL behavior except Tor small differences in the magnitudes of the
Sy-charecieristies. These differsnces might be due to the fabrication crmors specific 1o the
mensured devices. Since all the measured devices have less than -39 68 reflection, the e dre
tmere pronounced or Sy «characleristics.
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Table 1 Table [1
Dimengions for the tiree types of BMTL Paramneters for the high- and
Srucures. w = 100 um [or ai Structures. Inw-impedance lines @ 10 GHz.
W | G| & | #of {Towllength Zn an 12, "
TP | (| bridges]  (mem) 9P § eyt amfomi| B0 St kdBrem)

Typel| 74 | 83 [ 106 112 22.4

Typel |82 |278] 035 §20] 1 1.57

TypellI[ 95 | 87 | 200 | 75 2.5

Typell |83 |3.78) 023 §16) 1 | .58

Type 01 122 ) 59 1400 | 45 215

Type | 7012.77] 023 FI13] & | 1.59
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Flg. 5. S-parameters of the DMTL-Type I11. Fig. 6. S-parameters of the DMTL-Type [iI
(comiparer with CLR model).
Tadle U1
Fitted pamamezers extragted fram optimization,
Type Ly Co oy @10GHZ
fply | {IF) {dB/em)
Typel] 7.8 138 1.38
Typell] 931 .95 1.65
TEE il 1152 F 49] .45

The model parameters are extracted by minimizing the least mean square error betwaen the
mepsired and simulated S-parameters using optimization tools. During the optimization, the
paramsters in Table [l are fixed except for the [oxs of the low-impedance line, @, The
discontinuity parameters. Ly and €, are the ather parameters used In the optimization. The fitted
values of these parametess ean be found in Table 11,

The values of @ tabufated in Table Hl are quite closz 1 these piven in Table I1. The deviation s
abour 18% which e2n be duz to the aceuracy of the formulation used in MS line parameret
calculations ar the process vasiations such ns MEMS bridge thickness and conductivity. The other
aptimization variables, L and €, are direct resulls of the aptimization procedure, The order of
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these values js physically reasanable cansidering the valuzs reporied for verious types of CPW
discontinuities [8].

In order 1w make 8 comparison between the CZR model and the proposed medel, all the
measurement results ere fitted with the CLA model, Fig. 6 presents the case for DMTL-Type Il as
an exarnple. The optimized vilues for the parameters of CLR model are C=28 §F, L=0 pH, R«1 {1,
L8911, ayea=0.8 dBicm ot [0 Gllz, lcoe=250 pm, ond £gucem=2.78. Among these
parameters, €, L, R, and o cox ore uted for optimization, C=28 §F is close 10 ke ealeulnted value
including fringe effects. & is also in an acceptable order although 1 12 is 2 high value for a MEMS
bridge resistance reporicd in [2]. But fited ey gee value s uneapecicd sinee it is even higher than
1.8 x 0.25 = 0.45 dB/cm where 1.8 i4 the multiplicative factor teperted in [2] and 0.25 dB/em js
the caleulated line loss at 0 GHz Fited oy gx values in Type I ond 1 are uroend 1.05 dB/cm at
10 GHz, which means that the factor should be around 4 10 get a fitting. [t should e noted chat jn
CLR madzt, the lass of the whale stucture is modeled by the 1055 eof the unleaded CPW. However,
for our casc, since the number of bridges is high as indicated in Table 1 and the bridge
conductivity i1 low, the contribution of the MEMS bridges to the losses is more noticcably
phserved, Therefore, it is a betler approximation 1o zssign the dominant loss mechanism 1o the
MEMS bridges and madeling the MEMS bridges with trsnsmission lines. Obviously, this
assumplion needs to be verified for other structures having different dimsnsions and number of
bridges to have a more aceurate model.

CONCLUSION

This paper prescits o new made! for DMTL streetures with 5w ratia of 1, 2, and 4, The mode]
consists of a1 high-impedance imnsmission kine for the unloaded CPW, low-impedance
transmizsion line for the MEMS bridge, and LC networks for the trnsitians. The medel
parameters are calculated wsing the CPW and MS line formulatians reported in the literature
except for Lyand Cy values. Even though Lyand Cy values are found by curve fitting techniques,
their values are physicnlly reasonable considering the reporied values for various types of CPW
and M5 line discontinuitics.

Three types of DMTL lines which are loaded with high number af bridges (45-75-112) 2re
fabricatad and mezsured. The propesed modzl is in pood agreemeny with the measuremnent results,
The measurements are also Nitted 1o the CLR model w compare the reparted volues of previous
works and a loss of ayce=0.8-1.05 dB/cm is noted for the unleaded CPW which is niot physically
reasanable, By modeling the MEMS bridges as transmissian lines, the dominant Joss mechanism
is associated with the bridges. This approach psovides beiter approximation and is physically
reasonable,
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Abstract — This paper presents o parametric study of a
new model for the disiriboted MEMS iransmission loe
(DMTL} structures. In this new model, the MEMS bridges
which are used us the loading elemenis of the DMTL
structures are represented as low-impedance transmission
Mnes, rather than a lumped CLR circuit. The model also
includes LC petworks at the transition polnts from the
MEMS bridges to the unlosded parts of the DMTL which
are simply high-lmpedance transmission lines. These LC
networks are employed to model the effects of the
impedance discontinuities, The accurucy of the model is
verifled with simulations and mensurements on ifferent
types of DMTLs that are fabricated with an RF MEMS
process hased on electroforming on a plass subsirate. The
fabricated structores include DMTLs with various MEMS
bridge heights (2, 3, 4, e3nd 5 pm) and center conductor
widths (74, 96, and 122 pm}. The varfatons of the model
parameters with respect to the bridge hefpht and center
conductor width are obtained with EM simulations. The
messurement results of the fmbricated devices at s hridge
heipht of 5 pm sre in good agreement with the model.

I. INTRODUCTION

In the recent years, the research on RF MEMS has
been growing drastically with the increasing number of
researchers focusing on the subject. With a high number
of processes and components developed such as
switches, capacitors, inductors, resonators, filters, phase
shiflers, and matching networks, the technology becomes
mature [1}. The next step toward integration reguires
rescarch on relizbility, packnging, and accurate modeling
of the designed structures,

This paper presents a parametric modeling study on
distributed MEMS wansmission lines (DMTL). Up to
data, the MEMS bridges in the DMTL structures were
modeled with a lumped CLR cireuit which can be seen in
Fig. 1 [1-3]. The model presented in this work proposes
that the MEMS bridges in the DMTL structure can also
be modsled with low-impedance transmission lines and
two LC networks that account for the discontinuity
effects as can be seen in Fig. 2 [4]. The following
sections in this paper explains the reasoning for the
clements used in the model and simulation and
measurement results for DMTL  structures having
different physical dimenstons.

1I. ELEMENTS OF THE CiRCUIT MODEL

The model proposes that all parts of the DMTL
structure are actually transmission lines having different
parameters and discontinuities in berween [4]. The high-
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impedance lines act a5 the unloaded CPW lines whose
parameters can easily be calculated using the formulation
in [5]. The low-impedance line models the MEMS
bridges. The use of a low impedance line is understood
better if the field distribution of a conductor backed CPW
(CBCPW) with a top cover is considered. In a CBCPW
with top cover, the clectric field is mainty coupled from
the signal line of the CPW to its planar grounds, but there
is also coupling to the back and top covers. If the MEMS
bridge is considered as a top cover, mast of the field
would be confined between the signal line and the top
cover. This is because the MEMS bridge, which also acts
ns a ground plane for the CPW, is much closer than the
planar grounds of the CPW and the back cover. In this
case, the CPW converges to a microstrip {MS) line where
the ground of the microstrip is the MEMS bridge. In
order to model the discontinuities, LC networks are
cmployed between the unloaded CPW and the MEMS
bridge. The discontinuity occurs because of the abrupt
impedance and field distribution change in the transition
regions. The inductance in the LC network models the
change in the current distribution, and the cepacitance
aceonats for the fringe fields at the discontinuity point.

