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ONSOz

104E041 projesi kapsaminda, hiizme olusturma agi bilesenleri RF-MEMS (Radyo Frekansi-
MikroElektronMekanik Sistemler) devre elemanlarindan olusan, mikroisleme teknolojisi ile
uretilmis faz dizili anten ve yansitici dizi antenlerin tasarimi, Uretilmesi ve karakterizasyonu

tizerine ¢alismalar yapilmistir. Bu proje TUBITAK tarafindan desteklenmistir.
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OZET

Proje kapsaminda, temel olarak RF MEMS faz kaydiricilari ve anahtarlar kullanilarak,
elektronik tarama yapabilen faz dizili anten ve yansitici dizi anten tasarimi, dretimi ve
Olcimleri yapiimistir. Bu antenler, RF MEMS faz kaydirici ve anahtarlarla, tek bir taban
tzerinde tektas olarak, ylizey mikroisleme teknolojisine dayali olarak gelistirilen ODTU-RF
MEMS Uretim stureci kullanilarak tasarlanmig ve uretilmiglerdir.

Gelistirilen faz dizili anten, 4 mikroserit yama anten ve 3 bit RF MEMS faz kaydiricilardan
olusmakta ve 15 GHz'de calismaktadir. Olglim sonuglari faz kaydiricilarin 20°/50°/95° ve
bunlarin kombinasyonu faz farklarini, 1.5 dB araya girme kaybiyla sagladiklarini
gostermektedir. RF MEMS faz kaydiricilarin ayarlanmasiyla antenin ana huzmesinin

dondurilebildigi dlgtimlerle gosterilmistir.

26.5 GHz'de tasarlanan yansitici dizi anten, dizlemsel dizilmis 10x10 adet yarik baglasimli
mikroserit yama antenden olusmaktadir. Elemanlar arasi faz farki, mikroserit hatlarin
uzunlugunun RF MEMS anahtarlarla kontrol edilmesiyle ayarlanmaktadir. Olgiim sonuglarina
g0re, huzme, tasarlandigi gibi 0 derece ile 40 derece arasinda anahtarlanabilmektedir.

Gelistirilen faz dizili anten ve yansitici dizi anten, tzerinde 100 dolayinda galisan RF MEMS
anahtar bulunan dizi antenlerin ilk 6rneklerinden olarak literatlirde yerlerini almiglardir.

Proje slrresince, RF MEMS (retim silrecinin daha iyilestiriimesi igin galismalar yapilmis,
yansitici dizi antenin Uretimi igin iki pulun birbirine yapistiriimasi ve islenmesi Uretim adimlari,
ODTU RFMEMS (retim siirecine eklenmistir.

Ayrica, cift frekansli yarik dizi anten tasarimi yapilmis, dizinin elemanlari Gzerinde Uretim ve
Olcimler yapilmistir. Paketli RF MEMS anahtarlarin, antenle melez (hibrit) olarak
birlestiriimesi konusunda da galismalar yapiimistir.

Proje galismalarindan faz dizili antenle ilgili olarak IEEE Transactions on Microwave Theory
and Techniques dergisinde bir makale yayinlanmistir. Yansitici dizi antenle ilgili makale de
degerlendirme slirecindedir. Saygin konferanslarda dokuz bildiri sunulmustur. Ayrica, proje
kapsaminda bir doktora ve bir yiksek lisans tez ¢alismasi tamamlanmistir. Doktora tezi,
2007 Mustafa Parlar Egitim ve Arastirma Vakfi “ODTU Yilin Tezi Odili’ne deger

gorulmustur.

Anahtar Kelimeler: Faz dizili antenler, yansitici antenler, yeniden sekillendirilebilir antenler,
RF MEMS faz kaydiricilar, RF MEMS devre bilesenleri, RF MEMS antenler



ABSTRACT

In this project, electronically scanning phased array antenna and reflectarray antenna
structures with RF MEMS swicthes and phase shifters are designed, fabricated and
measured. These antennas are fabricated monolithically integrated with the RF MEMS phase
shifters and swicthes on the same substrate using the METU RFMEMS process based on

micromachining.

Phased array antenna, operating at 15 GHz, consists of 4 microstrip patch antennas and 3-
bit RF MEMS phase shifters. Phase shifters can provide 20°/50°/95° and combinations with
1.5 dB insertion loss according to the measurement results. It has been shown that main
beam of the antenna can be scanned by the appropriate adjustments of the phase shifters.

26.5 GHz planar reflectarray consists of 10x10 aperture coupled patch antenna elements.
Phase shift between the elements can be adjusted by controlling the length of microstrip
lines by RF MEMS swicthes. According to the measurement results, the main beam can be

swicthed between 0° and 40° degrees as required.

According to the authors’ knowledge, these monolithic phased array and reconfigurable
reflectarray structures are the first functional prototypes that employs large number of RF
MEMS switches distributed over the large wafer area.

During the project, the METU RFMEMS fabrication process has been developed further,

including wafer bonding steps that is used in the fabrication of reflectarray.

Furthermore, dual frequency slot arrays have been designed. Array elements have been
produced and measured. Individually packaged RF MEMS switches have been integrated on

the antenna in a hybrid fashion.

One journal paper on phased array antenna has been published in IEEE Transactions on
Microwave Theory and Techniques. Manuscript on reflectarray is under review. Nine
conference papers have been presented in well known Conferences. One PhD Thesis and
one Master Thesis study have been accomplished during the project. The PhD thesis was
awarded by Mustafa Parlar Education and Research Foundation as “2007 METU Thesis of
the Year”.

Key Words: Phased arrays, reflectarrays, reconfigurable antennas, RF MEMS phase
shifters, RF MEMS components, RF MEMS antennas
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1. GIRIS

Bu projede, hizme olusturma agi bilesenleri RF-MEMS (Radyo Frekansi -
MikroElektroMekanik Sistemler) devre elemanlarindan olusan, mikroisleme teknolojisi ile
Uretilmig faz dizili anten prototip tasarimi ve dretimi amaglanmigtir. GliniUmuzde, faz dizili
antenler, askeri ve sivil uygulamalarda yaygin olarak kullaniimaya baslanmigtir
(MAILLOUX 1994, HANSEN 1998, BROOKNER 1991, BROOKNER 2000). Ornek
kullanim alanlari arasinda radar antenleri, uydu iletisiminde kullaniimak tzere sabit veya
mobil yer terminali antenleri, otomobillerde otomatik hiz kontroll veya ¢arpismayi 6énleme
radarlarinda kullanilan antenler sayilabilir. Isima érantistnin elektronik olarak kontrolu,
elektronik huzme taramasi, huzmenin gereksinimlere gore sekillendirilebilmesi, birden
¢ok huzme elde edilebilmesi, karistirmanin engellenebilmesi gibi 6zellikler faz dizili
antenleri ¢ekici hale getirmektedir. Ayrica, mikroserit anten elemanlari gibi uygun anten
elemanlari kullanildiginda, 6zellikle mobil uygulamalar igin gerekli olan hafif, hacmi
kiiglik, ylzeye monte edilebilen faz dizili antenler elde edilmektedir. Dizi antenlerde,
birden ¢ok sayida kiglk anten elemani biraraya getirilerek daha blyUk alandan isima
yapan bir anten olusturulmaktadir. iki anten biraraya getirilerek dizi yapilabilecegi gibi
binlerce anten elemanindan olusan faz dizili antenler de vardir. Bir faz dizili antende Sekil
1'de gorildiglu gibi anten elemanlari, faz kaydiricilar, degisken zayiflaticilar, gig
boéllcl/birlestiriciler yer almaktadir. Anten hiizmesinin sekillendirilebilmesi ve tam olarak
elektronik tarama yaptirilabilmesi igin, her anten elemanin arkasina bir faz kaydirici ve
degisken zayiflatici koymak gerekmektedir. Bu da maliyeti énemli 6lglide arttirmaktadir.
GlnUmuzde faz dizili antenlerin en biylk sorunu hala maliyetlerinin gok yiksek
olmasidir. Bu projede, faz dizili antenlerin hiizme sekillendirme birimlerinde yari iletken
teknolojisi ile Uretilmis faz kaydirici ve benzeri devre elemanlari yerine, yeni ve
gelismekte olan bir teknoloji olan RF-MEMS (Radio Frequency — Mikro Electro
Mechanical Systems, Radyo Frekansi-Mikro ElektroMekanik Sistemler) teknolojisi ile

Uretilmis anahtar ve faz kaydiricilar kullaniimistir.
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Hiizme olustuma ag1

Sekil 1. Faz dizili anten yapisi

RF-MEMS, mikrodalga ve milimetre dalga frekanslarinda galisan mikrosistemlerdir. Bu
sistemler aluminyum, quartz, cam, silikon, GaAs gibi pek c¢ok tabanin uzerine
mikroigleme teknikleri kullanilarak gergeklestiriimektedirler. Son 10 yildaki galismalarla
RF-MEMS teknolojisinde 6énemli gelismeler olmus ve pek ¢ok mikrodalga ve milimetre
dalga frekanslarinda galisan devre elemanlari Uretilmistir. RF-MEMS devre elemanlarina
ornek olarak anahtarlar, ayarlanabilir kapasitorler, faz kaydiricilar, yiiksek kalite faktoriine

sahip endktorler, faz kaydiricilar, mikroislenmis antenler sayilabilir.

RF-MEMS teknolojisiyle (retilen elemanlar, kiglk ve entegre edilebilir olmalarinin
yanisira ¢ok dusuk gug¢ tuketmesi, kayiplarinin az olmasi, yariiletken cihazlara gére daha
dogrusal olmalari, ylksek kalite faktoriine sahip olmalari agisindan ilgi ¢gekmektedir
(BROWN 1998). RF-MEMS'in bir diger énemli 6zelligi de hareketli pargalari sayesinde
baska teknolojilerle Uretilemeyecek RF devre elemanlarinin Gretimine, kolaylikla yeniden
sekillendirilebilir ve genis bandda c¢aligabilir yapilara olanak saglamasidir; bu da
gelecegin iletisim sistemleri igin ¢ok 6nemlidir. Ornegin, ayarlanabilir kapasitér,
ayarlanabilir empedans uyumlama devreleri, ayarlanabilir antenler yeniden

sekillendirilebilir uygulamalar arasinda sayilabilir.

X bandda bir 3 bitlik GaAs FET faz kaydiricinin gi¢ kaybi 4 dB iken RF-MEMS faz
kaydirici ile kayiplar 1 dB’ye indirilebilmektedir, (REBEIZ 2003). Dolayisiyla, blylk faz
dizili anteni olan bir radarda ya da iki yonlu bir iletisim sisteminde 6-8 dB kazang
saglanabilmektedir. Frekans ylkseldikge, RF-MEMS faz kaydiricilarin faz farkinin gig
kaybina orani iyilesmektedir. RF-MEMS faz kaydiricilarin kullaniimasi durumunda, faz
dizili antende daha az ylkselte¢ kullanilacaktir. Ayrica, seri Gretim durumunda RF-MEMS
devre elemanlari ¢ok ucuza uretilebilecektir. Sonug olarak RF-MEMS’in, disuk maliyetli
faz dizili antenler icin anahtar teknoloji oldugu sdylenebilir.
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Proje kapsaminda, ilk olarak RF MEMS faz kaydiricilari kullanarak elektronik tarama
yapabilen faz dizili anten tasarlanmig, Uretimi ve élcimleri yapilmistir. Gelistirilen faz dizili
anten, 4 mikroserit yama anten ve 3 bit RF MEMS faz kaydiricilardan olusmakta ve 15
GHz'de calismaktadir. Bu anten, RF MEMS faz kaydiricilariyla, tek bir taban Uzerinde
tektas olarak ylizey mikroisleme teknolojisine dayall olarak gelistirlen ODTU-RF MEMS
Uretim sireci kullanilarak Gretilmigtir. Olglim sonuglari faz kaydiricilarin 20°/50°/95° ve
bunlarin kombinasyonu faz farklarini, 1.5 dB araya girme kaybiyla sagladiklarini
gOstermektedir. RF MEMS faz kaydiricilarin ayarlanmasiyla antenin ana huzmesinin
donddurilebildigi élcimlerle gdsterilmistir. Faz dizili anten ile ilgili calismalar Bélim 2'de
ayrintili bir sekilde anlatiimaktadir.

Proje kapsaminda gelistirilen bir diger énemli anten yapisi ise yansitici dizi antendir.
Yansitici dizi antenler yansitici ¢anak antenlerin ve faz dizli antenlerin avantajlarini
biraraya getiren, bir huni anten ile aydinlatilan baski antenlerden olusan dizlemsel bir
yansiticidan olugsmaktadir. Projede 26.5 GHz'de tasarlanan yansitici dizi anten, 10x10
adet yarik baglasimli mikroserit yama antenden olugsmaktadir. Elemanlar arasi faz farki,
mikserit hatlarin  uzunlugunun RF MEMS anahtarlarla kontrol edilmesiyle
ayarlanmaktadir. Olgiim sonuglarina gére, huzme, tasarlandigi gibi 0 derece ile 40
derece arasinda anahtarlanabilmektedir. Yansitici dizi antenle ilgili galismalar Bolim 3'de
verilmektedir.

Ayrica, projede cift frekansli yarik dizi anten tasarimlari yapilmistir. Dizi anten tamamiyla
Uretilmemis, dizinin elemanlarini olusturan yarik antenler Uzerinde Uretim ve dlgimler
yapiimistir. Bolim 2 ve 3'de anlatilan antenlerin Gretimi RF MEMS elemanlarla entegre
bir sekilde yapilmistir, burada ise paketli RF MEMS anahtarlarin, antenle hibrit olarak

birlestiriimesine calisiimistir. Bu calismalar Bélim 4’te anlatiimaktadir.

Proje suresince, RF MEMS Uretim surecinin daha iyilestiriimesi igin ¢calismalar yapilmis,
yansitici dizi antenin Uretimi i¢in iki pulun birbirine yapistirimasi ve islenmesi Uretim
adimlari, Uretim sirecine eklenmisti. ODTU RF MEMS (retim siireci Bélim 5'te son
haliyle verilmektedir.
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2. RF MEMS TEKNOLOJIiSi ILE TEK PARGA FAZ DiziLi ANTEN
SISTEMI

2.1 GIRIS

Faz dizili anten sistemleri genellikle besleme agi, faz kaydiricilar ve antenlerin ayr ayr
Uretiimesi ve daha sonra biraraya getiriimeleriyle elde edilmektedir (MAILLOUX 1994,
HANSEN 1998, BROOKNER 1991, BROOKNER 2000). Bu pargalarin melez (hybrid)
yontemlerle buatlnlestiriimesi sadece sistem boyutlarinin degil, ayni zamanda parazitik
etkilerin, kayiplarin ve paketleme masraflarinin da artmasina sebep olmaktadir. Bu sikintilari
ortadan kaldirmak icin, bu elemanlarin tek parca bir faz dizili anten sistemi olusturacak
sekilde, ayni taban {izerinde Uretiimesine gereksinim vardir. RF MEMS teknolojisinin
gelismesi sonucunda disik maliyetli, diigik sistem hacmine sahip, ylksek performansli
devre elemanlarinin gergeklestirilebilecegi gosterilmistir (BROWN 1998). Bu devre
elemanlarinin mekanik hareketlerle RF performanslarinin ayarlabilir olmasi disik hacimli
cok islevli anten sistemlerinin tek parca olarak gerceklestirilebilmesini mimkdn kilmaktadir.
Bu devre elemanlarinin faz dizili anten sistem uygulamasinda kullaniimasi durumunda tek
parca faz dizili anten sisteminin Uretilebilmesi mimkindir. Raporun bu béliminde 15 GHz
galisma frekansinda antenlerin, besleme aginin ve 3-bit ylklenmis iletim hatti faz
kaydiricilarinin tek parga olarak butinlestirildigi faz dizili anten sisteminin tasarimi, Gretimi ve
Olcim sonuglari anlatiimaktadir. Sistemde kullanilan faz kaydiricilar, 0°-360° faz farki
verebildigi icin degisik kombinasyonlarla antenlere besleme yapilabilmektedir. Sistemde
kullanilan bidtin elemanlar ayni taban Uzerinde RF gicl tasimak igin baska herhagi bir
baglanti gerektirmeden tek parga bir sekilde tasarlandigi igin, karma yontemlerle Uretilen faz
dizili anten sistemlerine kiyasla daha az RF gli¢ kaybi performansina sahip, Uretimi
tekrarlanabilir sistemlerin ortaya c¢ikartilabilmesi mimkuindir. Asagidaki bolimlerde sistem
icerisinde kullanilan 6zellikle faz kaydirici basta olmak Uzere diger alt bloklar anlatilacak,

sistem entegrasyonu 6zetlenecek, sistemin Uretimi ve dlgiim sonuglari tartisilacaktir.

2.2 FAZ DiZILi ANTEN SISTEMI

Bu projede gelistiriimis olan faz dizili anten, dért mikroserit yama anten, besleme devresi ve
RF MEMS faz kaydiricilardan olugsmaktadir. Calisma frekansi, tim anteni 500-pym
kalinhginda 4" ¢capindaki cam taban malzemesi (g, = 4.6, tand = 0.005) lzerine sigdirabilmek
icin 15 GHz olarak segcilmistir. Anten ODTU RFMEMS {iretim siireci kullanilarak Gretilmistir.
Sekil 2’de anten dizisinin geometrisi ve fotografi gértlmektedir. Dizinin toplam buyukligu

5cmx6em’dir. Yama antenlerin blyUklagu ise 4.65 mm x 4.65 mm’dir. Aralarinda A./2 (1 cm,

14



bosluk dalga boyunun yarisi) uzaklik olacak sekilde yerlestiriimiglerdir. Besleme devresi 70
Q, ~Ao/4 (2.2 mm) transformatérlerden olugsmaktadir. 50 Q ve 70 Q’luk hatlarin geniglikleri
sirasiyla 0.95 mm ve 0.43 mm’dir. Mikrogerit hattan es dizlemsel dalga kilavuzuna (EDK)
gecisler geri donus kaybini en aza indirgeyecek sekilde tasarlanmistir. Sekil 3'de bu alt
birimlerin geri donis kaybi karakteristikleri verilmistir. Faz kaydiricilar 45°/90°/180° ve
bunlarin birlesimlerinden olusan faz farklarini verecek sekilde tasarlanmistir. Faz
kaydiricilarla ilgili ayrintili bilgi Bélim 2.3’de verilmistir.

Eleman 6rintisu ve dizi faktérd disindldiagunde, dizinin 3dB huzme genisligi 25°dir. Huzme,
elemanlar arasi 45° ve 90°lik faz farklari saglandiginda 12° ve 24°’ye doéndurulebilmektedir.
Faz kaydiricilar 135° ve 180°lik faz farklari da verebilmektedir, fakat eleman o6rintisi

nedeniyle dizinin huzmesi karsilik gelen yonlere ddnmemektedir.

DC gerilim uygulama noktalari
Lie[epjou ewenbAn wiusb Da

EDK-MS gegisi
10UIpABY ZBj }G-€ 409E-00

Sekil 2. Faz dizili anten sisteminin geometrisi ve fotografi.
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Sekil 3. Sistemin alt bloklarinin geri donus kaybi karakteristikleri (a) L=W=4.65 mm, besleme hatti
girintisi 1.7 mm olan mikroserit yama anten (b) EDK-MS$ hatlar arasinda kullanilan eksponansiyel

gecis (c) Mikroserit besleme agi.

2.3 3 Bit RF MEMS FAZ KAYDIRICI

2.3.1 Tasarim

Raporun bu kisminda anlatilan faz dizili anten yapisinda kullanilan faz kaydirici yapisi,
siralanmis hat tasarim teknikleri kullanilarak tasarlanmis sayisal bir faz kaydiricidir. Bu faz
kaydirici yuksek empedansli (> 50 Q) bir esdizlemsel dalga klavuzunun (EDK) Uizerine
birbirine seri olarak baglanmis degisken kapasitdor olarak davranan MEMS kopri ve
hareketsiz (statik) kapasitorlerin periyodik bir sekilde yerlestiriimesiyle elde edilmistir.
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Tasarlanan faz kaydiricinin birim hicresinin genel gérinimiu ve devre semasi Sekil 4’de
verilmistir. Devre semasindan da gorilecegi gibi hatti ylkleyen toplam kapasitans, MEMS
kopru yukari durumda iken, C, ve Cs kapasitanlarinin seri birlesimidir (yukari durum). Képru
ve sinyal hatti arasina DC gerilim uygulanmasi sonucunda kopriu asagi cekilir ve C,
kapasitansi yuksek bir degere ulasir, (HAYDEN 2003). Bu durumda (asagi durum) hatt
yukleyen toplam kapasitans Cs kapasitansina esit olur. Képrinin yukari ve asagi durumlarin
hatti yukleyen kapasitans degerinin farkli olmasi, bu iki durum igin hattin yuklenmis
karakteristik empedansi iki farkli deger alabilmesini mamkin kilar: Z,, ve Z,4. Her bir birim
hicreden elde edilebilecek olan faz farki, bu iki durumdaki karakteristik empedans
degerlerine bagli olarak (faz hizindaki dedisimden yola ¢ikilarak) su sekilde belirlenebilir:

Adp= (1)

C

Zyy  Zyg

OZg|ectf (1 1 rad/birim
hicre

Bu denklemdeki Z, hattin ylklenmemis durumdaki karakteristik empedansini, C/‘lseff

kilavuzlanmis (guided) hizi, s ise birim hicrenin uzunlugunu (kopraler arasi uzaklik)
gOstermektedir. Tasarimda yukari ve asagi durum yuUklenmis hat karakteristik empedans
degerleri, geri donus kayiplarini belli bir seviyede tutabilmek amaciyla sirasiyla 58 Q ve 44 Q
olarak secilmistir. Kopriler arasi uzaklik ise, -dolayisiyla birim hdcrelerin toplam uzunlugu-,
Bragg frekansi géz onlne alinarak secilmelidir. Bu tasarimdaki birim hicrenin toplam
uzunlugu 800 pm olarak secilmistir. Sonu¢ olarak elde edilen Bragg frekansi 35 GHz
civarindadir. f,=15 GHz ve fz=2.3f, oldugu g6z 6niine alinirsa, tasarlanan faz kaydiricinin,
Bragg frekansinda gdzlenen etkilerden uzak bir sekilde disik yansima ve araya girme kaybi
performasini saglayacak sekilde calisabilmesi 6ngdrulebilir. Asagdidaki denklemler, Bragg
frekansi degerinden (bu tasarim i¢in 35 GHz) baslayarak hatti ylkleyen kapasitans
degerlerinin hesaplanmasi amaciyla kullanilabilir:

ZdC
S= metre 2
thBZo\/gr,eff @)
2,2 -247
Cs =°—2d farad (3)
TEfBZO Zd

z24%(z,2 - 242
Chu =Cs d2 % d2 farad (4)
Zy"\Zy" - 24
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Sekil 4. Faz kaydirici devresinin birim hiicresi (a) Yukaridan gortiinim (b) Devre semasi.

Yuklenmemis hattin karakteristik empedansi Z,=77 Q olarak segilmistir (W=200 pm,
G=150 um). Bu hattin kaybi (o), 14 dB/m, &.¢ dederi ise 2.8 olarak hesaplanmistir. Sekil
4’de gosterilen birim hicre 15 GHz frekansinda 11.5° faz farki verebilmektedir. HFSS ile
gerceklestirilen EM simulasyonlarda daha 6nce belirlelen Z,, (58 Q) ve Z,4 (44 Q) degerlerini
saglayacak olan C, (55 fF) ve Cs (115 fF) degerlerinin hesaplamalardan elde edilen
degerlere oldukga yakin oldugu gorilmastir. Sekil 5’de 8 birim hiicreden olusan faz kaydirici
bolimin (180°lik bdlim) elektromanyetik (EM) benzetim ve modelleme sonuglari verilmigtir.
Yapinin araya girme kaybinin énemli bir kismi yuklenmemis hat tarafindan belirlenir. Ancak
araya girme kaybinin dogru modellenebilmesi igin hatti yikleyen Cy, ve Cs kapasitanslarina
seri olarak da bir diren¢ kullaniimasi gerekmektedir. Bu diren¢ yukari durum i¢in Rs=1.5 Q,
asagl durum igin 0.5 Q olarak modellenmistir. Modelleme ¢alismalarinda C; kapasitansinin
Q-faktérinin kayiplar tzerindeki etkisi de incelenmistir. Bu kapasitoriin kalite faktori su
sekilde hesaplanabilir:

Q=oCsRy (5)

Burada R;, Cs kapasitérinden kaynaklanan RF glgc kayiplarini modellemek tzere kullanilan
paralel direngtir ve yaklasik olarak 40 kQ olarak modellenmistir ve Cs kapasitansinin Q-
faktori 433 olarak hesaplanabilir. Faz kaydirici yapisinin disuk kayipl olmasinin en énemli
sebeplerinden birisi de bu kapasitérin Metal-Hava-Metal (Metal-Air-Metal) seklinde bir
yaplya olmasindan dolayi Q-faktériiniin ¢ok yiksek olmasidir.

Sistemde kullanilan 3-bit RF MEMS faz kaydirici 3 bdliimden olusmaktadir. ilk kisim 4 birim
hicreden olusmaktadir ve EM benzetim sonuglarina gére 15 GHz frekansinda 46.9° faz farki
saglayabilmektedir. Ikinci kisim 90.2° faz farkini 8 birim hiicrede ve Uglincl kisim ise

182.6%lik faz farkini 16 birim hicre ile saglamaktadir. Sekil 6’da toplamda 28 koépriden
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olusan yapinin maske gizimlerindeki genel gorinitisu verilmistir. Sekil 7°de ise yapinin
biatin durumlarda saglayabildigi faz farki degerleri goérulebilir. Bu sekilden de anlasilacagi
gibi, yapi 15 GHz frekansinda dngdrilen faz farki degerlerini saglayabilmektedir.

Yapinin ilgili kisimlarindaki kdprulerin ayni anda hareket ettiriimesi gerektiginden, kdprulerin
her birine hareket gerilimlerinin ayri ayri taginmasina gereksinim vardir. Bu amagla Sekil 4'de
de gosterildigi gibi EDK’'nin bosluklarinda (sinyal ile toprak arasindaki bogsluk) bir kdpriiden
digerine uzanan 6zdirenci yuksek SiCr katmaniyla elde edilen yaklasik R,=70 kQ degerinde
(osicr=2500 S/m, uzunluk=700 um, genislik=20 pum, kalinlik=0.2 ym) direngler kullaniimistir.
Faz kaydiricinin G¢ kismindan her birine ayri ayri kombinasyonlarla gerilim verilmesi
gerekebilecedi igin, ayrica her bir birimdeki birer hiicreye (toplam olarak sadece 3 birim
hiicreye) yine SiCr katmani kullanilarak toprak hattindaki koprulerin altindaki bosluk

kullanilarak dig baglanti yapilmistir (Sekil 4).