II1. CaLcuLATION OF THE MODEL PARAMETERS

In order to verify the model, DMTLs with different
MEMS brdge heights and interbridge spacings are
designed on 500 um Pyrex 7740 glass substrate with

{MEMS hiidga;

(b

Fig. 1. (n) Top view of DMTL. (b} Lumped-clement CLR
modet of the unit section of DMTL [1].

Zalw Lo Le 2,4 L Ly Zu Iy
iy, Cy @, d Oy,
EarH .I EamL EetH

Fig. 2.  The propesed circuit modck for the DMTL, where the
MEMS  bridges are represented with [ow-impedance
trznsmissica lines.
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Type W | G| s | #of |Totallengthf Zy e oy
(pm) J{pm)| (um) [bridges|  (mm) | (@) | ™ {(dB/cm)
Typel | 74 { B3 § F00 | Q2 224 89 12789 0.25
TypeIl| 96 | 87 {2001 75 22.5 83 1278] 023
Type l1E[ 1221 59 { 400 ] 45 22.5 70 12771 025
TABLEIL
DMENSIONS FOR THREE TYPES OF DMTL STRUCTURES, w=100 pm FOR ALL STRUCTURES.
h=2um h=3um h=4um h=5um
Type | Zu() | (arem || 20 @] prer | B |2 @ f el e | 206D ey |em
Typel| 9.12 396 1121301 262 |137)1654] 196 | 1.22 | 19.76 1.37 |1.27
Type 1] 7.17 3.99 1.t | 1031 | 2.64 [L14313.28 ) 197 | 1,19 | 15.89 1.58 |1.23
Type Il 5.68 4.02 1.081 B.2 2.66 1,131 10541 1.9¢ | 118 { 12.72 1.5 1.22
TABLEII
CALCULATED LOW-IMPEDANCE LINE PARAMETERS @ 10 GHz.
h=2um h=3pm k=4 pm h=5pm
Type |La{pH)j Cs (fF)||Ly (PHY Cu {{F) |La (XD Ca {{F) 1Ls (pH)| Ca (F)
Typel] 627 | 409 ¥ 589 | 381 § 588 | 301 | 589 [ 247
Typell| 647 | 491 | 609 | 436 | 547 | 4.10 { 635 | 3.15
Typellll 4.03 | 697 || 338 1 6.07 § 3.27 | 513 | 3.88 | 3.98
TABLE [II

FITTED PARAMETERS EXTRACTED FROM OPTIMIZATION.
THE PARAMETERS EXCEPT Ly, T, AND o; ARE FIXED DURING THE OPTIMIZATICN,

g=4.5and 1an 5= 0.005. Table I gives the dimensians
and cajculated parameters of the high-impedance parts of
DMTLs [4, 5]. For the calculation of the low-impedance
line parameters {2, &g a), the formulation for CPW
with 2 top cover is used [5]. The MEMS bridge is
assumed ta be top cover of the CPW line and has a height
of h = 2, 3, 4, and, 5 pm. The calculated parameters for
low-impedance lines are given in Table II. These values
agree with the EM simulations done using Ansoft
HFSS vo.1. Discontinuity parameters, Ly and Cj are
found by firting the measurement results to the circuit
simulations and will be explained in the next sections.

IV. FABRICATION

The DMTLs are fubricated on 500 pm thick Pyrex 7740
glass substrate. The process flow is as follows: (a)
0.01/0.25 um of TUCu is sputtered as a seed layer for
copper electraplating (b) 2 pm of Cu is deposited via
electroplating. (c} 0.1 pm of Au is evaperated and
patterned by lifi-off. (d) 0.2-0.4 pm of Si,N, is deposited.
a5 dielectric layer by PECVD process and patiemed by
RIE. {€) 5 pm of photoresist is deposited and patterned as
sacrificial layer. (£} 0.01/0.25 pm of Ti/Cu is sputtered as
a seed layer for nickel electroplating, (g) 1 pm of Ni is
deposited via electroplating. (h) Sacrificial layer is
removed and the devices are released using critical point
dryer.

A photograph of the fabricated structure can be seen in
Fig. 3.

V., SPMULATION AND MEASUREMENTS

The DMTL structures are simulated using Ansoft
HFSS v9.1 in order to verify the calculated low-
impedance line parameters and to  exwract the
discontinuity inductance and capacitance valees. During
the simulations, DMTLs with 10-14 MEMS bridges are
used considering the computational time. By minimizing
the mean square error between the EM and circuit
simulation using optimization tools, the parameters in
Table 11§ are obtained. The vatiation of the capacitance
values in Fig. 4 are linear with respect to center
conductor width which is expected because the fringe
fields should increpse with increasing center conductor
width. A similar linear behavior is observed in Fig. 5
when the bridge height is varied, which is also expected
regarding to the reported fringe capacitance values [1],

The trend of the discontinuity inductance is not a
strong function of bridge height, but the width of the
center conductor has direct influence on these values as
seen in Figs, 6 and 7. A possible reason for this behavior
is the following: the current distribution is affected more
significantly with the center copductor width, but this is
not valid for the bridge height.

The model is verified with mensurernent resulls in a
two fold way. The S-parameters of Type [ and Type IIT
structures having a btidge height of 5 pm are mensured,
The measured S-parameters are fisted by the model in
Fig.2, The comparison of the measurement and the
model reflection and transmission coefficients are given

34 Enropean Microwave Conference - Amsterdam, 2004
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A close view of the fabricated DMTL.
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Fig.9. Measurement results for DMTL Type Il h=5 pm,
Simulated Measured
Type L |G| m La |G| @
(pH) | (fF}| (dB/cm) 3| (pH) |(fF)] (dB/crm)
Typel| 5.89 {247 1.57 5.59 jL.61] 1.85
TypeIl] 3.88 [3.98) §.59 |I11.09{2.08] 1.20
TABLE IV

SIMULATED AND MEASURED DNSCONTINUITY AND LOSS
PARAMETERS 0F THE DMTL WITH A BRIDGE HEIGHT
OF H =15 ot IS CALCULATED @ 10 GHZ.

in Figs.8 and 9. It {s seen that the fitting is very
satisfactory which implies the validity of the proposed
model. A second comparisen is done with the LC values
of the EM simulation results. The fitted values for the
simulations and the measurements are given in Table TV,
There is & discrepancy in the resulis, Either there is 2n
effect which is not included in the EM simulations or the
production process yields some unexpected changes in
dimensions or electrical parameters. Currently, the other
DMTL structures .are in production process. Following
the preduction, further comparisons will help ws to
explain the discrepancies, .
The accuracy of the analytical expressions that are
used to calculate the low-impedance line parameters in
Table I are verified with EM simulations because these
analytical expressions were not examined in the literature
for a top cover height in the order of a few microns. In
order to verify the calculated low-impedance line
pararmeters, a 10 mm length of CPW with a top cover at
5 um extending through all over line is simulated using
Ansoft HF§Sv9.1. The resulting S-parameters are shown
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in Fig, 10 which is the expected characteristic of a
transmission line. Duripg the extaction of parameters,
rather than using these resulis directly, a different
approach 15 followed to minimize effect of the reflection
cocfficient and to avoid muliple refection at the perts,
As can be seen from Fig. 11, when the port impedance is
tuned as 20.5 £, the reflection coefficient reaches itg
minimum values and the ripples on the tmrsmission
coefficient  vanish. Therefore, the chamacteristic
impedance of the line is evaluated to be 20.5 £2 which is
quile close to calgulnted value of 19.76 £ As we repeat
this simulaton for different lengths. of transmission line
and dividing the ransmission ceefficient values by the
length of the transmission lines, the length independent
behavior is observed. The extracted loss values are
shown in Fig. 12 and they are sufficiently close to the

values presented in Table IL It is also observed during
the EM simulations that the loss values increase with
decreasing MEMS bridge height as piven in Table 11,
This resuit is physically reasonable since the field is
confined in a smaller volume by decreasing top cover
height. The decrease in the characteristic impedance and
the cffective permittivity can be explained in a similar
manner by the increase of per unit length capacitance and
by higher amount of field prepagating through the air
gap.