Sekil 8’de 3-bit faz kaydirici yapisinin farkh durumlar igin elde edilen geri dénus kaybi
karakteristigi verilmistir. DC gerilimi tasimak icin kullanilan direngler yapinin geri dénis kaybi
Uzerinde herhangi bir etki géstermemektedir ve yapi yaklasik olarak 10 dB’den daha iyi bir
geri dénus kaybina sahiptir. DC gerilimi tasimak igin kullanilan direnglerin araya girme
kaybini ne yénde etkileyebilecegini anlamak i¢in Cs kapasitorinin Q-faktériinin irdelenmesi
gerekir. Sekil 4.b’de de gosterildigi gibi kullanilan direngler Cs kapasitoriinin kalite faktorini
dogrudan duslrdagu icin araya giris kaybi Uzerinde dnemli bir olumsuz etki yapmaktadir.
Buna gdre yapinin araya giris kaybl EDK hat arasinda diren¢ kullaniimadigi durumda 0.9 dB
(R, =40 kQ, Q=433), EDK klavuzu hatlar arasinda 28 birim hicre igin direng kullandigi
durumda 1.05 dB degerine yulkselir. CUnk( bu durumda her bir Cs kapasitori iki adet Ry
direncini paralel sekilde gordigu igin Cs kapasitoriinin Q-faktoériini belirleyen direng 40
k®Y'dan 40k//(Ry/2)'ye diser ve Cs kapasitoriniin kalite faktori 433'ten 202’ye diser. 3 adet
birim hicrede ise, kullanilan dis baglanti direngleri RF toprakla kuvvetli sekilde etkilesimde
bulundugu icin C, kapasitéri tarafindan R~=3 kQ olarak gorulir. Bu durumda C;
kapasitoranin Q-faktéri 28’e duser ve yapinin araya girme kaybi 1.25 dB’ye yukselir. Her ne
kadar DC tasima direncleri kullanildiginda yapinin araya girme kaybinda bir artis s6z konusu
olsa da, DC tasima hatlarinin gerekliligi géz 6niine alindiginda, ve yariiletken tabanli faz
kaydiricilarda gozlenen kayiplarla karsilastirildiginda, tasarlanan faz kaydiricinin araya girme

kaybi de@erlerinin kabul edilebilir seviyelerde oldugu sdylenebilir.
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Sekil 5. Faz kaydiricinin 8 birim hiicrelik bélimd icin yapilan simulasyon ve modelleme sonuglari
(a) yukari durum (b) asagi durum.
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Sekil 6. 3-bit faz kaydiricinin maske ¢izimlerindeki genel géruntisu.
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Sekil 7. 3-bit faz kaydiricidan farkl durumlarda elde edilen faz farki egrileri.
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Sekil 8. Tasarlanan 3-bit MEMS faz kaydicinin bitin durumlar igin geri dénus kaybi grafigi.

2.3.2 Uretim ve Olciim Sonuclari

Tasarlanan faz kaydirici Bolim 5'de anlatilan Uretim sdreci kullanilarak dretilmistir. Sekil
9'da, Uretilen faz kaydiricinin birim hdcresinin optik mikroskop ile elde edilen fotografi
sunulmustur. Sekil 10'da ise uretilen faz kaydiricinin bir bolimindn fotografi verilmistir.
Burada periyodik bir gsekilde siralanmis 4 adet birim hicre gértulmektedir. Toprak-sinyal
arasindaki bosluklarda SiCr direngler yardimiyla bu 4 birim, DC gerilim uygulandiginda ayni
anda hareketlendirilebilmektedir. Faz kaydiricilarin élgimid icin TRL (Thru-Reflect-Line)
kalibrasyon kullaniimigtir. 8 durum, DC prob ve bias tee kullanilarak DC gerilim
uygulanmasiyla oélgtimustir. Anahtarlari hareket ettirmek igin gereken DC gerilim 16 volttur.
Her durum igin girs geri dénus kaybi 10 dB’den iyidir. Araya girme kaybi en k6t durumda 15
GHz'de 2 dB olarak olgllmustir. Faz kaydiricinin dlgiimlerinden elde edilen devre modeli
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parametreleri Tablo 1’de sunulmustur. Bu yapilarin her bir birim hicresinden elde edilen faz
farki yaklasik 6°dir. Faz kaydirici yapisi 15 GHz frekansinda 20°/48°/97° ve diger
kombinasyonlarla faz farki saglayabilmistir. Yapinin faz farki sonuglari Sekil 11°de

sunulmustur.

150 um 200 pm 150 pm

Sekil 9. Faz kaydirici devresinin birim hiicresinin yukaridan goérinimu

Sekil 10. Uretilen RF MEMS faz kaydiricinin 4 birim hiicrelik béliimiiniin fotografi.

Tablo 1. Uretilen faz kaydiricinin model parametreleri.

Parametre Benzetim Olgiim

Chu 55 fF 50 fF

Cs 115 fF 71 fF
Rpu/Rpg 0.8Q/1.5Q(080/1.50Q

Zo 77 Q 77 Q
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Eeff 2.76 2.76
oo @ 15 GHz| 20 dB/m 29 dB/m
Rp 40 kQ 40 kQ
Ry 20 kQ 20 kQ
Re 1.45 kQ 145Q
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Sekil 11. 3-bit RF MEMS faz kaydiricinin degisik durumlar igin elde edilen faz farki karakteristigi

2.4 Faz Dizili Anten Sisteminin Uretimi ve Olgiimii
4 elemanli dogrusal mikrogerit yama anten dizisi hUzme olusturma agiyla birlikte tektas bir
yap! olarak Bolum 5’te anlatilan mikroigleme teknolojisiyle cam taban Uzerinde uretilmistir.
Sekil 2’de anten dizisinin geometrisi ve fotografi gorilmektedir. Dizi 500um kalinliginda cam
tabaka (¢, = 4.6, tand = 0.005) Uzerinde gergeklestiriimistir. Dizinin toplam buyukliGgu
5cmx6cm’dir. Yama antenlerin blykligu ise 4.65 mm x 4.65 mm’dir. Aralarinda A./2 (1 cm)
uzaklik olacak sekilde yerlestiriimiglerdir. Besleme devresi 70 Q, ~AJ/4 (2.2 mm)
transformatorlerden olugsmaktadir. 50 Q ve 70 Q'luk hatlarin genislikleri sirasiyla 0.95 mm
ve 0.43 mm’dir. Mikrogerit hattan es dizlemsel dalga kilavuzuna gecisler geri dénls kaybini

en aza indirgeyecek sekilde tasarlanmistir.
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Faz dizili anten sistemin geri donis kaybi ve isima oriintlist 6lgimlerinin gerceklestiriimesi
amaciyla Sekil 12'de verilen dizenek kurulmustur. Hiuzmeyi farkli  dogrultulara
yonlendirebilmek amaciyla DC gerilimlerin uygulanmasini saglayan bir kart tasarlanmis ve bu
kart MEMS anten sistemine beyaz epoksi ile yapistiriimistir. DC kart ve dizi anten arasinda
elektriksel baglantilar ince teller (wire bond) ile saglanmistir. Sistemin o6lgllen geri donls
kaybi 14.6 GHz frekansinda 28.8 dB’dir (Sekil 13). Faz kaydiricilarin farkli durumlari icin elde
edilen 1sima Oriintlist sonuglari $ekil 14’de sunulmustur. Ardisik faz farki yaklasik 20° olacak
sekilde secildiginde ana hiuzmenin 4° dondigu, yaklasik 48° olarak segildiginde ise 14°
dondigi gorulmastir. Sonuglar s6zu edilen ardisik faz kaymasi degerleri igin hesaplanan
degerlere oldukca yakindir. Faz kaydiricilarin, diger ydne dénmeyi saglamak igin 48° ardisik
faz farkini verecek sekilde ayarlanmasi durumunda 6°’lik hizme dénmesi elde edilmistir. Faz
dizili anten sisteminin bu ydnde, diger ybne kiyasla beklenen performansi
saglayamamasinin, faz kaydiricilarin her bitinin Gretimden kaynaklanan sorunlar nedeniyle
tasarlandigi gibi calismamasi oldugu disunudlmektedir.

D(t: kafrtlr(wj akr.ka D(t: kafmz akr_ka DC kart ve DC kart ve
ai;ahlgrlzr; ai;ahltgrlzr; MEMS anteni MEMS anteni
k e yapistirmak igin yapistirmak igin
baglantilar s t@qfntllar kullanilan kullanilan
beyaz epoksi beyaz epoksi

MEMS faf
kaydiricilarkp

Sekil 12. Faz dizili anten sisteminin 6lgimlerinin gergeklestirilebilmesi igin kurulan diizenek.
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Sekil 13. Faz dizili anten sisteminin geri donls kaybi 6lgim sonucu.
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Sekil 14. Faz kaydiricilarin farkh durumlar (94~20°, ¢,~50°, ¢3~-50°) igin isinim 6rintusu élgimu

Bu boélimde ayrintilari anlatilan faz dizili anten, literatirde yer alan, Uzerinde yuzlerce RF
MEMS anahtar ve kapasitdrin oldugu, entegre bir bicimde tek taban Uzerine tektas olarak
Uretilmis, bu kadar ¢ok sayidaki MEMS anahtarin galisabilir durumda oldugu ilk elektronik
taramali dizi anten 6rneklerden biridir, (TOPALLI, 2006, 2008).
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3. RF MEMS TEKNOLOJIiSi ILE AYARLANABILIR TEK PARGA
YANSITICI Dizi ANTENI

3.1 GIRIS

Yansitici dizi antenleri, yansitici ¢canak antenlerin ve faz dizili antenlerin en iyi 6zelliklerinin
biraraya getiriimesiyle olusturulmus yapilardir, (HUANG 2008). Yansitici dizi anteni, ¢anak
anten yapisinda oldudu gibi baska bir kaynak anten (genellikle huni anten) tarafindan
beslenir ve gelen elektromanyetik dalgayi belirli bir ydne yansitir. Yansitici ylzey, baski
anten elemanlarindan olusur. Canak antenler ile karsilastirildiginda, yansitici dizi anten
yapisinda, anten elemanlarindan yansiyan dalganin fazinin uygun sekilde ayarlanmasiyla
huzme istenilen sekilde sekillendirilebilir. Ayrica, yansitici dizi antenindeki elemanlara yari
iletken devre elemanlari veya MEMS anahtarlar kullanilarak ayarlanabilirlik 6zelligi katilabilir
ve bu da elektronik taramaya olanak saglar. Canak antenin kompleks kire yapisi
disunuldigunde mikroserit yansitici dizi anteni basit ve iki boyutlu bir yapiya sahiptir ve
uygun tasarim ile kiicik pargalar halinde uretilip istenilen ylzeye monte edilebilir. Mikroserit
hatlar ile beslenen faz dizili antenlere gbre yansitici dizi anteninin ylzeyi kaynak anten ile
uzaydan aydinlatiir ve mikroserit besleme aginin karmasikhd:r ve besleme agindan
kaynaklanan kayiplar 6nlenmis olur. Fakat besleme sistemi mikroserit faz dizili antenlere

gore daha fazla yer kaplar.

Proje kapsaminda, 26.5 GHz'de, diuzlemsel 10x10 adet yarik baglasimli mikroserit yama
anten (YBMYA) elemanlarindan olusan, RF MEMS anahtarlar ile huzme yoniu elektriksel
uyarim ile ayarlanabilir, yansitici dizi anteni tasarlanmig, Gretim ve dlgimleri tamamlanmistir.
ODTU-MEMS tesislerinde gelistirilen ylzey isleme ve pul baglama lretim sirecleri
kullanilarak RF MEMS anahtarlar iceren yansitici dizi anteni tek parga Uretilmis ve melez
birlestirmeden kaynaklanan kayip ve hatalar dnlenmigtir.

3.2 YANSITICI DiZINIiN TASARIMI

Sekil 15’de ayarlanabilir yansitici dizi anteninin sematik yapisi gdsterilmistir. Huni antenden
gelen elektromanyetik dalga, dizi elemanlarindan uygun fazlarda yansitilarak istenilen yéne
yonlendirilebilir. Faz belirleme islemi denklem 1 yardimi ile yapilir (POZAR, 1997).

—ky(R, +F.F)+y, =22N (1)
Burada k, : elektromanyetik dalganin uzayda yayilim sabiti

R,: kaynak anten ile i inci dizi elemani arasindaki mesafe
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I :referans koordinat sistemi ile i inci dizi elemani arasindaki vektérsel mesafe

f : kiresel koordinat sisteminde ifade edilen yarigapsal birim vektor.

;. elektromanyetik dalganin i inci dizi elemanindan aldidi yansima fazi gecikmesi

N : tam sayi

26.5 GHz'de ana huzmenin yonini Z birim vektori dogrultusunda yonlendirmek amaci ile
kiresel koordinat sisteminde verilen f vektorl, Z birim vektori dogrultusunda
yonlendirilerek, 10x10 dizi elemanin her biri icin yansima fazi degerleri (v, ) belirlenmistir.
Yine ayni sekilde, ana huzmenin yoninl, xz-dizleminde 6=40° ye yonlendirmek amaci ile
f vektorl xz-diizleminde 6=40° ye yonlendiriimis ve dizi elemanlarinin sahip olmasi gerektigi

yansitma faz degerleri (y;,) bulunmustur. 10x10 dizi elemaninda, 1. sdtunun, faz

hesaplamasinda referans alinmasi sebebi ile bu situnda v, ve v, degerleri ayni ¢cikmigtir.

Es faz
diizlemi

elemanlari

Sekil 15. Yansitici dizi anteni yapisi.