VI CONCLUSION

This paper presents a parametric study of a new model
for DMTL structures. The model consists of a high-
impedance transmission line for the unioaded CPW, low-
impedance tansmission line for the MEMS bridge, and
LC networks for the transitions. The accuracy of the
medel is verified with simulations and measurenients on
different types of DMTLs that are fchricated with an RF
MEMS process based on electroforming on a glass
substrate, The simulated and fabricated structures include
DMTLs with varicus MEMS bridge heights (2, 3, 4, and
3 um) and center conductor width (74, 96, and 122 pm)
The variation of the discontinuity parameters, L4, end Cj,
with respect to the bridge height and center conductor
width is observed. The measurements results for a bridge
height of 5 pm are reported. The propesed model is in
pood agreement with the measurement resubts with
deviations in L; and C€; The daviation of the
discontinuity parameters are under investigation. The
results for the other bridge heights wilt be presented at
the conference.
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ABSTRACT

This paper presents design and modeling of a reconfigurable triple stub impedance matching network using RF
MEMS technology. The device is capable of making impedance matching on the whole Smith Chart. The device
structure consists of three variable length stubs which are designed as distributed MEMS transmission lines, and two
A/§ length CPW transmission lines connecting the stubs. The variable length stubs are implemented with 10
inductively tuned MEMS swiltches over CPW lines and CPW lines connecting the switches. A/8 spacing between the
stubs is chosen to obtain a uniform distribution on the impedance points on the Smith Chart. The impedarce
matching range of the device is 1.5 to 947 2 for the real part and -302 to 372 Q for the imaginary part of a given
load. The operation frequency is designed as 10 GHz, but since the structure is a triple stub structure, it is
theoretically frequency independent.

INTRODUCTION

In the recent years, it has been shown that RF MEMS technology offers low-cost, low-loss, and high-
performance RF circuit elements such as switches, variable capacitors, phase shifters, and inductors [1]. With the
increasing number of demonstrated RF MEMS devices, the research is focused on two issues, namely the reliability
problem and higher level integration of the RF MEMS devices. System level integration drives the technology to
system-on-a-chip, which results with an increasing need for high-performance reconfigurable RF MEMS circuit
elements addressing different functions.

This paper presents the design and modeling of a reconfigurable triple stub impedance matching network. The
device is theoretically capable of making impedance matching on the whole Smith Chart different from previously
reported MEMS matching networks which have some forbidden regions [2, 3]. The variable length stubs of the
structure are implemented using distributed MEMS transmission lines (DMTL) which are actually CPW lines
periodically loaded with MEMS bridges. When a specific stub length is required, the MEMS switch closest to that
length is actuated, resulting with a capacitive termination. The stubs have an electrical length of A/2 at 10 GHz and
there exist 10 MEMS bridges with 400 pm spacings. The MEMS bridges used are also MEMS switches which are
designed to have resonance in isolation characteristics at 10 GHz, The A/8 spacing between the stubs is chosen such
that the transformed impedance points on the Smith Chart has a uniform distribution. The device is capable of
matching loads with real parts in between 1.5 to 947 Q and imaginary parts in between -302 to 372 Q.

MEMS SWITCH DESIGN

A shunt, capacitive MEMS switch was designed for the termination of the variable length stubs. The 3D view of
the switch and the schematic model [1] can be seen in Figure 1. This switch is actually the unit section for the
DMTL which is used in the design of the variable length stub. The switch is built upon a CPW structure. The
MEMS bridge stands with the help of four anchor points, This type of anchor configuration was needed, because
each bridge should be actuated separately for the impedance matcher design.

The MEMS switch was designed to obtain good matching at the up-state, and good isolation characteristics at
the down-state around 10 GHz which is the operation frequency of the impedance matching network. The simulated
performance and the circuit parameters of the switch for both up- and down-states can be seen in Figure 2 and Table
I, respectively. Here, the line impedance is selected to be 85 Q to compensate the effects of the capacitances.
Inductive tuning sections were used to decrease the LC resonance frequency near 10 GHz, so that the switch has
good isolation characteristics at the operation frequency.
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Figure 1. 3D view of the MEMS switch and its circuit model.
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Figure 2. Circuit and HFSS simulations of the MEMS switch for up- and down-states.
Table 1. Parameters of the circuit modef in Figurs 1.
State Cyp (pF){ Cpg (pF) |L (PH) | Z (1) | 8o | © (dB/om)

Up-state | 0.071 | 0.134 57 85 12.78 0.27
Down-state | 4.5 9,20 57 85 {2.78 0.27

VARIABLE LENGTH STUB DESIGN

After the design of the unit section, the next step was to cascade a number of the unit sections and design the
DMTL line which will be used as the variable length stub, The design of the DMTL line was carried out using a
different circuit model which can be seen in Figure 3. In this model, the MEMS bridge was modeled with a [ow-
impedance transmission line and discontinuity capacitance and inductance on both sides of the MEMS bridge [4,5].
All the circuit parameters in the model except the discontinuity inductance and capacitance were calculated using
the formulation in [6]. The discontinuity inductance and capacitance values were found by curve fitting techniques
on EM simulation results on Ansoft HFSS v9.1 and circuit simulations on ADS. The number of unit sections used in
the stub is design is 10. The simulated performance for a 12 unit section DMTL line can be seen in Figure 4. In the
simulation results, it should be noted that the normalization impedance is equal to the port impedance of the CPW
line, which is 85 Q.

Table 2. Parameters of the new circuit model used in the design of the stub.

b | Z oL Iy | Zu oy |#of unit
(pm)| () Befil- (dB/em)] (um) | (Q) S |(dB/cm)| sections L (pH)| C(HF)
Variable , R —
Jength stub 100 (4.85§1.066| 0.50 § 200 | 85 | 2.829 | 0.25 10 78

118




Zy gy Le Li Z,l. La La Zy Iy

Oy Cq o, Cq Oy,
EefiH I EeffL 1‘ Eeff,H

Figure 3, The circuit model used in modeling of the DMTL in variable length stub design.
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Figure 4. HFSS and circuit simulations of the 12 bridge DMTL.

DESIGN OF RECONFIGURABLE IMPEDANCE MATCHING NETWORK

The schematic of the impedance matching network and its 3D view can be seen in Figure 5. The structure
consists of three variable length stubs, two /8 transmission lines, and three CPW T-junctions. First and third
variable length stubs have 10 unit sections whereas second stub has 8 eight unit sections. This is because it was
observed that the first and last unit sections on the second stub results with very similar impedances. A/8 length
between stubs was chosen such that all the transformed impedance points are uniformly distributed on the Smith
Chart. For the connection points of the stubs and transmission lines, CPW T-junctions with air bridges were also
designed and modeled.

i/8 line /8 line

/

Capacitively terminated

variable length stub ey

A Bne CPH transmirsion e

Figure 5. The schematic view and 3D view of the reconfigurable impedance matching network

To see the impedance transforming capability of the device, Matlab simulations were made. In the simulations,
a 50 € load was transformed by all possible switch combinations, and the results were plotted on the Smith Chart.
The resulting plot can be seen in Figure 6, The device is capable of matching loads with real parts in between
1.5 to 947 Q and imaginary parts in between -302 to 372 Q.

FABRICATION

The DMTLs are fabricated on 500 pm thick Pyrex 7740 glass substrate. The process flow is as follows: (a)
0.1/0.1 pm of Cr/Au is evaporated and patterned as a seed layer for gold electroplating. (b) 2 pm of Au is depaosited
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via electroplating, (¢) 0.2-0.4 um of Si,N, is deposited as dielectric layer by PECVD process and patterned by RIE.
(d) 2 pm of electroplated copper is deposited and pattemed as sacrificial layer. (e} 0.01/0.25 pm of Ti/Cu is
sputtered as a seed layer for nickel electroplating. (f) 1 pm of Ni is deposited via electroplating. (g) Sacrificial layer

is removed and the devices are released using critical point dryer.

Figure 6. The impedance points that can be matched with the device.

CONCLUSION

This paper presents design and madeling of reconfigurable triple stub impedance matching network. Since the
device consists of three stubs, it is capable of performing matching on the whole Smith Chart. The device structure
consists of three variable length stubs which are designed as distributed MEMS transmission lines, and two A/8
length CPW transmission lines connecting the stubs. Variable length stubs were obtained by placing 10 inductively
tuned switches on a high-impedance CPW. A/8 spacing between the stubs was chosen to obtain a uniform
distribution on the impedance points on the Smith Chart. The impedance matching range of the device is 1.5 to 947
© for the real part and -302 to 372 Q2 for the imaginary part. The fabrication of the structure has been started.
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ABSTRACT

This paper presents a new model and its parametric study for the distributed MEMS transmission line (DMTL)
structures where the MEMS bridges are placed periodically on a high-impedance transmission line. In this new
model, these MEMS bridges are represented by low-impedance transmission lines, rather than a lumped CLR circuit.
The model also includes LC networks at the transition points from the MEMS bridges to the unloaded parts of the
DMTL which are simply high-impedance transmission lines. These LC networks are employed to model the effects
of the impedance discontinuities. The accuracy of the model is verified with simulations and measurements on three
types of DMTLs that are fabricated with an RF MEMS process based on electroforming on a glass substrate. The
structures include DMTLs with various MEMS bridge heights (2, 3, 4, 5 and 6 um) and center conductor width (74,
96, and 122 ym). The variations of the model parameters with respect to the bridge height and center conductor
width are obtained with EM simulations. The measurement results of the fabricated devices at a bridge height of
5 pm are in good agreement with the model. Currently, the other DMTL structures are in production process.

INTRODUCTION

The research on RF MEMS has increased significantly in the last few years, focusing on lumped components
such as switches, capacitors, inductors, and resonators. In addition to these lumped components, there are also
investigations and reports on distributed components such as phase shifters, filters, matching networks, and
transmission lines. The implementation of distributed components employs the idea of loading a planar transmission
line periodically with reactive components. Generally, the loading elements are tunable RF MEMS bridges, forming
a transmission line with adjustable parameters, namely distributed MEMS transmission line [1]. The DMTLs are
used in implementation of phase shifters [1-3], resonators [4], and filters [5].

There are extensive analyses of DMTL {1, 2, 6], where high-impedance coplanar waveguide (CPW) is loaded
periodically with MEMS bridges. These analyses are based on the modeling of the MEMS bridge as a lumped series
CLR circuit. Figure 1 shows a general view of the DMTL and lumped series CLR circuit model [6]. The model
presented in this paper, which is shown in Figure 2, proposes that all parts of the DMTL structure are actually
transmission lines having different parameters and discontinuities in between. Therefore, the MEMS bridges are
represented as low-impedance transmission lines rather than a CLR circuit. The use of a low impedance line is
understood better if the field distribution of a conductor backed CPW (CBCPW) with a top cover is considered. In a
CBCPW with top cover, the electric field is mainly coupled from the signal line of the CPW to its planar grounds,
but there is also coupling to the back and top covers. If the MEMS bridge is considered as a top cover, most of the
field would be confined between the signal line and the top cover. This is because the MEMS bridge, which also
acts as a ground plane for the CPW, is much closer than the planar grounds of the CPW and the back cover. In this
case, the CPW converges to a microstrip {MS) line where the ground of the microstrip is the MEMS bridge. In order
to model the discontinuities, LC networks are employed between the unloaded CPW and the MEMS bridge. The
discontinuity occurs because of the abrupt impedance and field distribution change in the transition regions. The
inductance in the LC network models the change in the current distribution, and the capacitance accounts for the
fringe fields at the discontinuity point. : : '

CALCULATION OF THE MODEL PARAMETERS

In order to verify the model, DMTLs with different MEMS bridge heights and interbridge spacings are designed
on 500 pm Pyrex 7740 glass substrate (g,= 4.6, tand = 0.005). Table I gives the dimensions of the DMTLs which
are introduced in Figure 1. Using these dimensions with a metallization thickness of 2 um and conductivity of
5x107 S/m (electroplated Cu), the high-impedance line parameters (Zy, &g, @) can be calculated using the CPW
formulation in [7]. For the calculation of the low-impedance line parameters (Z;, &1, au), the formulation for CPW
with a tap cover is used [7]. The MEMS bridge is assumed to be top cover of the CPW line and has a height of 2, 3,
4, 5, and 6 um. The calculated parameters for low-impedance lines are given in Table II. These values agree with the
EM simulations done using Ansoft HFSS v9.1. Discontinuity parameters, Ly and Cy, are found by fitting the
measurement results to the circuit simulations and will be explained in the next sections.
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Figure 1. (a) Top view of DMTL. (b) Lumped- Figure 2. The proposed circuit model for the DMTL,
element CLR model of the unit section of DMTL where the MEMS bridges are represented with low-
[6]. impedance transmission lines.

Table L Dimensions for three types of DMTL structures and high-impedance line parameters @ 10 GHz, w=100
wm for all structures.

W | G| & | #of |Total length] Zy Oy
()} (um)| (um) [bridges]  (mm) | (@) | =™ |(dB/em)
Typel| 74 | 83 [ 100 | 112 | 224 89 |2.78] 025
Type 11| 96 | 87 | 200 | 75 225 83 | 2.78 | 0.23
Type 11| 122 | 59 | 400 | 45 225 70 | 277 025

Type

Table I1. Calculated low-impedance line parameters @ 10 GHz.

@ 2 pm - @3 pm . @4 um @ 5 pm @6 pm-

: Zr o, Zy o Z, oL Zy, oL Z oy
Type E E £ £ g
P | () |(dBlem)|=™| (Q) |(dB/em)|* ] (@) |(dBrem)| ™| (@) |(dBlem)|"TH] (©) |(dB/em)| "

Typel| 9.12 | 3.96 |[1.12[13.01| 2.62 |1.17{16.54] 1.96 |1.22]19.76] 1.57 |1.27|22.72 1.31 |1.32
Typell| 7.17 | 3.99 | 1.1]1031] 2.64 |1.14|13.21] 1.97 [1.19]15.89] 1.58 |1.2318.38} 1.32 1.27
Type III{ 5.68 | 4.02 {1.09] 82 | 2.66 |1.13}10.54| 1.99 |1.18)12.72] 1.59 |1.22]14.75| 1.32 1.25

FABRICATION
The DMTLs are fabricated on 500 um thick Pyrex 7740 glass substrate. The process flow is as follows: (a)
0.01/0.25 pm of Ti/Cu is sputtered as a seed layer for copper electroplating (b} 2 pm of Cu is deposited via
electroplating. (c) 0.1 um of Au is evaporated and patterned by lift-off. (d) 0.2-0.4 um of Si,N, is deposited as
dielectric layer by PECVD process and patterned by RIE. (e) 5 um of photoresist is deposited and patterned as
sacrificial layer. (f) 0.01/0.25 um of Ti/Cu is sputtered as a seed layer for nickel electroplating. (g) 1 pm of Ni is
deposited via electroplating. (h) Sacrificial layer is removed and the devices are released using critical point dryer.

SIMULATION AND MEASUREMENTS

The DMTL structures are simulated using Ansoft HFSS v9.1 in order to verify the calculated low-impedance
line parameters and to extract the discontinuity inductance and capacitance values. During the simulations, DMTLs
with 10-14 MEMS bridges are used considering the computational time. By minimizing the mean square error
between the EM and circuit simulation using optimization tools, the parameters in Table III are obtained. The
variation of the capacitance values in Figure 3(a) are linear with respect to center conductor width which is expected
because the fringe fields should increase with increasing center conductor width. A similar linear behavior is
observed in Figure 3(b) when the bridge height is varied, which is also expected regarding to the reported fringe

capacitance values [6].
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" Table IIL Fitted parameters extracted from optimization. The parameters except L, Cy, and oy are fixed during the
optimization,

@ 2um @3 pum @ 4 um @ 5 pm @ 6 um
Type |Ly (pH)] Cy (FF}[La (PH)| Ca (FF} Ly (PHD] Ca (FF) |Ly (pH)| Cq (£F) |La (pH)| Cq (fF)
Typel| 6.27 | 4.09 5.89 | 3.81 5.88 | 3.01 247 | 5.65 | 234 -
TypelI| 6.47 | 491 | 6.09 | 436 | 547 | 410 315 | 553 1 33
Typelll] 403 | 697 | 338 | 6.07 | 327 | 5.13 398 | 355 | 394
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Figure 3. (2} Discontinuity capacitance vs. center conductor width (b) Discontinuity capacitance vs. bridge height.