3.2.1 Dizi Elemani Tasarimi

Dizi elemani olarak Sekil 16'da (a) ve (b)de gosterilen yarik baglasiml mikroserit yama
anten yapisi kullaniimigtir. 500pum kalinhiginda cam katmandan olusan anten ve iletim hatti
pullari (e,= €4=4.6, tan®=0.005), aralarinda W, genisliginde L, uzunlugunda yarik igeren
toprak diizlemi olacak sekilde birbirlerine baglanmistir. Anten pulunun Uzerideki yama antene
gelen elektromanyetik dalga, toprak diizleminde bulunan yarik sayesinde iletim hatti pulunun
altinda bulunan mikroserit iletim hattina baglanir. iletim hattinin ucunun agik devre olmasi
sebebi ile elektromanyetik dalga geri yansir ve tekrar yarik sayesinde yama antene

baglanarak uzaya yansitilir. Elektromanyetik dalganin yarik baglasiml mikroserit yama

anteninden yansimasi sonucu olugan faz farki (y;), acik devre uglu mikrogerit iletim
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hattinda ilerledigi mesafe ile belirlenir. Tasarimda ilk olarak Sekil 16 (a) ve (b)'de gosterilen
yarik baglasiml mikroserit yama anten yapisi, faz kaydirici kisim olmadan, HFSS yardimi ile
mikroserit iletim hattindan beslenerek benzetimler yapiimis ve Sekil 16 (c)de gosterilen
optimizasyon dncesi degerler kullanilarak uzaya 26.5 GHz’de uyumlandiriimistir.

Iy
Y :
W, 2
Anten ¥
pulu : Yama anten
L, L L L, !
§ —_——
L - Itw. g :
\ 8 Em iwa by
0 T_(?:\ ——————————————— ——y
263mm  FazKaydirici Kisim i‘\l X:
W._. Agik devre |} 5 &rf ! Toprak he
m iletim hatti i ;
REMEMS___ {1 " ‘ ! ‘ Diizlemi
| Anahtar 1 I — \
! h\ L ' Mikroserit L, Iletim Hattr
ikroseri 1
L=-0.2 mm—> Liy \}‘ E‘ Liy | : iletim hatt: pulu
L=0mm—"—p =~~~ "7 T777
""" %0/2 = 5.66 mm
(a) (b)
W, L, W, Lo | W (um) | L
Optimizasyon 6ncesi 2.02 2.02 0.3 1.6 0.4 1.1
Optimizasyon 2.03 2.03 0.3 1.55 0.4 1.1

(c)
Sekil 16. Ayarlanabilir yansitici dizi anteninde kullanilan, yarik baglasimli mikroserit yama anteninin (a)

arkadan goriinimu (b) yan goérinimd, (¢) Uzunluklar (mm cinsinden).

Siradaki adim, yarik baglagimli mikroserit yama anteninden yansima sonucunda olusan faz
degisimi ile (y;), mikroserit iletim hattinin uzunlugu (L) arasindaki iligkiyi belirten faz tasarim

grafiginin bulunmasidir. Bu amag ile Sekil 16 (a)da gosterilen yarik baglasimh mikroserit
yama anten, faz kaydirici kisim olmadan HFSS yardimi ile periyodik sinir kosullari
kullanilarak sonsuz dizi haline getirilmistir. Dizi elemanlari arasindaki mesafe yarim dalga
boyudur (A¢/2) . Sonsuz dizi, 26.5 GHz de y-y6ninde dogrusal kutuplanmis diizlem dalgasi
ile uyarilarak benzetimleri yapilmis ve yansiyan dalganin faz degeri degisen L degerleri igin
hesaplanmistir. Hesaplanan faz tasarim grafigi Sekil 17°de gosterildigi gibidir. Benzetimler
sirasinda yansima fazinin, ideal iletim hatti icin hesaplanan faz grafigine yakin olmasi igin
anten boyutlarinda optimizasyon yapilmis ve Sekil 16 (c)de gosterilen optimize edilmis
degerler ile Sekil 17°de belirtilen faz tasarim grafigi bulunmustur. Sekil 17°de gortldigi gibi
faz tasarim grafigi, ideal faz grafigine oldukga yakindir. Geriye donis kaybinin maksimum
degeri yaklasik olarak L=3.1 mm icin 3.63dB olup bu kayip, dielektrik kaybi, iletken kayiplari
ve geri 1Isinim kayiplarindan olugsmaktadir.
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Sekil 17. 26.5 GHz'de faz tasarim grafiginin ideal faz grafigi ile kargilastiriimasi ve geri dénus kaybi.

3.2.2 lletim Hatti Uzunluklarinin Belilenmesi

10x10 yansitici dizi anteninin ana huzmesini 0° ye ydnlendirmek icin hesaplanan

degerleri, faz tasarim grafigi kullanilarak Li; degerlerine donustirdldr. Ayni sekilde ana
huzmenin yonind 40°’ye yénlendirmek igin hesaplanan y;, degerleri ile Lij+Lo+Li3 toplam
uzunluk degerleri bulunur. L;j; ile Lj+L,+Li3 arasina yerlestirilen seri RF MEMS anahtar
yardimi ile iki uzunluk degeri arasinda anahtarlama yapilarak huzmenin yéninin 0° ve 40°
arasinda degistiriimesi saglanir. Bir sonraki kisimda anlatilacak olan iletim hatlarinin
arasinda kullanilan seri RF MEMS anahtarlarin ideal olmamasindan dolayi, hesaplanan
iletim hatti uzunluklar istenilen faz degerlerinden bir miktar saptii HFSS benzetimleri ile

gOrulmis ve uzunluklarda yapilan ufak degisimler ile son uzunluk degerleri bulunmustur.

3.2.3 Seri RF MEMS Anahtar Tasarimi

Yansitici dizi anteninde kullanilan seri RF MEMS anahtar Sekil 18'de gdsterildigi gibi cam
katmana g¢apa noktalarindan basan, iletken bir kdpra yapisidir. Kopru yukari konumunda iken
kanatlar iletim hatlarina temas etmemekte ve iki iletim hatti birbirinden elektriksel olarak
yaltiimaktadir. Képrd, kdprinin altinda bulunan uyarim tabakasi ile kdpru arasina uygulanan
DC gerilim ile asagi konuma getirildiginde kanat noktalarinda iki iletim hattina da deger.
Boylece iletim hatlarinin arasinda DC ve RF olarak iletkenlik saglanir. Koprinin yukari
konumu icin kanatlar ile iletim hatlari arasinda kalan bosluk 2 um olarak tasarlanmistir.
Ancak Uretim sonrasi yapilan 6lgimlerde bu deger 1.3 um olarak olgiimustir. Sekil 18 (c)'de
gosterilen benzetim sonuglarinda 20-30 GHz bandinda, iki bosluk degeri igin de yaltim 10
dB’den fazla, araya girme kaybi 0.5’dB den azdir.
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RF MEMS anahtarin DC uyariminda kullanilan uyarim hatlari Sekil 19’da gosterildigi gibidir.
RF performansin etkilenmemesi agisindan, RF MEMS anahtar yakininda Si-Cr katmanindan
olusan, dusuk direngli uyarim tabakasi kullaniimistir. Gerilim kaybini 6nlemek amaci ile Si-Cr
hatlara DC gerilim, iletkenligi iyi olan altin (Au) hatlar ile saglanmistir. Au uyarim hatlarinin
faz grafigine etkisini incelemek amaci ile Sekil 16 (a)'da gdsterilen birim eleman, faz kaydirici
kisim olmadan ¢izilmis, Au uyarim hatlari eklenmis ve faz tasarim grafigi Au uyarim hatlari
varken tekrar hesaplanmistir. Sekil 18 (d)’de gdsterilen sonuglarda faz tasarim grafiginin Au
uyarim tabakasindan ¢ok etkilenmedigi gorilmektedir. Ayrica Sekil 16 (a)’da gdsterilen birim
eleman faz kaydirici kisim ile birlikte gizilmis ve iletim hatlar arasina RF MEMS anahtarlar
yerlestirilerek RF MEMS anahtarin agik ve kapali konumlarinda degisik Li; ve Liz uzunluklar
icin benzetimler yapiimistir. Bu benzetimlerden elde edilen yansima fazlari, kargilik gelen
iletim hatti uzunlugu (RF MEMS anahtar asagi durumda ise bu uzunluk Lj+L,+L;3, yukari
durumda ise bu uzunluk L;; dir) g6z éninde bulundurularak nokta seklinde isaretlenmistir.
Sekil 18 (d)’de gosterilen sonuglarda RF MEMS anahtarin yansima fazini ¢ok etkilemedigi
gOrulmektedir.

Iletinll Hattil 1,=0.15mm &2p2
>

Uyarim tabakasi
| v dielektrik

um
g :
Capa S0um  fletim Hatti2

Capa iletim Hatti2

(a) (b)
L (mm
0 0 o2 0.5 1 L5 (2 ) 2.5 3 3.5 4
P PP RPPITE Q}’ s ol XXX Seri anahtarli faz kaydirict |
93 eklenmis durum
1-05% -100 Faz Tasarim Grafigi
~ -5 R - i =4 i = == Au uyarim tabakasi varken
m Kopri boslugu:2um g 3 -150 hesapl £ —
= = = K&prii boslugu:1.3um f 5 esaplanan faz tasarim
= T aseeas Asagi Durum 1 £ T 200 X grafigi
=] o= N
= —_— ) & 250
So10 e < 5
- 1 455 E-of
i S 3507
_15 NETEERETE RN NN REE NI A RENI AN RN R RN ") -400 - x
20 21 22 23 24 25 26 27 28 29 30 4501
Frekans (GHz) <
-500 . . . . . . .
(c) (d)

Sekil 18. Seri RF MEMS anahtarin (a) ustten (b) perspektif gortntisu (c) EM benzetim sonuglari. (d)
Au uyarim tabakasinin ve RF MEMS anahtarin etkileri
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Sekil 19. Ayarlanabilir yansitici dizi anteninin maske goriinimui.

3.3 YANSITICI Dizi ANTENI URETIMI

10x10 elemanli ayarlanabilir tek parga yansitici dizi anteni, ODTU-MEMS tesislerinde
geligtirilen pul bagdlama ve ylzey mikro igsleme Uretim surecleri kullanilarak Uretilmistir.
Uretimde iki adet 500um kalinhiginda cam pul (£=4.6, tan®=0.005) kullaniimistir. Uretim
sureci Sekil 20’de 6zetlenmistir. Bu anten iki katmanli bir yapi oldugu igin, ODTU RFMEMS
Uretim surecine iki pulun birbirine baglanmasi ve islenmesi sireci eklenmistir. Bolim 5’te
anlatilan slre¢ bazi kalinliklarda yapilan ufak degisikliklerle bu antenin Uretiminde

kullanilmistir. Uretimde kullanilan adimlar asadida kisaca dzetlenmistir.

ilk olarak iki adet cam pul Piranha (H;SO4H,0, 1:1.2) c¢dzeltisine daldirilarak ylzey
purdzlalaga arttinimigtir. Daha sonra iki pulun Gzerine 0.1/0.8-um kalinliginda titanyum/altin
(Ti/Au) katmani bayGtalmastar. Burada Ti katmanini Au ile cam tabanin birbirine yapigsmasi
icin gereklidir. SPR 220-3 fotorezistiyle yapilan litografinin ardindan Ti/Au katmani, Au ve Ti
asindirici ile sekillendirilerek toprak duzlemindeki yariklar olusturulmustur. Cam pullar,
yariklarin oldugu taraflari birbiririne bakacak sekilde birbirlerine baglanmistir. Ardindan anten
katmani, 0.8 ym kalinliginda Ti/Au tabakasinin tozutma ile blyuGtilip sekillendiriimesi ile
olusturulmustur. Baglanmis pulun diger tarafina 2000 A kaliniginda Si-Cr uyarim tabakasi

tozutma yontemi ile serilip sekillendirilmistir. Bu asamadan sonra RF MEMS anahtarlari ve
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iletim hatlari olusturulurken Au asindirici kullaniimaktadir. Anten katmaninin baglanmis
pullarin diger tarafinda iletim hatlari ve RF MEMS anahtarlarin olusturulmasi esnasinda Au
asindiricidan zarar gérmemesi amaci ile anten katmaninin Gzeri tozutma yéntemi ile 0.8 um
kalinliginda Ti tabakasi ile kaplanmistir. Si-Cr sekillendirmesi tampon hidro florik asit
(buffered HF) ¢ozeltisinde uzun stirmektedir. Bu esnada koruyucu Ti tabakasinin asinip yok
olmasini énlemek amaci ile antenler Uzerindeki koruyucu Ti tabakasi Si-Cr tabakasinin
sekillendirilmesinden sonra buyGtilmustar. Seri RF MEMS anahtarlarda iletim hatlarinin,
uyarim katmanina gére daha kalin olmasini saglamak, koprinin asagi konumundaki
iletkenligini arttirma agisindan énemlidir. Bu amag ile Si-Cr tabakasinin lzerine serilecek
olan Ti/Au katmani iki agamada serilip sekillendirilmistir. Oncelikle 0.1/0.6 pym kalinliginda
Ti/Au katmaninin Si-Cr katmani lzerinde tozutma yontemi ile blyitiimesi ve sekillendiriimesi
ile iletim hatlari olusturulmustur. Daha sonra 0.1/0.25 pm kalinhdinda Ti/Au katmani tozutma
yontemi ile blyGtulmas ve sekillendirildiginde hem uyarim katmani olusmus hem de iletim
hatlarinin kalinligi artmistir. Bu asamanin ardindan 3000 A kaliniginda Si;N, katmani
bayatdlap ve sekillendirilmigtir. Daha sonra képri katmani olusturulmus, elektro kaplama ve
kopru sekillendirmesinin ardindan pullar kritik nokta kurutucusunda kurutulduktan sonra
kopriler elde edilmistir. Uretilen ayarlanabilir tek parca yansitici dizi anteni Sekil 21'de

gOsterilmistir.