The trend of the discontinuity inductance is not a strong function of bridge height, but the width of the center
conductor has direct influence on these values as seen in Figure 4 (a) and (b). A possible reason for this behavior is
the following: the current distribution is affected more significantly with the center conductor width, but this is not
valid for the bridge height.
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Figure 4. (a) Discontinuity inductance vs. center conductor width (b) Discontinuity inductance vs. bridge height.

The model is tried to be verified with measurement results in a two fold way. The S-parameters of structures
having a bridge height of 5 pm are measured. The measured S-parameters are fitted by the model in Figure 2. The
comparison of the measurement and the model reflection and transmission coefficients are given in Figure 5. It is
seen that the fitting is very satisfactory which implies the validity of the proposed mode!l. A second comparison is
done with the LC values of the EM simulation results. The fitted values for the simulations and the measurements
are given in Table IV. There is a discrepancy in the results. Either there is an effect which is not included in the EM
simulations or the production method yields some unexpected changes in dimensions or electrical parameters.
Currently, the other DMTL structures are in production process. Following the production, further comparisons will
help us to explain the discrepancies.
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Figure 5. (a) Measurement results for DMTL Type I @ 5 pm. (b) Measurement results for DMTL Type Il @ 5 pm.

Table 1V. Simulated and measured discontinuity and loss parameters of the low-impedance line with a bridge height
@ 5 pm. oy, is calculated @ 10 GHz.

Simulated Measured
Type |Lg (pH)| Cy (fF) oy (dB/em)||Ly (pH) Cy (FF) ot (dB/cm)
Typeli 5.89 | 2.47 1.57 9.59 | 1.61 1.85
TypeIll} 3.88 | 3.98 1.59 11.09 | 2.08 1.20

CONCLUSION _

This paper presents a parametric study of a new model for DMTL structures. The model consists of a high-
impedance transmission line for the unloaded CPW, low-impedance transmission line for the MEMS bridge, and LC
networks for the transitions. The accuracy of the model is verified with simulations and measurements on different
types of DMTLs that are fabricated with an RF MEMS process based on electroforming on a glass substrate. The
simulated and fabricated structures include DMTLs with various MEMS bridge heights (2, 3, 4, and 5 um) and
center conductor width {74, 96, and 122 um) The variation of the discontinuity parameters, Ly, and C;, with respect
to the bridge height and center conductor width is observed. The measurements results for a bridge height of 5 pm
are reported. The proposed model is in good agreement with the measurement results with deviations in L,, and Cy.
The deviation of the discontinuity parameters are under investigation. The results for the other bridge heights will be
presented at the conference.
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Abstract — This paper presents a new and more accurate model for the distributed MEMS
transmission line (DMTL) structures operating in 1-20 GHz range. In this new model, the
MEMS bridges that are used as the loading élements of the DMTL structures are represénted
as low-impedance transmission lines, rather than a lumped CLR circuit. The model also
includes LC networks at the transition points from the MEMS bridges to the unloaded parts of
the DMTL, which are simply high-impedance transmission lines. These LC networks are
employed to model the effects of the impedance discontinuities. The accuracy of the model is
verified with simulations and measurements on various DMTL structures that are fabricated
with an RF MEMS process based on electroforming on a glass substrate. The measurement
results of the fabricated devices are in good agreement with the model with an error less than
5%. It is shown that this new model provides better agreement than the conventional method

for the DMTL structures with a bridge width larger than 50 pm.



I. Introduction

| Distributed MEMS Transmission Lines (DMTLs) are used in implementation of phase
shifters [1-4], resonators [5], and filters [6], which are the key components in phased arrays,
radars, wireless communication systems, and measurement instrumentation. ~ The
implementation of DMTLs employs the idea of periodically loading a high-impedance
coplanar waveguide (CPW) with reactive loading elements, Generally, the loading elements
are tunable RF MEMS bridges, forming a transmission line with adjustable parameters [1-4].
Accurate modeling of DMTL structures is crucial in order to reduce the computational and
implementation time. The main approach for modeling of DMTL structures is based on the
modeling of the MEMS bridge as a lumped series CLR circuit [1]. However, the CLR model
deviates from the DMTL characteristics when MEMS bridge dimensions are increased, as the
lumped element assumption for the MEMS bridges is not valid when its electrical length

becomes long, i.e., when the bridge with is larger than 50 pm.

This paper presents a new approach for modeling a DMTL structure, where the MEMS
bridges in the DMTL structure is modeled with low-impedance transmission lines and two LC
networks that account for the discontinuity effects [7, 8]. Simulations and measurement
results of fabricated devices verify that this new model provides a good agreement for the
DMTL structures even with bridge widths larger than 50 pm. Section II presents a discussion
on the limits of the previous fnodeling approach of DMTL structures and the requirement for
a new model. Section III summarizes the fabrication process used in the implementation of
measured DMTL structures. Section IV describes the elements of the proposed new model,
and Section V summarizes how the new model parameters are derived, including the high-
impedance line, low-impedance line, and discontinuity parameters. Section IV also presents

the verification of these derivaticns with simulations and measurement results of fabricated



structures. Section V gives a comparison between the CLR model and the proposed model.

' L. Limitations of the Previous DMTL Model

Modeling of a unit cell of a loaded line structure is essential to reduce computational time in
simulating electrically long structures. Fig. 1 shows the general view of a DMTL structure
and existing model 2], which is composed of high-impedance transmission lines representing
the unloaded CPW line and the CLR impedance to model the bridge in between two high-
impedance transmission lines. In this approach an EM based or a measurement result is fitted
to the CLR model using optimization tools, where C, L, and R are free variables by
minimizing the least square error. Up to date, the model has been used successfully to
describe the operation of DMTL structures with electrically short bridge widths. However,
this model cannot provide satisfactory results for structures with relatively large bridge
structures, which is necessary to obtain more phase shift for phase shifter applications. Table
I deécribes two DMTL structures as case étudies, where it is shown that the CLR model
provided in [2] works for Case I with short bridge width, but not for Case II with relatively
long bridge width. Considering these cases, a 10 bridge section in Ansoft HFSSv9.2 is
simulated, and its S-parameters are cascaded in Agilent ADS 2003 to obtain EM simulation

result for a DMTL structure with 40 bridges.

Fig. 2 shows S-parameter results for the DMTL structure with a 35 ],Lm_bridge width as
described in Case I in Table 1. Thi.s gxample showé that a good agreement between the model
and simulation can be achieved with the CLR model given in [2] when the bridge width is
35 pm. However, Fig. 3 shows that a satisfactory agreement between the model and
simulation cannot be achieved with the model in [2] when the bridge width is 100 pm as
described in Case II in Table 1. Table 2 lists the extracted CLR model parameters. The

minima of the reflection coefficient characteristics can be fitted by the model,
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: however, a deviation over 5 dB is observed at the maxima of the reflection characteristics. A

deviation of 1 dB in transmission coefficient can be quite significant in modeling of RF

; MEMS devices, because the emphases of RF MEMS structures are usually on their low-loss

* characteristics.

It should be noted here that larger bridge sizes are very important to increase the phase shift
per unit length (°/mm), as verified with simulations considering the two cases described in
Table 1. Table 3 gives the calculated °/dB and ®/mm values of the two cases each of which
are simulated for bridge heights of 1.2 um and 1 pm to obtain the inserted phase shift
performance. As can be concluded from Table 3, the ®/dB performance of a loaded line phase
shifter is degraded as the bridge width is increased. However a significant improvement can
be achieved in the inserted phase shift in a specific length of structure as implied with nearly
1.7-1.8 times increase in °/mm values at 40 and 60 GHz, which is quite important for phase
shifter applications. Therefore, there is a need for a new approach that can aécufateiy model
DMTL structures with larger bridge widths, which is provided in Section IV. In order to
verify the new model with measurement results on fabricated devices, various DMTL

structure are fabricated using the fabrication process explained in Section IIL

III. Fabrication Process

The. DMTL structures are fabricated using the standard process developed at METU for
implementation of RF MEMS components, which is based on electrofonning on a 500 pm-
thick Pyrex 7740 glass substrate. Fig. 4 shows the fabrication process steps. The fabrication
starts with the deposition of 100/2500 A-thick Ti/Cu layer using sputtering in order to form
the seed layer for the copper electroplating. The 2 pm-thick copper is deposited using

electroplating while a 3pum-thick patterned photoresist used as the mold. This process is



followed by the evaporation of 0.1 pm-thick gold. The base metallization layer is completed

:'j'ﬁi'._: using lift-off technique applied on gold layer and selective etching of Ti/Cu seed layer. The

next step is the deposition of 0.2-0.4 pm-thick SiyN, as the dielectric layer using plasma
enhanced chemical vapor deposition (PECVD) process. The dielectric layer is then patteméd
with reactive ion etching (RIE) process. This dielectﬁc layer is d.eposited to avoid DC sﬁort
when the MEMS bridges are collapsed with electrostatic actuation. A photoresist sacrificial
'-_-f:E layer is used between the base metal and the structural layer, which is used to realize MEMS
[ bridges. The thickness of the photoresist can be varied between 2 um and 5 um depending on
the DMTL type to be implemented. The pattern of the sacrificial layer is followed by the
: sputter-deposition of 100/2500 A-thick Ti/Cu layer, which is used as the seed of the structural
layer electroplating. 1 pm-thick nickel is electroplated as the structural layer forming the
MEMS bridges having etching holes on them defined by the mold photoresist. These holes
ensure the ease of etching of the sacrificial layer and reduce the air damping of the MEMS o
bridges. The process is finalized with the removal of the sacrificial photoresist with stripper
followed by the critical point drying. Fig. 5 gives scanning electron microscope (SEM) views
of a DMTL structure fabricated at METU and Fig. 6 shows a top view photograph of one of
the fabricated DMTL structures. Using this process, a number of DMTL structures with
different physical dimensions are fabricated to verify the new circuit model proposed in this

study, which is explained below.

IV. The Proposed Circuit Model

Fig. 7 shows the circuit schematics of the proposed model [7-8], where all parts of the DMTL
structure, including the bridge part, are actually transmission lines having different parameters
and discontinuities in between. This approach considers that the MEMS bridge is similar to a

top cover of a conductor backed CPW (CBCPW) [9]. Since the MEMS bridge is much closer




to the signal line than the planar ground of the CPW and the back cover, most of the field
would be confined between the signal line and the MEMS bridge. Considering this, the
.' DMTL structure is modeled with three components. The first component is the CPW which
: converges to a microstrip (MS) line with a low-impedance where the ground of the microstrip
| is the MEMS bridge. The second component is the high impedance CPW, fnodeiing the
unloaded part of the DMTL. The third component LC networks are employed to account for
the abrupt impedance and field distribution change in the transition regions from high to low
impedance lines. The inductance in the LC network models the change in the cument
distribution, and the capacitance accounts for the fringe fields at the discontinnity region. The
derivation of the three components of the model is presented in detail in the following

sections, which is followed by a section on the verification of low-impedance line parameters.
A.  High-Impedance Line Parameters

The unloaded parts of the designed DMTL structures are simply unloaded CPW with a cross-
section shown in Fig. 8 (a), and these parts can be modeled with a high-impedance
transmission line. Eq. 1-6 provides the formulation that is used to calculate the characteristic
impedance, Z,, the effective permittivity, &4 and the attenuation constant, oy, which is

obtained by conformal mapping [9-11]:
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where W, S, H are the physical dimensions of the structure given in Fig. 8 (a), and ¢ is the

metal thickness, R; is the surface resistance given by Rs = /79";10 /o, © is the conductivity

of the metal, 1y is the free-space impedance, and K{k} is the complete elliptic integral of the

first kind. The ratios K/K’ can be calculated as,
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Table 4 gives the dimensions and calculated parameters of the high-impedance parts of three
DMTL structures denoted as Case III, IV, and V, which are implemented on a 500 pm-thick
Pyrex 7740 glass substrate with €, = 4.6 and tan § = 0.005. The metallization of the CPW line
forming the high impedance part of DMTL is taken as 2 pm of coppef (cyé 5107 S/fn). Fig. 9
shows the measurement results on unloaded CPW of the third structure denoted as Case V and
its modeling to verify the accuracy of the calculated high-impedance parameters. The
extracted values obtained from measurements for Zy, &gm, and ay are 70 Q, 2.77, and

0.3 dB/em, respectively. These values are very close to the calculated parameters presented in



Table 4, where Zy, &y, and ay are 70 Q, 2.77, and 0.25 dB/cm, respectively. The slight
deviation of the loss parameter, ay, might be due to the substrate and radiation losses or the
gffects which are underestimated in the analytical expression. Similar observations are
obtained for Case III and IV, i.e., Zy and gy are in _exactly same for the measured and

: calculated values, while calculated ay is slightly lower than the measured o,
B. Low-Impedance Line Parameters

::5_: The low-impedance line parameters (Z;, £g1) are calculated considering the coplanar
waveguide with a top cover formulation, where the MEMS bridge is assumed to be top cover.
In order to complete a parametric study, the top cover height is varied as h = 2, 3, 4, and,
5pm. Egq. 1-3 and Eq. 5 are also valid for this structure. Instead of Eq. 4, the following

equation is used to determine £; as,

_ tanh(ﬂS/4Hl) .
kl_tanh[yr(S+2W)/4Hl] Leii-h @)

where H; is the top cover height as described in Fig. 8 (b). It should be noted here that the
value obtained by Eq. 8 is very much close to unity, however, it should not be approximated
as one, which will result in incorrect values in Eq. 1-3 and Eq. 5. To be more specific, up to
25 significant digits may be needed during the calculation of 47 to obtain accurate value of k;.
Table 5 gives the calculated parameters for low-impedance lines. The characteristic
impedance, Z; and effective permittivity, £, values for low-impedance transmission line can
also be calculated using MS formulation, since the CPW converges to an MS line underneath
the bridge, as explained previously. Z; values calculated with MS formulation yields similar

results with the ones given in Table 5. In this case, &2 Will simply be unity, because the air




gap between the signal line of the CPW and the MEMS bridge behaves as substrate of this
MS line. There is no analytical expression available in open literature for the attenuation
: __'?13_"3 constants (), so they are extracted from EM simulations in Ansoft HFSS v9.2, as presented

| in the following section.
' C Discontinuity Parameters and Measurements

. Discontinuity parameters, i.e., inductance and capacitance values, are extracted using the
* simulation of DMTL structures with having only 10-14 MEMS bridges to reduce the
| computational time. Table 6 gives the discontinuity parameters obtained by minimizing the

~ mean square error between these EM and the circuit model in Fig. 7. Fig. 10 shows the

" variation of the discontinuity parameters with respect to the center conductor width and the

MEMS bridge height values. The variation of the capacitance values in Fig. 10 (a) is linear
with respect to center conductor width, which. is expected as the fringe ﬁelds_should Increase
with increasing center conductor width, A similar linear behavior is observed in Fig. 10 (b)
when the bridge height is varied, which is also expected regarding the reported fringe
capacitance values [1]. The trend of the discontinuity inductance is not a strong function of
bridge height, but the width of the center conductor has direct influence on these values as
seen in Fig. 10 (c) and (d). This behavior can be explained as the current distribution is

affected more significantly with the center conductor width, but this is not valid for the bridge

height.