I Cam pul 3 Fotorezist

B Tozutulmus Ti I PECVD Si3;Ny
3 Tozutulmus Au ~ EEEE Tozutulmus Si-Cr
B Elcktrokaplama AulE== Poliimid

Sekil 20. Ayarlanabilir yansitici dizi anteninin Uretim sureci.
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Sekil 21. ODTU-MEMS tesislerinde iiretilen 10x10 ayarlanabilir tek parca yansitici dizi anteni.

3.4 OLGCUM SONUCLARI

Yansitici dizi anteninin 1ginim 6rantusu olgimleri alinmadan 6nce, pula yerlestirilen 6rnek RF
MEMS anahtarlar devre ¢ozimleyici yardimi ile olgllerek, RF MEMS anahtarin pul
Uzerindeki yerine bagh olarak 30-55 V arasi gerilim degerlerinde asagi konuma geldigi
go6zlenmistir. Pulun ortaya yakin kisimlarina yerlestirlen RF MEMS anahtarlarin daha az
gerilim ile uyarildigi anlasilmistir. Bu durum Uretim slrecinde anlatilan elektro kaplama
isleminin tekdlize olmayip, kenarlarda bulunan RF MEMS anahtarlarin daha fazla elektro
kaplamaya maruz kalmasindan kaynaklanmaktadir. Béylece yansitici dizi anteninin oldugu
kisimdaki RF MEMS anahtarlarin en fazla 35 V gerilim ile uyarilabilecegi anlasiimistir.
Uyarim igin Sekil 21 (a)da gOsterilen baski devre karti hazirlanmis ve epoxy yapistirici
yardimi ile yansitici dizi antenine kenardan yapistinimistir. Sekil 19'da belirtilen TOPRAK,
SINYAL1 ve SINYAL2 noktalari ile baski devre karti arasindaki elektriksel temas tel
baglamalar ile saglanmistir. Daha sonra, yansitici dizi anteni ve kaynak huni anten, koplk
destekler kullanilarak 6lgim dizenegine yerlestiriimis ve siyah EM sogurucular ile uygun
yerler kaplanmistir. Hazirlanan 6lgiin dizenegi Sekil 22’de gosterilmigtir.

Ana huzmenin yonln(, yansitici ylizeye dik (Z birim vektori dogrultusuna) dogrultuya
yoneltmek amaci ile TOPRAK ile SINYAL2 arasina DC gerilim uygulanmis ve Sekil 23 (a)'da
gosterildigi gibi ana huzme 26.5 GHz'de z yonline yonlendirilmistir. Ana huzmeyi yancada
(xz-diizleminde) 40°ye ydnlendirmek igin ise TOPRAK ve SINYAL1 arasina DC gerilim
uygulanmis ve Sekil 23 (b)'de goruldigu gibi ana huzme 40°ye yoénlendirilmistir. Dizinin
benzetimleri Ansoft HFSS yardimi ile yapilmistir. Yansitici dizi ile kaynak anten yapilarinin
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benzetim igin ¢ok biyik olmasi sebebi ile, sistem pargalara ayrilarak benzetimler yapilmistir.
Sekil 23’de 6lguim sonuglari ile benzetimlerin buyuk bir uyum icerisinde oldugu goériulmektedir.
Bu, vyansitici dizi anteninde bulunan RF MEMS anahtarlarin g¢ogunun calistigini
gOstermektedir. Toplam yansitici dizi anteni ylzeyinin 6.75 cm x 6.29 cm oldugu ve bu
alanda sadece 90 RF MEMS anahtar bulundugu disinildiginde, anahtarlarin ¢gogunu
calistiracak uUretim slrecini gelistirmek zor bir igslemdir.

Sekil 22. Yansitici dizi anteninin dlgiim diizenegi.

26.5 GHZz'de Olgiim ve benzetimler arasindaki ufak farkhliklar, benzetim ile 6lcim dizenekleri
arasindaki farklardan kaynaklanmaktadir. Olglim diizeneginde, benzetimlerde bulunmayan
kaynak anten igin eseksenli kablo dlgiim diizeneginde kullaniimistir. ideal dlgim yapmak
adina EM sogurucular kullanilsa bile sogurucu yerlestirmede ufak hatalar yapilmistir. Sekil
23'de yansitici dizi anteninin 26 ve 27 GHz frekanslarindaki 6lgiim sonuglari da sunulmustur.
Bu frekanslarda yan huzmelerde ve geri isinim dizeyinde -10 dB sinir degeri asilsa bile ana
huzme dogrultusu neredeyse dedismemistir. Yansitici dizi anteninin kazanci, standart
kazancli anten kullanilarak 6lctimis ve 11.42 dB olarak bulunmustur. Benzetim sonuglarina
gore kazang 11.92 dB olarak hesaplanmis ve 6lcim sonugclarina yakin oldugu gorilmuagtar.
Anten verimliligi yaklasik 0.3 olarak hesaplanmigtir; kayiplarin ¢ogu -6.51 dB olarak
hesaplanan tasma kayiplarindan kaynaklanmaktadir. Daha buydk yansitici dizi ylzeyi ve
daha uygun kaynak anteni tasarimi ile tasma kayiplari azaltilabilir. Su anda anten arkaya
dogru da yayin yapmaktadir. Dizinin arka tarafindaki RF MEMS anahtarlar paketlendikten
sonra arkaya bir iletken tabaka konularak arkaya olan 1gsima engellenebilir.
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Sekil 23. Yansitici dizi anteninin élgim sonuglari.
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4. MEMS TEKNOLOVJISIi ILE GiFT FREKANSLI AYARLANABILIR Dizi
ANTEN

4.1 GIRIS

Son yillarda, sistemlerin kugultilebilmesi amaciyla birden fazla kablosuz uygulamanin tek bir
sistemde birlestiriimesi yoninde yogun bir arastirma vardir. Birden fazla frekansta galisabilen
ayarlanabilir MEMS antenler bu amagla kullanilabilecek énemli elemanlardandir. MEMS
devre elemanlarinin antenlerle tek parca halinde Uretilebilmesi, parazit etkileri, kayiplari ve
paketleme maliyetlerini disirmektedir. Bu antenlerin dizi antenler seklinde kullaniimasi ile
yuksek anten kazanglarinin elde edilebilmesi mimkuindir. Raporun bu béliminde, MEMS
anahtarlar ile rezonans frekansi degistirilebilen dort adet yarik dipol antenden olusan gift
frekansli dizi anten yapisi sunulmaktadir (TOPALLI 2007). Sistemin besleme agi
esduzlemsel dalga kilavuzlarindan olusmaktadir. Esdizlemsel dalga kilavuzuyla
gerceklestirilen besleme aginin, mikroserit hatlar ile gergeklestirilen besleme agdina kiyasla,
disik 1sinim kayiplari, aktif dizilerdeki aktif elemanlar ile kolay entegrasyonu gibi bazi
avantajlari vardir (RIAZIAT 1990). Dizi antende kullanilan EDK besleme agi, disik yansima
kaybi saglayacak sekilde T-baglanti noktalari, kesilmis kdseler ve antenlerin her iki rezonans

frekansina da uyumlama saglayabilen uyumlama aglarindan olugmaktadir.

4.2 X ve Ku BAND CIFT FREKANSLI ANTEN DIZISININ YAPISI

Cift frekansli anten dizisi, dogrusal olarak dizilmis 4 adet, frekansi ayarlanabilir yarik dipol
antenden ve EDK besleme agindan olusmaktadir. Sistemin 4” cam tabana (s, = 4.6)
sigdirilabilmesi icin calisma frekanslari 10 GHz ve 16 GHz olarak segilmistir. Anten
elemanlari arasindaki mesafe 1.8 cm’dir. Yarik dipol anten elemanlari, RF MEMS anahtarlar
yardimiyla 10 GHz ve 16 GHz frekanslarinda c¢alistinlabilmektedirler. Besleme agdi 50Q2-100Q2
cift frekansh uyumlama devresi, kesilmis kdseler ve T-baglanti noktalarindan olusmaktadir.

Sistemin genel gorinimi Sekil 24’de verilmistir.
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Sekil 24. Cift frekansli ayarlanabilir dizi anten sisteminin genel gériinimu.

4.2.1 Cift Frekansli Yarik Dipol Anten

EDK beslemeli diuzlemsel yarik antenler, aktif/pasif devre elemanlariyla kolay entegre
edilebilmeleri, yiiksek bant genislikleri ve dislk capraz polarizasyona sahip olmalari
sebebiyle oldukca tercih edilen antenlerdendir (ELDEK 2003). Sekil 25'de anten dizisinde
kullanilan frekansi ayarlanabilir yarik dipol anten yapisi gosterilmistir. Yariklarin uzunlugu
rezonans frekansini, yarik genisligi de giris geri yansima katsayisini belirlemektedir. Bu tip
antenlerde, vyariklarin uzunlugu 0.8-0.9%4 oldugunda 40-70 Q girig empendasi
g6zlenmektedir. Antenin iki farkh frekansta rezonansa gelebilmesi icin yariklarin Gzerine
MEMS anahtarlar vyerlistiriimistir. Anahtarlar asagi durumdayken, yarik-dipolun toplam
uzunlugu (2xL1), 16 GHz frekansinda yaklagik olarak 0.85)\4dir. Anahtarlar yukari
durumdayken, dipolun toplam uzunlugu (2xL2), 10 GHz frekansinda, yaklasik 0.715dir. 10
GHz frekansinda yarik uzunlugunun elektriksel olarak ideal durumdakinden (Uzerinde
anahtar olmayan durum) daha kisa olmasinin sebebi anahtarin yarik Uzerinde kapasitif
yukleme yapmasidir. Yariklar Gzerindeki anahtarlar MEMS koépri ve anten metali arasina DC
gerilim uygulanmasiyla hareketlendiriimektedir. DC gerilimin kutuplarindan birisinin
tasinabilmesi amaciyla, yariklar igerisindeki boélgelerde 5000 S/m iletkenlige sahip Si-Cr
direnc¢ hatlari kullaniimaktadir. Bu direncin disariya dogru baglanabilmesi ve antenin disinda
DC gerilim uygulama elektroduna ulasabilmesi icin anten metali Gzerinde bir hava koprusu
bulunmaktadir. Sekil 26'da MEMS anahtar yapisinin yan kesiti ve yine ODTU’de uretilen
benzer bir yapinin SEM (scanning electron microscope) ile elde edilen goérintisu verilmistir.

37



DC sinyal
— tagimasi igin
Si-Cr
Yiksek direngli
hat

Yarik=1 mm

DC
uygulama
noktasi

EDK besleme
girisi

Sekil 25. RF MEMS anahtarlarla rezonans frekansinin ayarlanabildidi yarik anten yapisinin genel

gorinima.
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Sekil 26. (a) RF MEMS anahtar yapisinin yan kesit gortintisu (b) RF MEMS Uretim siireci ile Uretilmis
bir MEMS k&priiniin SEM ile elde edilen fotografi.

4.2.2 EDK Besleme Adi

T-baglanti noktalari ve kesilmis koselerin yanisira, besleme aginin en kritik elemani gift
frekansli uyumlama agidir. Bu uyumlama agi antenlerin 50Q giris empedansini 100Q'a
cevirip T-baglanti noktasindaki birlestirmenin ardindan 50Q2 empedans elde edilmesini
muimkin kilmaktadir. Uyumlama agi, ayni uzunlukta fakat farkli karakteristik empedanstaki
iki EDK hattan olugmaktadir (MONZON 2003). Uyumlama aginin devre semasl ve

parametreleri Sekil 27°de verilmigtir.
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Sekil 27. Cift frekansli uyumlama aginin devre semasi ve parametreleri.

Uyumlama aginin élgim ve EM benzetim sonuglari karsilastirmali olarak Sekil 28’de
sunulmustur. Géraldugu gibi galisma frekanslarinda geri dénus kaybi 15 dB’den daha iyidir.

0
— (")Ig:[]m EDK uyumlaga agi
, ]
-10 = HFSS EM Benzetim —
1]
-20
)
Z
S -30
-40
-50
6 8 10 12 14 16 18

Frekans (GHz)

Sekil 28. Cift frekansli uyumlama aginin 8lgim ve EM benzetim sonuclari

Sekil 29'da dizi yapisi igin, anahtarlarin yukari ve agsagi durumlari igin geri yansima katsayisi
sonugclari verilmistir. Bu sonuclar, HFSS’te elde edilen EM benzetim sonuclarinin Microwave
Office v7.03’te arka arkaya baglanmasiyla elde edilmistir. Sonuglardan da gdéruldaga gibi,
anahtarlar yukari durumdayken 10 GHz'de, asagdi durumdayken 16 GHz'de rezonans elde
edilmistir. Sekil 30’da sistemin 10 GHz ve 16 GHz frekanslarindaki isima 6rintisu sonuglari

sunulmustur.
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Sekil 29. MEMS anahtarlarin yukari ve asagdi durumlari igin geri yansima kaybi benzetim sonuglari.

—— Co-pol
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Sekil 30. H dizlemi isima 6rintisi sonuglar: (a) 10 GHz (b) 16 GHz.

4.2.3 Antenin Uretimi

Antenler Rogers 6006 Duroid malzeme Uzerinde PCB teknolojisiyle uretilmistir. MEMS
(asagr durum) oldugu durum igin metal serit

anahtarlar yerine, anahtarlarin kapali
kullanilarak Sekil 31‘de goruldigu gibi iki anten Uretilmistir. Antenlerin giris geri donls kabi

(s11) olgimleri, EM benzetim sonuglariyla karsilastirmali olarak Sekil 32’'de verilmistir.