The proposed model in Fig. 7 is verified with measurements on DMTL structures having
various bridge heights. Figs. 11-15 show the comparison of the measurement and the model
reflection and transmission coefficients for the structures denoted as Case III (for bridge

height, h=5 um), Case IV (for bridge heights, h=3 and 5 pm), Case V (for bridge heights, h=3



and 5 pm). The S-parameters of the measurement results and the model are very close for all

_ the cases. For Case V with 3 pm bridge height, there is a slight deviation in the fitting of the

; '.fz':' model for the magnitude of the reflection coefficient; however, this deviation is coming from

the sacrificial layer height diffgrence along the devjce, as determined with optical surface
- profiler. It should be noted fhat the agreement between the measurement and the model is sﬁll
satisfactory even for this case, when the phase of the transmission coefficient given in Fig. 16
is considered, which is crucial in phase shifter applications. Fig. 17 shows the Z-parameter
results for DMTL Case III, h=5 um, which also verifies the accuracy of the model in terms of

estimating the Z-parameters.

The LC values extracted from the EM simulation results can also be compared with those
extracted from the measurement results, however, LC values are very sensitive to even small
dimensional changes in fabrication compared to the design. The deviation of the designed
and actual fabricated device dimensions is inevitable. Table 7 .and 8 give the LC values
extracted from the EM simulation results and the measurement results for h=5 pm and
h=3 pm, respectively. The small discrepancy in the results is still acceptable, considering the

variations in fabricated device dimensions.
D.  Verification of Low-Impedance Line Parameters using EM simulations

This section presents further verification of the low-impedance line parameters that is
extracted using CPW with a top cover formulation, as this formulation have not been
examined for a top cover height in the order of a few micrometers in the literature. For this
purpose, the low-impedance line parameters of the DMTL structures are extracted using EM
simulations and these results are compared with the parameters extracted with CPW with a

top cover formulation.

10



Fig. 18 shows the S-parameter results a CPW with a length of 10 mm and with a top cover at
:_:;3:5_;:- 5 pm extending through all over the line, which is the expected characteristic of a
| transmission line. The port impedance of this simulation result is tuned to minimize effect of
the reflection coefficient and to avoid multiple reflection at the ports due to the low
characteristic impedance of the line. Fig. 19 shows the reflection coefficient value, Which
reaches its minimum value when the port impedance is tuned as 20.5 Q, and the ripples on the
transmission coefficient vanish. This value is equal to the characteristic impedance of the
line, which is quite close to calculated value of 19.76 2 in Table 5. The loss per unit length
value, i.e., the attenuation constant, is extracted directly from the transmission coefficient
since the effect of reflection loss is removed. As we repeat the simulation for different
lengths of transmission lines, the length independent behavior of the attenuation constant is
observed. Fig. 20 shows the extracted loss values for lines having different lengths. These
loss values are also sufficiently close to the values presented in Table 5. These simulations
verify that the formulation on CPW with a top cover can be used to accurately determine the
low-impedance line parameters of DMTL structures. It should be noted here that the loss
values increase with decreasing MEMS bridge height as given in Table 5. This observation is
physically reasonable, since the field is confined in a smaller volume by decreasing the top
cover height. The decrease in the characteristic impedance and the effective permittivity is
explained with the increase of per unit length capacitance and the amount of field propagating

through the air gap.

V. Comparison between the CLR model and the proposed model

In order the make a comparison between the CLR model and the proposed model, the DMTL
structures described in Table 1 are also examined with the new model where Cy, Ly, and o

are considered as free variables. Fig. 21and Fig. 22 show the results for Case I and Case II

11




modeled with the proposed approach and the CLR approach. Table 9 gives the results of the
optimization on the free variables of the new model. The loss of the low-impedance
ransmission lines are lower than the calculated loss values, which can be due to the
nderestima_tion of some effects in HFSS simulations. The CLR model is successful in

- estimating both reflection and transmission characteristics of Case I, as can be seen in Fig. 21.

; The proposed model can also provide acceptable agreement for estimating the characteristics
' of Case 1. However, the CLR model can express the loss dependency of \/? better than the
proposed model, since the loss of the structure is dominated by the loss of the unloaded CPW
' that changes with J)T due to the skin effect as expressed in Eq. 6. However, for Case II, the

deviation between the CLR model and EM simulation results can clearly be observed
L especially when the transmission coefficient in Fig. 22 (b) is examined. The proposed model
can provide a very good agreement for both reflection and transmission coefficient
characteristics. The loss of the structure shows properties of a transmiésion line since the
loaded part of the structure behaves as a transmission line due to its increased length to
100 pm. The resistance, R, which models the bridge losses in the CLR model, causes a
deviation in modeling the DMTL structure with increased bridge width. Therefore, it is clear
from this example that the CLR model cannot provide a satisfactory result for DMTL
structures with electrically long bridge width values, while they can be accurately modeled

with the new modeling approach proposed in this study.

The proposed model and the CLR approach can also be compared in terms of estimating the
Bragg frequency of the DMTL structures, which is a phenomenon related to the approach of
guided wavelength to the periodic spacing of discrete components [12]. F1g 23 shows the
frequency sweep for both of the models in order to observe the Bragg frequency for DMTL

structures According to the both of the models, the structure with 35 pm bridge width (Case I)

12



;'hﬂVe a Bragg frequency of approximately 175 GHz when the bridge inductance in the CLR
::.'_- -::-' model is 0 pH. For the second structure (Case II) having a bridge width of 100 pm, the Bragg
_: frequency for both of the models is found to be at approximately 102 GHz again for 0 pH
bridge inductance in the CLR model verifying that both model estimates nearly the same
Bragg frequencies. The reduction in the Bragg .frequen.c..y from 175 GHzﬂ to 162 GHz is also -
expected since the periodic spacing of the MEMS bridges is increased to 262 pm from
197 pm which results in a reduction in the Bragg frequency. In the second analysis about
Bragg frequency, the bridge inductance in the CLR model is increased to 20 pH [2], which has
nearly no effect in the frequency of interest, i.e., 1-20 GHz. However, it shows its significance
in the determination of the Bragg frequency: the Bragg frequency shifts from 175 GHz to
129 GHz for Case I and 102 GHz to 88 GHz for Case 1L. Moreover, as can be seen from Fig.
24 (a) and (b), the deeps of the ripples do not follow the same pattern in the results of two
models, as the frequency is approaching to the vicinity of the Bragg frequency. The effect of
the bridge inductance is quite significant for the structures with lower interbridge spacing,
which is 197 pm for Case I and Il The shift in the Bragg frequency is from 175 GHz to
129 GHz, i.e., about 46 GHz, with the insertion of 20 pH bridge inductance to the model,
whereas it is from 102 GHz to 88 GHz, i.e., about 14 GHz, for the structure having an
increased interbridge spacing of 262 pum. The Bragg frequencies of these structures were also
observed with EM simulations. The Bragg frequency is found to be at 130 GHz for Case I and
at 90 GHz for Case 1I, which are quite close to the results of the CLR model with 20 pH of

bridge inductance is employed.
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v1. Conclusion

This paper presents a new model for DMTL structures, its parametric study, and a comparison

- between the CLR model and the new model. The proposed new model consists of a high-
impedance transmis_sion line for the unloaded CPW, low-impedance transmission line for the -
MEMS bridge, and LC networks for the transitions. The accuracy of the model is Veﬁﬁed
with simulations and measurements on different DMTL structures with different physical
' -:;:i dimensions that are fabricated with an RF MEMS process based on electroforming on a glass
substrate. The simulated and fabricated structures include DMTL structures with various
MEMS bridge heights (2, 3, 4, and 5 pm) and center conductor widths (74, 96, and 122 pm).
:'::':3_ These structures are accurately modeled with the new approach, when both EM simulation
results and measurement results are considered. The discontinuity parameters, Ly, and Cy,
extracted using EM simulations show a slight deviation compared to those extracted using
measurement results, due to possible variations in designed and fabricated device dimensions.
The new mode! can accurately be used not only for DMTL structures with moderate bridge
widths (such as 35 pm), but also for DMTL structures with large bridge widths (such as
100 pm), which is necessary for phase shifier applications in order to increase the phase shift
per unit length (°/mm) value. It is also shown that DMTL structures with large bridge widths
cannot be modeled accurately with the conventional CLR approach, justifying the new

modeling approach proposed in this study.
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Figure Captions