Gorildagu gibi olgimler, EM benzetim sonuglariyla uyumludur; yarik-dipol anten MEMS
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anahtarlarin yukari durumu i¢in 10 GHz'de, anahtarlarin asagi durumu igin ise 15 GHz'de
rezonansa gelmektedir. Antenlerin 1sima Orlntlleri yankisiz odada oélgtlmuas ve Sekil 33-
Sekil 36’da EM benzetimleriyle karsilastirilmali olarak verilmigtir. Antenlerin isima orintuleri

beklendigi gibi cikmigtir.

(a) (b)

Sekil 31. Uretilmis tek yarik-dipol anten, RF-MEMS anahtarlarin yerine metal seritler kullanildi (a)
Anahtarlarin yukari durumu (b) Anahtalarin asagi durumu

S11
(dB)

Olciimler Benzetim
30 | —A— Anahtarar yukan = = === =
—— Anahtarlar agagi- - - - - -
-40 T T T T
8 10 Fré%ans (GH) 14 16 18

Sekil 32. Sekil 31°deki antenlerin giris geri donls kaybi (s41) 6lgim sonuglariyla benzetim sonuglarinin
karsilagtiriimasi
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Sekil 33. Anahtarlarin agik oldugu durum igin E-diizlemi igima oriintisu
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H-Plane pattern of slot dipole antenna at 10 GHz

Sekil 34. Anahtarlarin agik oldugu durum icin H-diizlemi igsima oriintlisu
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Sekil 35. Anahtarlarin kapali oldugu durum igin E-diizlemi igsima 6rintlsu
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Sekil 36. Anahtarlarin kapal oldugu durum igin H-dizlemi isima érintisu

Tek yarik-dipol antenin performansinin beklenildigi gibi ¢ikmasi Gzerine iki yarik-dipolli dizi
uretilmigtir. Cift frekansli iki dipolin beslenmesi igin gift frekansli uyumlama agi tasarlanmis
ve kullaniimigtir. 20 mil Rogers 6006 Duroid malzeme Uzerine Uretilen iki yarik-dipol antenli
dizi, MEMS anahtarlarin asagi ve yukari durumlari i¢in Uretilmistir; Sekil 37’de dizilerin
fotograflar gérilmektedir. Antenlerin giris geri donus kayiplar Sekil 38’de anahtarlarin yukari
ve asagl durumlari i¢in verilmistir. Anahtarlar asagi durumdayken 11 GHz'de beklenmeyen

ikinci bir rezonans go6zlenmektedir. Bunun nedeni anlagilamamistir. Antenlerin 1sima
Oruntuleri Sekil 39 - Sekil 42°de verilmistir.

(a) (b)

Sekil 37. Uretilmis iki yarik antenli diziler (RF-MEMS anahtarlarin yerine metal seritler kullanildi) (a)
Anahtarlarin yukari durumu (b) Anahtalarin asagi durumu
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Sekil 38. Sekil 37°deki antenlerin giris geri donlis kaybi (s41) 6lgim sonuglari
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Sekil 39. 2’li dizide anahtarlarin agik oldugu durum igin E-dizlemi isima Ortntusu
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Sekil 40. 2’li dizide anahtarlarin agik oldugu durum igin H-dtzlemi isima 6rintisi
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Sekil 41. 2’li dizide anahtarlarin kapal oldugu durum igin E-duzlemi isima oruntlsu
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Sekil 42. 2'li dizide anahtarlarin kapal oldugu durum igin H-dizlemi isima 6rintisu

4.3 K-Ka BAND HIBRIT ENTEGRE CIFT FREKANSLI YARIK DIPOL ANTEN

Dizisi
Raporunun bu bdélimtnde milimetre dalga frekanslarinda galisabilen cift frekansh yarik dipol
anten dizisi anlatilmaktadir. Yarik dipol antenlerin c¢ift frekansta calismasi paketlenmis
RADANT MEMS anahtarlar kullanilarak sadlanmaya calisiimistir. Bolium 2 ve 3’de anlatilan
dizi yapilarda tim sistem tektas olarak entegre bir sekilde uUretilmisti; burada yapilan
¢alismada ise antenler Duroid malzeme Uzerine Uretiimekte ve daha sonra paketlenmis
MEMS anahtarlar antenlerle melez olarak birlestiriimektedir. Yarik dipol antenlerin ¢alisma
frekansi, antenlerin elektriksel boyuyla orantilidir. Seri MEMS anahtarlar yarik dipollerin
Uzerine yerlestirilerek gift frekansta galisma 6zelligi yarik dipol anten dizisine kazandiriimigtir.

Anten dizisi 25 ve 35 GHz'de calisabilecek sekilde tasarlanmistir.
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4.3.1 Dizi Tasarimi

Cift frekansta calisabilen anten dizisi iki adet sirali yerlestiriimis, frekansi ayarlanabilen yarik
dipol anten elemanindan ve EDK besleme hatlarindan olusmaktadir. Sekil 43’de ¢ift frekansli
yarik dipol anten dizisi geometrisi gOsterilmistir. BOlim 4.2’de ayni geometriye sahip bir
anten dizisi 10 ve 16 GHz'de calisacak sekilde tasarlanmisti. Bu dizinin milimetre dalga
frekanslarinda ve paketlenmis anahtarlar kullanilarak hibrit olarak Uretiminin proje amaclari
acisindan daha uygun olacagi disunulmis; 25 ve 35 GHz'de galismak Uzere yeni bir tasarim
yapimigtir.

Cift Frekansli Yarik Dipol

l-- — _-_--
Kesikli Kése - - [ | -

Cift-Frekansli Cevirici

DC Besleme RF giris
Hatti

Sekil 43. Cift Frekansl Yarik Dipol Dizisinin Sematik Gosterimi

Bu galismada yarik dipol antenler 10 mil kalinhginda Rogers 6002 Duroid (er=2.94) taban
malzeme Uzerine tasarlanmistir. Bu malzemenin bakir kalinligi 0.5 Oz'dur. Antenin
Elektromanyetik benzetimlerini gergeklestirmek amaciyla Ansoft Designer V2 kullaniimistir.
Ansoft Designer elektromanyetik ¢oziimlemelerde Momentler yontemi (MoM) kullanmaktadir
ve iki boyutlu 1sima problemlerinin EM benzetiminin gergeklestiriimesi igin uygun bir
yazihmdir. Bu ¢alismadaki anten dizisi de diizlemsel bir yiizey izerinde oldugu igin benzetim

calismalarinda Ansoft Designer segilmistir.

Sekil 44 ve Sekil 45'de 25 GHZz'de calisan yarik dipole antenin Ansoft Designer benzetim
modeli ve geri donus kaybi gorilmektedir. Anten istenildigi gibi 25 GHz'de rezonansa
gelmektedir. Sekil 46 ve Sekil 47°de ise 35 GHz'de calisan yarik dipole antenin Ansoft
Designer benzetim modeli ve geri donus kaybi goérilmektedir. Benzetim sonuglarindan
gOruldigu gibi bu anten 35 GHz'de galismaktadir.
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Sekil 44. Ansoft Designer'da 25 GHz’de Calisan Yarik Dipol Anten Tasarimi
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Sekil 45. 25 GHz'de Calisan Yarik Dipol Antenin S11 benzetim sonucu
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Sekil 46. Ansoft Designer’da 35 GHz’de Calisan Yarik Dipol Anten Tasarimi
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Sekil 47. 35 GHz'de Calisan Yarik Dipol Antenin S11 benzetim sonucu
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4.3.2 Paketlenmis MEMS Anahtarli Cift Frekansta Calisan Yarik Dipol Anten

EDK beslemeli yarik dipol antenlerin gift frekansta ¢alismalarini saglamak igin paketlenmis
MEMS anahtarlar kullaniimigtir. Bu c¢alismada kullanilan anahtarlar, 40 GHz'e kadar
calisabilen RADANT SPST MEMS anahtar yapilaridir. Bu anahtar yapisinin fotografi Sekil
48'de gorulmektedir. Sekil 49°'da RADANT SPST MEMS anahtar yapisini blok diagrami ve
Olguleri gorulmektedir. Bu anahtarlarin d6lgumleri yapilarak, firmanin verdigi performansi
sagladigi gosterilmigtir.

Bu yarik antenin tasarim ve uretim g¢alismasi bu proje ve 107E090 nolu projede ydurttilen
calismalarla gerceklestiriimistir. RADANT MEMS anahtar yapilari seri baglanacak sekilde
anten vyariklari Uzerine S$ekil 50’deki gibi yerlestiriimistir. MEMS anahtarlar, taban
malzemesinin altina yerlestirilecek DC besleme hatlariyla beslenmistir. Anahtarlar kapali
oldugunda (OFF State), antenin boyu 2*L1 olmaktadir ve 25.5 GHz'de c¢alismaktadir.
Anahtarlar acik oldugunda ise antenin boyu elektriksel olarak kisalmakta ve 2*L2 olmakta ve
38 GHZz'de galismaktadir.

Functional Block Diagram 200

Source

Sekil 49. RADANT SPST Anahtar Yapisinin Blok Diagrami ve Olgileri (Micrometre Cinsinden)
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DC Besleme

Port1

Sekil 50. RADANT SPST Anahtar Yapisinin yerlestirildigi Yarik Dipol Anten ve DC Besleme Yapisi

Oncelikle lizerinde anahtar olmayan, MEMS anahtarin yukari ve asadi durumlarinin agik ve kisa
devre ile modellendigi antenler (retilmis ve dlgtilmistir. Uretilen antenlerin fotograflari Sekil 51’de
g6sterilmektedir. Uretilen antenlerin S11 élgiimleri probe istasyonunda yapilmis ve Sekil 52 ve Sekil
53'te dlgtimler EM benzetimlerle kargilastirmali olarak verilmistir. Olglimlerin, benzetimlerle uyumlu
oldugu gbézlenmektedir.

Fr ; =

Sekil 51. Yarik Antenin MEMS Anahtar Yukari ve Asagi Durumu igin Uretilen antenler
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Sekil 52. Yarik Antenin MEMS Anahtar Yukari Durumu igin Uretilen Prototip S11 Olgiim ve Benzetim
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Sekil 53. Yarik Antenin MEMS Anahtar Agagi Durumu igin Uretilen Prototip S11 Olgiim ve Benzetim
Karsilastirmalar

Anahtarin yapisi tam olarak bilinemedigi icin Uzerine anahtar yerlestiriimis yapinin EM
benzetimleri tam olarak yapilamamistir. Yalnizca, MEMS anahtarin S-parametre sonuglari
girilerek Designer programinda benzetim yapmak muimkinddr. Yukaridaki ¢alismalardan
sonra, uzerinde RADANT SPST DC-40 GHz anahtar bulunan cift frekansli yarik anten
uretilmigtir. Uretilen antenin fotografi Sekil 54'de sunulmaktadir. DC gerilim, antenin
Uzerindeki delikler (Via) yardimiyla kartin alt ylizeyinden saglanmaktadir. Anahtarlara gerilim
uygulanmadiginda anahtarlar ‘yukar’ durumdadir. Anahtarlara 70 Volt uygulandiginda

anahtarlar ‘asagl’ konuma gelmekte ve anten ylksek frekansta rezonansa girmektedir.
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Sekil 54. Uzerine RADANT DC-40GHz SPST Anahtar Yerlestirilmis Cift Frekansli Yarik Anten

Sekil 55’de goruldigi gibi Gzerine anahtar yerlestiriimis anten prob 6lgiim istasyonunda olguimustar.
Sekil 56’da anahtarlara 0V ve 70V DC gerilim uygulandiginda anahtarlarin Yukari ve Asagi
durumlari icin S11 dlgiimleri gorilmektedir. Sonug olarak antenlerin tGzerindeki Asagi konumdayken
37 GHz dolaylarinda rezonans olustugu gértlmektedir.

Sekil 55. Anahtar Yerlestirilmis Cift Frekansli Yarik Antenin Probe Olgiim Istasyonunda Olgiimii
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Sekil 56. Uzerine RADANT DC-40GHz SPST Anahtar Yerlestirilmis Cift Frekansli Yarik-Dipol Antenin
Anahtar ACIK ve KAPALI konumlarinda S11 Olgiim Sonuglari

Olgim sonuglarindan da gérildugi gibi antenin performansi 25GHz'de (dislk frekansta)
beklenildigi kadar iyi dedildir. Bunun nedeni anahtarlarin anten boyutlarina goére c¢ok buyudk
olmasidir. Yarik antenin olduk¢ca 6nemli bir kismi anahtar tarafindan kapatilmaktadir. RF-MEMS
yapilarin anten ya da diger mikrodalga sistemlerle hibrit bir sekilde birlestirilerek kullaniimasi
kayiplarin, parazitiklerin artmasi, mm-dalga frekanslarinda boyutlarda problem yaratmasi agisindan
performansin dismesine neden olmaktadir. RF-MEMS bilesenlerle, anten ya da mikrodalga
sisteminin tektas Uzerinde entegre bir sekilde Uretiimesi, hem boyut hem performans agisindan gok
daha iyi sonug¢ vermektedir. MEMS teknolojisinin RF uygulamalarda, o6zellikle mm-dalga
frekanslarinda, sistemin ayni taban malzemesi Gizerinde entegre olarak Uretimine olanak saglamasi

bu teknolojinin en dnemli avantajlarindan biri olarak gortilmektedir.
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5. ODTU RFMEMS URETIM SURECI

ODTU-MEMS tesislerinde gelistirilen yiizey mikro isleme ve pul baglama lretim siirecleri
Sekil 57°de gbsterilmistir. Proje kapsaminda bu uUretim surecinin iyilestiriimesi igin calismalar
yapiimigtir. Bu ¢alismalar ayrintili olarak gelisme raporlarinda verilmistir. Bu Bélimde Uretim

surecinin en son hali verilmektedir.