Fig. 1 (a) General view of a DMTL structure. (b) Top view of a DMTL structure. (¢) Lumped-
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Fig. 2 S-parameter results for the DMTL structure with a 35. um bridgé width as described in
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good agreement between the model and simulation can be achieved with the CLR model

given in [2] when the bridge Width is 35 I oo 23

Fig. 3 S-parameter results for the DMTL structure with a 100 pm bridge width as described in
Case TT in Table 1: (a) Reflection (b) Transmission characteristics. This example shows that
the agreement between the model and simulation is not satisfactory with the CLR model given

in [2] when the bridge width is 100 HINL. ..ooovviivminiiines e penrenee s 24
Fig. 4 Fabrication process flOW. ... i 25

Fig. 5 SEM views of a DMTL structure with an interbridge spacing of 100 pm and bridge
width of 100 pm. (a) A portion of a DMTL structure where MEMS bridges are placed

periodically. (b} A top view of 3 cascaded MEMS bridges of the same DMTL structure. ..... 26

Fig. 6 Photograph of the fabricated DMTL with interbridge spacing of 100 pm and brnidge
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Fig. 7 The proposed circuit model for the DMTL, where the MEMS bridges are represented

with low-irnpedarice transmission lNEs [7-8]. .ucccrerrerrrrreeriererreciesesnsas s e e sannens 27

Fig. 8 Conductor-backed coplanar waveguides: (a) standard (b) with a top cover. ........c....... 27
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Fig. 9 Measured S-parameters for unloaded CPW line (DMTL Case V) on glass substrate.

" The high-impedance line parameters extracted from measurement results are quite close to the
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Fig. 10 Discontinuity parameter graphs for different CPW dimensions: (a) Discontinuity
capacitance vs. center conductor width. (b) Discontinuity capacitance vs. bridge height. (c)

Discontinuity inductance vs. center conductor width. (d) Discontinuity inductance vs. bridge
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Fig. 1 (a) General view of a DMTL structure. (b) Top view of a DMTL structure,
(c) Lumped-element CLR model of the unit section of DMTL [1].
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good agreement between the model and simulation can be achieved with the CLR model

given in [2] when the bridge width is 35 pm.
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Fig. 6 Photograph of the fabricated DMTL with interbridge spacing of 100 pm and bridge

width of 100 pm.
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Fig. 7 The proposed circuit model for the DMTL, where the MEMS bridges are represented

with low-impedance transmission lines [7-8].
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Fig. 8 Conductor-backed coplanar waveguides: (a) standard (b) with a top cover.
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Fig. 9 Measured S-parameters for unloaded CPW line (DMTL Case V) on glass substrate.

The high-impedance line parameters extracted from measurement results are quite close to the

calculated values.
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height.
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Fig. 19 S-parameters results for a 10 mm length of CPW with a top cover at 5 pm where the

port impedance is tuned as 20.5 Q.
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Fig. 20 Loss (dB/cm) values of CPW with top cover structures. The simulations are
performed on different lengths of transmission lines and length independent behavior of

attenuation constant is observed as the effect of the reflection coefficient is removed.
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characteristics. Both of the models provide satisfactory agreement with EM simulation.
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same Bragg frequency values.
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Table 1 Physical description of DMTL structures on quartz (£=3.8, h=500 pm) investigated

for the validity of the CLR model.

Parameter (um) { Case I || Case Il
W 100 100
G 100 100
w 35 100
s 197 262
s' 162 162
h 1.2 1.2

Table 2 Evaluated parameters of the CLR model for the DMTL structure with dimensions in

Table 1.
Parameter Casel Case II
Co 326fF | 741fF
Ly 20pH | 20pH
R 0.84 Q 141 Q
ZHCLR 93 Q 03 O
Eeff, H-CLR 24 . A
on @
46 dB/m | 46 dB/m
20 GHz
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Table 3 °/dB and ®/mm values for DMTL structures with dimensions in Table 1. Number of

bridges for both of the structure is 40. The improvement in the °/mm shows the necessity to

increase the bridge width.

Casel Case II
(w=35 pm) (w=100 um)
Frequency (GHz)] @40 | @60 | @40 @ 60
°/dB 98 120 64 74
°/mm 10.9 16.8 18.4 30.6
Loss (dB) 0.87 1.1 |[2.2-3.8]] [3.1-5.5]
Phase (°) 85.6 | 133.6 | 192.8 321
L;T;‘tthc(iljn) 197 262
Lengthmﬂnm) 7.486. 10.48

Table 4 Dimensions for three DMTL. structures, w=100 um for all structures.

G

Total

W s | #of Zu o
Type (pm) (p)m (um) {bridges lf;iﬂ; (Q) BefrH (dB/cm)
CaseIIIl 74 | 83| 100} 112 | 224 | 89 {2.78] 0.25
Case IV} 96 | 87 | 200 75 225 | 83 [2.78| 0.23
Case V122 | 59| 400 45 22.5 70 |12.77]. 0.25
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Table 5 Calculated low-impedance line parameters, Z; (£2), (dB/cm), &g @ 10 GHz.

h=2pm h=3um h=4 um h=35um

Type Zr | oL il Zo | on |Semr) Zu | oL [Semr] Zi | ©L |EerrL

Case IT1 | 9.12 [3.96{1.12]13.01 [2.62]1.17]16.54|1.96{1.22119.761.57|1.27
Case IV | 7.17 [3.99] 1.1 10.31]2.64]|1.14113.21{1.97|1.19]15.89|1.58|1.23
Case V | 5.68 [4.02(1.09] 8.2 |2.66/1.13]10.54|1.99|1.18]12.72|1.59|1.22

Table 6 Fitted parameters extracted from optimization. The parameters except La, Cy, and o

are fixed during the optimization.

h=2um h=3 pm h=4 um h=5um
Type |Lq (PH)|Ca (fF}|La (pH)|Cq (fF)|La (PH) | Cq (fF)| La (pH)| Ca (fF)

CaseIII| 6.27 | 409 { 5.89 | 3.81 | 588 { 3.01 | 589 | 2.47
CaseIV| 647 | 491 6.09 | 436 | 547 | 410 | 639 | 3.15
Case V| 403 | 697 | 338 | 607 | 3.27 | 513 | 3.88 | 3.98

Table 7 Simulated and measured discontinuity and loss parameters of the DMTL. structures

with a bridge height of h = 5 um. ¢ is calculated @ 10 GHz.

Simulated Measured
Case |Lq (pH)| Ca (fF) o (dB/em)| Ls (PED) Ca (F) | dBOjtl-n)
Case ITI| 5.89 | 247 | 1.57 959 | 1.61 | 185
Case IV] 639 | 3.15 ] 1.58 898 | 3.78 | 1.59
CaseV | 3.88 | 3.98 | 159 | 11.09 | 2.08 | 1.20
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Table 8 Simulated and measured discontinuity and loss parameters of the DMTL structures

with a bridge height of h =3 pm. e is calculated @ 10 GHz.

Simulated Measured
Case |Lg (pH)|Cqa (fF) |or (dB/cm)| La (pH) | C4 (£F) | ap (dB/cm)
Case V| 6.09 | 4.36 2.64 747 | 7.34 2.34
Case V| 3.38 | 6.07 2.66 939 | 593 1.76

Table 9 Extracted parameters of the proposed model for the DMTL structures with

dimensions in Table 1.

Parameter Casel Case II
Zy 93 Q2 93 Q
Eeit 1 24 2.4
oy 0.3 dB/cm || 0.3 dB/cm
Lg 3.24 pH 6.58 pH
Cy 422 {F 8.54 fF
2L 430 43Q
Eelr.L 1.1 1.1
oL 0.2 dB/cm {0.49 dB/cm
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