RF anahtarlamada kullanlan RF MEMS koOpri vyapisinin uretimi  su sekilde
gerceklestiriimektedir:

Sekil 57 (a): ilk olarak pul Piranha (H,SO4:H,0, 1:1.2) gozeltisine daldirilarak yizey
purGzIGlaga arttinhr. 2000 A kalinliginda silikon krom (Si-Cr) katmani tozutma ile blyGtalip
tampon hidro florik asit (buffered HF) ile sekillendirilir ve Si-Cr uyarim hatlari olusturulur.

Sekil 57 (b): 0.1/0.8 ym kahnhginda Ti/Au katmaninin Si-Cr katmani Uzerinde tozutma
yontemi ile blyGtalir. Au ve Ti asindirici ile bu tabakanin sekillendiriimesi sonucu, iletim
hatlari ve uyarim tabakasi olusturulur. Képri asagi konuma geldiginde, kopri ile uyarim
tabakas! arasindaki gerilim farkindan dolayi kisa devre olmasini énlemek amaci ile 3000 A
kalinliginda Si;N4 katmani PECVD (Plasma enchanced chemical vapor deposition) cihazi ile
biyatalar ve RIE (Reactive lon Etching) cihazi ile sekillendirilir.

Sekil 57 (c): Uyarim tabakasi ve kopriler arasindaki boslugu olusturmak Uzere 2 pm
kalinliginda PI12737 cinsi poliimid ara katmani serilip fotolitografi yontemi ile sekillendirilir ve
220 °C’ de firinlanir.

Sekil 57 (d): 1 um kalinhginda Au katmani képrileri olusturmak Uzere tozutma ydntemi ile

bayataldr.

Sekil 57 (e): Képrinldn pula olan baglanti yerlerinin kuvvetlendirilmesi ve kdprulerin diz bir
bicimde olusturulabilmesi amaci ile SPR 220-7 tipi fotorezist elektro kaplama ydnteminde
kullaniimak Gzere serilip sekillendirilir. Sekillendirme sonrasi bos kalan yerler elektro kaplama

yontemi kullanilarak Au ile doldurulur.

Sekil 57 (f): SPR 220-7 fotorezist, aseton kullanilarak kaldirilir. Képra katmani sekillendirilir.
Poliimid ara katmani pulun 24 saat boyunca EKC-265 kimyasali igerisinde tutulmasi ile
asindirilir. Alkol banyosunun ardindan pullar kritik nokta kurutucusu cihazinda kurutulur ve

havada duran hareketli kdpriiler elde edilir.
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(9 (h)

I Pul 3 Fotorezist
B Tozutulmus Ti I PECVD Si3N,
3 Tozutulmus Au EE Tozutulmus Si-Cr

El Elcktrokaplama Au == Poliimid

Sekil 57. ODTU-MEMS Tesislerinde gelistirilen (a) - (f) ylizey mikroisleme ve (g),(h) pul baglama
Uretim surecleri.

Buraya kadar anlatilan kisim tek pul Gzerine iglenen anten ve RF MEMS yapilarin dretiminde
kullanilmigtir. Yansitici dizi antendeki gibi iki pulun islenmesi ve birbirine yapistiriimasi
gerekiyorsa bu (a)-(f) adimlarinin dncesinde asagida anlatilan Uretim adimlarinin izlenmesi

gerekmektedir.

Sekil 57 (g): Iki adet pul lizerine 0.1/0.8 um kalinliginda Ti/Au katmani tozutma yéntemi ile
blyatdlar. Au ve Ti asindirici ile bu tabaka sekillendirilir. Pullarin Ti/Au katmanini igeren
kisimlari birbirine degecek sekilde birlestirilip hizalayici (EVG 620 bond aligner) yardimi ile

hizalanir ve pul baglama cihazina (EVG 501 Universal Bonder) yerlestirilir.

55



Sekil 57 (h): Hizalanan pullar pul baglama cihazinda 350 C° de 30 dakika bekletilerek
birbirlerine baglanmalari saglanir.

Yukarida anlatilan ODTU RFMEMS Uretim Siireci, proje kapsaminda geligtirilen, RF MEMS
yapilar kullanan anten dizilerinin Uretiminde basariyla kullaniimis ve dretilen yapilar
beklenildigi gibi ylksek performans ve disuk kayiplarla galismistir. Bu Uretim sireciyle

Uretilmis faz kaydirici yapisinin SEM ile gekilmis yakin goriintiist Sekil 58'de gortilmektedir.

? Feda katmani
~ DC yalitim tabakasi Ayieine delikicn :
(silisyum nitriir)

-

~__ Sinyal hatti (altin)

—— 10pm METU ) 2/3/2009
5.0kV LEI SEM WD 1lmm 1:35:45 EM

Sekil 58. ODTU’de gelistirilen RF MEMS (iretim siireci ile iiretilen RF MEMS faz kaydirici yapilari
Uzerindeki MEMS bdlgelerinin SEM (Scanning electron microscope) ile elde edilen fotografi.
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6. SONUG

Proje kapsaminda, temel olarak RF MEMS faz kaydiricilari ve anahtarlar kullanilarak,
elektronik tarama yapabilen faz dizili anten ve yansitici dizi anten tasarimi, dretimi ve

Olgimleri yapilmstir.

Gelistirilen faz dizili anten, 4 mikroserit yama anten ve 3 bit RF MEMS faz kaydiricilardan
olusmakta ve 15 GHz'de galismaktadir. Bu anten, RF MEMS faz kaydiricilarla, tek bir taban
Uizerinde tektas olarak yiizey mikroisleme teknolojisine dayali olarak gelistirilen ODTU
RFMEMS retim sireci kullanilarak entegre bir sekilde Uretilmistir. Olglim sonuglar faz
kaydiricilarin 20°/50°/95° ve bunlarin kombinasyonu faz farklarini, 1.5 dB araya girme
kaybiyla sagladiklarini gostermektedir. RF MEMS faz kaydiricilarin ayarlanmasiyla antenin

ana huzmesinin dondurilebildigi dlgiimlerle gosterilmistir.

Calisilan bir diger énemli dizi anten, 26.5 GHz'de c¢alisan yansitici dizi anten yapisidir.
Yansitici dizi, yarik baglagimli mikrogerit yama antenlerden olugsmaktadir. Elemanlar arasi
faz farki, mikroserit hatlarin uzunlugunun RF MEMS anahtarlarla kontrol edilmesiyle
ayarlanmaktadir. Bu anten iki katmandan olustugu igin, ODTU RFMEMS uretim sirecine iki
pulun birbirine baglanarak islenmesi adimlari eklenmigtir. Dizlemsel 10x10 elemandan
olusan bir yansitici yiizey Uretilmis ve huni anten ile beslenmigtir. Olgim sonuglarina gére,

huzme, tasarlandigi gibi O derece ile 40 derece arasinda anahtarlanabilmektedir.

Gelistirilen faz dizili anten ve yansitici dizi anten, Uzerinde 100 dolayinda ¢alisan RF MEMS

anahtar bulunan dizi antenlerin ilk 6rneklerinden olarak literatlirde yerlerini almiglardir.

Ayrica, cift frekansli yarik dizi anten tasarimi yapilmis, dizinin elemanlari Gzerinde Uretim ve
Olgiimler yapilmistir. Bu yapida 10 ve 16 GHz ve 25 ve 35 GHz bandlarinda galisan iki ayri
dizi tasarlanmistir. Daha dislk bandlarda galisan dizi, MEMS’lerin kisa/agik devre modeliyle
Uretilmis ve antenin bu frekanslarda galistigi gosterilmistir. Milimetre dalga frekanslarinda
galisan diger antende ise her biri paketli RF MEMS anahtarlar, antenle melez olarak
birlestiriimistir. Bu melez entegrasyon sistemini aksine, faz dizili anten ve yansitici dizi anten,
RF MEMS bilesenlerle ayni taban (izerinde tektas entegre olarak Uretilmistir. Baglayici
kayiplarini azalttig1 ve daha kuguk yapilar Uretilmesine olanak sagladidi icin bu tar Gretim
avantajlidir. Fakat, dizi Uzerinde galismayan bir bilesen varsa bunun degistiriimesi olanakli
degildir. Melez (hibrit) entegrasyon yontemi, 25 ve 35 GHz'de galisan antene uygulanmistir.
Fakat bu frekanslarda antenin boyutlari paketli anahtarin boyutlariyla hemen hemen ayni
oldugu igin 25 GHz'de anahtarin golgelemesi nedeniyle antenin iyi bir performans
gostermedigi gorilmustir. Ozellikle, milimetre dalga frekanslarinda tektas entegre (retimin

daha uygun oldugu sonucuna varilmigtir.
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Prpje calismalar sirasinda dusik gurGltuli yikselteg ile empedans uyumlama devresi tel
baglama yontemiyle biraraya getirilerek olcimleri yapilmigtir; fakat aktif devrelerin diziyle
entegrasyonu konusunda daha fazla calisma yapilamamistir. Bundan sonra calisiimasi
gereken o6nemli konulardan biri, anten, aktif eleman ve RF MEMS bilesenlerin biraraya
getiriimesidir. Bu konuda 0n calismalara baslanmistir, ASELSAN ile bir proje calismasi
baslamak Uzeredir.

Calisilmasi gereken diger bir dnemli konu da paketleme konusudur. RF MEMS anahtar ya da
faz kaydiricilar ayri ayri paketlenebilecedi gibi, tektas entegre Uretimlerde dizinin birim
elemani ya da tamami paketlenebilir. Paketleme calismalari da ODTU RF MEMS grubu

tarafindan baslatiimistir.

Proje calismalarindan faz dizili antenle ilgili olarak IEEE Transactions on Microwave Theory
and Techniques dergisinde bir makale yayinlanmistir. Yansitici dizi antenle ilgili makale de
degerlendirme slrecindedir. Saygin konferanslarda dokuz bildiri sunulmustur. Ayrica, proje
kapsaminda bir doktora ve bir yiksek lisans tez galismasi tamamlanmistir. Doktora tezi,
2007 Mustafa Parlar Egitim ve Arastirma Vakfi “ODTU Yilin Tezi Odili’ne deger

gOrulmustar.
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INTRODUCTION

Phased arrays are generally implemented using discrete components such as a feed network, phase
shifters, and antennas [1]. Hybrid connection of these components not only increases the system
size, but also introduces parasitic effects, packaging cost, and losses. In order to eliminate these
drawbacks, there is a need to produce these components on the same substrate, forming a
monolithic phased array. RF MEMS is an enabling technology for microwave engineering
following the recent developments of the MEMS technology, which can also be adopted for the
implementation of such a system [2].

This paper presents a phased array system designed at 15 GHz employing 3-bit Distributed MEMS
Transmission Line (DMTL) type phase shifters which are monolithically integrated with the feed
network of the system and the radiating elements on the same substrate. The phase shifter can
give 0°-360° phase shift with 45° steps at 15 GHz which is used to obtain various combinations of
progressive phase shift in the excitation of radiating elements. The phased array is composed of
four linearly placed microstrip patch antennas. In order to monolithically integrate the patch
antennas and phase shifters, tapered lines with low return loss from microstrip to coplanar
waveguide (CPW) have been designed. The design of the phased array system and its components
is given in Section 2. Since the DC biasing schema of a MEMS system is also an important issue
in terms of the RF losses, the following section also addresses the effect of the bias lines on the
loss characteristics of the phase shifters. Moreover, the process steps, which will be used in the
fabrication of the phased array, will be summarized in Section 3.

PHASED ARRAY DESIGN

Figure 1 gives the layout of the monolithically integrated phased array operating at 15 GHz. The
operation frequency, 15 GHz, is selected so that the whole system can be fitted into a single
500 um-thick 4” glass substrate with ¢=4.6 (tand=0.005). Microstrip patch antennas are equally
spaced by A,/2 (1 cm) distance from each other’s phase center. A corporate feed network which is
optimized to achieve the low return loss at 15 GHz is used to excite antennas. The CPW lines of
MEMS phase shifters are connected to microstrip lines of the feed network and the microstrip fed
patch antennas via exponentially tapered transitions. Designed DMTL phase shifter can provide
0°-360° phase shift at 15 GHz with 45° steps. Figure 2 (a) shows the phase shifts obtained on this
structure using HFSS simulations. These phase shifters are used to excite the patch antennas of the
phased array with different combinations such as progressive phase shifts of 45°, 90°, and 180°.
For progressive phase shifts of 45° and 90°, the main beam, which has a 3-dB beamwidth of about
30°, can be rotated in the H-plane about 10° and 20°, respectively. As another feature of the
system, when [ is selected to be 180°, the radiation from individual patches are cancelled out in
the broadside direction resulting a null. Figure 2 (b) presents the return loss characteristics of the
system for different progressive phase shifts (f=0°, 45°, 90°, and 180°) which is obtained by
cascading the S-parameters of the simulated blocks (feed network, transitions, phase shifters, and
patch antennas) in ADS-2003. As can be seen, the return loss of the array is better than -20 dB for
B=0°, 45°,90°, and 180° at 15 GHz.

The digital phase shifter used in the system is composed of a periodically loaded high-impedance
transmission line (> 50 Q) with MEMS bridges in series with lumped capacitors, forming a
DMTL. Figure 3 (a) and (b) shows the unit cell of the DMTL phase shifter and its circuit model
[3]-[4]. The total loading capacitance when the MEMS bridge is in the upstate position, is the
series combination of two capacitors: Cy, and C;. As the bridge is actuated by applying a DC bias
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voltage and collapsed on the DC isolation dielectric, the bridge capacitance increases by a factor
of 60-70 and the resulting loading capacitance seen by the line is simply reduced to C;. These two
states in the loading capacitance yields two distinct loaded characteristics impedance of DMTL,
namely, Z, (upstate loaded characteristic impedance: 58 ) and Z, (downstate loaded
characteristic impedance: 44 Q) where an acceptable return loss for both states can be achieved.
The phase shift per unit section can be controlled with the change of the phase velocity due to the
change in the loaded characteristic impedance. The periodicity, i.e. total length of the unit cell, is
defined as s and is optimized as 800 pm considering the Bragg frequency, f3. The selection of
f5=35 GHz f3=2.3f, (f,=15 GHz) ensures the proper operation of the phase shifter as true-time
delay at 15 GHz with acceptable return loss and insertion loss.
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Figure 1. The phased array structure with 3-bit RF MEMS phase shifters providing 0°-360° phase
shift with 45° steps @ 15 GHz. The total chip size is about 5.1 cm x 5.1 cm.
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Figure 2. (a) Phase shift vs. frequency plot obtained for 8 states of the 3-bit RF MEMS phase
shifter. (b) The return loss characteristics of the phased array system with different progressive
phase shifts.

This unit cell shown in Figure 3 can provide nearly 11.5° at 15 GHz which is verified with EM
simulations where C,, (55 {fF) and C; (115 {F) are tuned to achieve the specified Z;, and Z;,. The
characteristic impedance of the unloaded transmission line is selected to be Z,=77 Q (CPW
dimensions: W=200 pm, G=150 um). The loss, a, and the effective permittivity, €. of the
unloaded line is 14 dB/m and 2.8 respectively. The dominant loss mechanism of the phase shifter
is the loss of the unloaded CPW. However, the series resistance of the bridge and the Q-factor of
the C; also play a significant role. To be more specific, in order to accurately model the loss of the
structure a series resistance of 1.5 Q in the upstate and 0.8 Q in the downstate is employed and the
Q-factor of the static capacitor (Cy) is found to be to be 433. Figure 4 shows the layout view of the
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3-bit structure consisting of 28 unit cells. The first section has 4 cells and provides Ap=46.9° phase
difference. The second section has 8 cells providing 90.4°, and the next 16 cells forms the 3" bit
which gives 182.6° phase shift at 15 GHz as shown in Figure 2 (a).
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Figure 3. The unit cell of the 3-bit DMTL phase shifter (a) Top-view (b) Simplified circuit model
schematics.

45° bit 90° bit 180° bit
4 switches 8 switches 16 switches

| DC actuation pads |

28x0.8 mm=22.4 mm
Figure 4. The top view of the 3-bit DMTL phase shifter.

SiCr bias resistors are used to actuate each section of the phase shifters.. As seen from Figure
3 (a), SiCr bias lines are placed inside the gaps of CPW extending from one bridge to the other to
carry the DC actuation voltage. The conductivity of SiCr layer is low (6=2200 S/m) which is
crucial in determining the loss of the structure. The return loss of the structure is not significantly
affected by the presence of the bias resistors. Figure 5 (a) shows the return loss characteristics for
all the states of the phase shifter. The designed phase shifter has a return loss better than -10 dB
for all the states and an insertion loss of nearly 1.09 dB for the worst case if no bias lines are
present. The insertion loss is calculated directly from S,; characteristics with return loss removed
by tuning the ports of the simulated data. The bias lines which are placed inside the gaps of the
CPW have an adverse effect on the insertion loss. This undesirable effect of the bias lines can be
understood better as the decrease of the Q-factor of the static capacitor, C; has been considered.
The internal SiCr bias lines shown in Figure 3 (a) are shunt connected to the self resistance (R,) of
the static capacitor, C;, reducing the Q-factor. Since there exists two bias lines seen by C;, the
equivalent resistance of the capacitor C; reduces to R,//(R,/2) from R, (40 kQ) where R, (internal
bias resistor) is equal to 35 kQ (o5i;=2500 S/m, length=350 pum, width=20 pm, thickness=0.2
pum). The Q-factor reduces to 132 from 433, accordingly. The insertion loss of the whole structure
which is calculated as 1.09 dB increases to 1.44 dB due to reduced Q-factor of C. The external
bias resistors which are placed underneath the air bridges on the ground depicted in Figure 3 (a)
are used only for the 3 cells which is essential to actuate each bit separately. Due to the strong
coupling between the ground plane and bias resistor underneath, the effective resistance seen by
C,, reduces to R=2.5 kQ (effective resistance of the external bias lines) and Q-factor to 22 for
those 3 cells. The insertion loss of the structure is 1.64 dB where the Q-factor 3 cells with external
bias lines is 22 and the Q factor the remaining 25 (out of 28) is 132. Figure 5 (b) shows the effect
of the bias lines on the insertion loss characteristics.

519



S-parameters (dB)
Insertion loss (dB)

Q=132 for 25 cells : S
Q=22 for 3cells :

-50

|-4-000 5001 ©-010 %011 <9=100 ~+-101 =110 111

-60 25

14 16 18 20

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

Figure 5. (a) The return loss of the 3-bit DMTL phase shifter for all states. (b) Insertion loss of the
phase shifter which is obtained from S,; when the ports of the structure are tuned as 44 Q.

FABRICATION

The system is fabricated on 500 pm-thick Pyrex 7740 glass substrate using the process developed
at METU. The first step is the sputter-deposition of SiCr resistive bias lines and patterning using
buffered HF acid. 100/2500 A-thick Cr/Au is evaporated as the seed layer for Au electroplating. 2
pum-thick Au is deposited via electroplating followed by the wet etching of remaining Cr/Au seed
layer. 3000 A-thick Si,Ny is deposited as the isolation layer by PECVD (plasma enhanced
chemical vapor deposition) and patterned with RIE (reactive ion etching). PI2737 polyimide has
been spin-coated/patterned/cured for 2 pum-thick sacrificial layer. 1.2-1.5 pum-thick Al layer is
sputter-deposited and patterned to define the structural layer. The sacrificial layer is removed
using oxygen plasma and the structures are released.

CONCLUSION

This paper presents the design and implementation of a phased array system at 15 GHz where
3-bit DMTL type phase shifters, patch antennas, and a feed network are integrated monolithically
on the same substrate using RF MEMS technology. The DMTL phase shifter is able to provide 0°-
360° phase shift with 45° steps at 15 GHz. Main beam of the antenna can be rotated by 10° and
20° when a progressive phase shifts of 45° and 90° are applied, respectively. The return loss of the
system is found to be below 20 dB for all examined cases which is evaluated by cascading the EM
simulation results of individual sub-blocks (CPW-Microstrip transitions, patch antennas, phase
shifters, and feed network) in a circuit simulator. The structure is currently in fabrication.
Measurements compared with the simulation results will be presented at the symposium.
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I. Introduction

In recent years there is a growing interest to combine various wireless applications in a single
system for miniaturization purposes. A reconfigurable MEMS antenna that can operate in multi-
frequencies is an appropriate way of reducing system volume. The monolithic integration of
tunable MEMS components with antennas can also reduce parasitic effects, the losses, and
packaging costs. Moreover an array of these types of antennas can offer solutions for the systems
requiring high antenna gains. This paper presents a 4-element linear array of dual-frequency slot
dipole antennas whose resonant frequencies are controlled via MEMS switches placed on the
slots. The corporate feed network of the array is realized with coplanar wave transmission (CPW)
lines. A CPW-based feed network has advantages over a microstrip feeding network, such as low
radiation losses, less dispersion, easier in combining active devices for active array
implementation, and the possibility of connecting shunt lumped without the need of via holes
through the substrate [1]. The CPW-based feed network in this paper includes properly designed
T-junctions, chamfered corners, and dual-frequency impedance transformers in order to match the
input impedance at the resonant frequency of the antennas. The proposed array structure,
reconfigurable slot dipole antenna, and the details about the dual-frequency impedance
transformer are presented in the following sections.

II. Dual-Frequency Array

The dual-frequency array is composed of 4 linearly placed frequency-tunable slot dipole elements
and a CPW-based feed network. The operation frequencies are selected as 10 and 16 GHz so that
the system can be fitted into a 500 um-thick 4” glass substrate with =4.6 (tan6=0.005). The
distance between phase centers of antennas are 1.8 cm to avoid grating lobe for both frequencies.
The slot dipole antennas can either be operated at 10 GHz or 16 GHz with the aid of RF MEMS
switches located on the slot arms. The feed network includes 50 Q-100 Q dual-frequency
transformers, chamfered CPW right-angle bends and T-junctions. Figure 1 shows the schematic
view of the dual-frequency array.

Reconfigurable Slot Dipole Antenna

Planar slot antennas such as loops, bow ties, and slot dipoles fed by CPW are widely used due to
their greater flexibility in integration with other active and passive devices. The other advantages
of CPW-fed slot antennas are having unidirectional, bi-directional, end-fire and conical radiation
patterns, low cross-polar radiation levels, larger bandwidth, less sensitive to manufacturing
tolerance than microstrip patch antennas [2]. Due to these features, these antennas attracted much
interest from antenna researchers for high frequency applications. Figure 2 shows the
reconfigurable slot dipole antenna structure used in the array. The length of the slots determines
the resonant frequency of the antenna. Slot dipole antennas exhibit 40-70 Q input impedance when
the total length is about 0.8-0.9%, at the frequency of interest. The total length of the dipole
(2xL1), when the switch is in downstate, is equal to nearly 0.85A, at 16 GHz. The total length of
the dipole when the switch is in the upstate (2xL2) is nearly 0.7A, at 10 GHz. The reduction in the
length is due to the capacitive loading effect of the switch which in turn increases the electrical
length of the slots. The width of the slot is a parameter to tune the input impedance of the antenna
to nearly 50 Q. The switches on the slots are electrostatically actuated by applying DC voltage
between the MEMS cantilever and the antenna metallization. In order to carry one of the polarities
of applied voltage to the cantilever part of the switch, Si-Cr resistors with a conductivity of nearly
5000 S/m are employed in the slot. An overpass air bridge is implemented on the antenna
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metallization to route the bias resistor to the bias pads as shown in Figure 2. The cross-sectional
view of the MEMS switch and a similar structure fabricated at METU are shown in Figure 3.

Frequency Tunable
Slot Dipole

Dual-Frequency

Transformer
Pad | T[] Chamferd
RF input

Figure 1. The schematic view of the dual-frequency array.
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Figure 2. Reconfigurable slot dipole antenna structure with MEMS switches located on the arms to
control the resonant frequency.
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Figure 3. (a) A cross-sectional view of the MEMS switch structure. (b) The SEM photograph of a
MEMS cantilever fabricated using METU RF MEMS process.

Connected to the antenna

CPW-Based Feed Network

The feed network of the array is CPW-based that offer advantages as mentioned above. Besides
the T-junction and the chamfered corners, the crucial element of the corporate feed network is the
dual-frequency transformer which is used to transform 50 Q input impedance of the antennas to
100 Q impedance at the two output ports of the T-junction. The transformer, which is designed to
operate both at 10 and 16 GHz, is realized using two equal-length sections of CPW lines with
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different characteristic impedances [4]. The circuit schematic and parameters of the designed
transformer are given in Figure 4. The return loss characteristics of the transformer realized with
CPW transformer lines are presented in Figure 5.

le BI L Zz, B, L
—O — Required values for
transformation:
7,=82Q, Z,=61 Q
50 Q fL=70° @ 10 GHz
L=3.5 mm for CPW on
—a — glass substrate

Zin=100 Q

Figure 4. The circuit schematic view and parameters of the dual-frequency transformer.

= = |deal t-lines
CPW realization of the transformer

-10 —— HFSS simulation 1

S11(dB)

8 10 12 14 16 18

Frequency (GHz)
Figure 5. The simulation results of the dual-frequency transformer at 10 GHz and 16 GHz.

EM simulation results of the return loss of the array for the up- and down- states of switches is
plotted on Figure 6. It is obtained by cascading the Ansoft HFSS v10 simulation results of each
sub-block in AWR Microwave Office v7.03. When switches are in up-state, slots resonate around
10 GHz, whereas when switches are in down state, slots resonate around 16 GHz. Table 1 gives
the directivity values of the single element and 4-element linear array obtained from EM
simulation. The increase in the directivity of the array as the frequency increases can be explained
with the increase of the electrical length of the array. The radiation patterns in H-plane for the
array at 10 GHz and 16 GHz are shown in Figure 7. The array structure is currently in fabrication.
The details of the fabrication process can be found in [3]. The measurement results of the array
will be presented at the conference.

II1. Conclusions
This paper presents an array of frequency tunable slot dipole antennas operating either at 10 GHz
or 16 GHz depending on the state of the RF MEMS switches. The antennas are fed with a
corporate CPW-based feed network consisting of T-junctions, corners, dual-frequency impedance
transformer to provide a return loss better than 15 dB at the frequencies of interest. This structure
can be used in a system serving different applications in X- and Ka-bands.

827



S11(dB)

= = Switches: Up
-20 — Switches: Down
‘J
-25
8 10 12 14 16 18

Frequency (GHz)

Figure 6. The return loss of the array for the MEMS switches in the up and down positions.

Table 1. The directivity values of a single element and 4-element array obtained from HFSS
simulations.

@10GHz | @ 16 GHz
Single Element 3.9dB 5.2dB
4-Element Array 7.4 dB 11.1 dB

90° |

—— Co-pol —— Co-pol

---- Cross-pol ---- Cross-pol
(a) (b)
Figure 7. The H-plane radiation patterns for the array (a) at 10 GHz (b) at 16 GHz.
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Abstract

This paper presents the overview of RF MEMS (Radio Frequency-MicroElectroMechanical Systems)
components and reconfigurable antennas designed and produced in Middle East Technical University (METU)
using the in-house fabrication process. The design and measurement results of various components such as
switches, impedance tuners, phase shifters, frequency tunable antennas, a phased array antenna with RF MEMS
phase shifters, and a reflectarray design are summarized. It is shown that the fabricated RF MEMS components
satisfy the design specifications and have better performance and reconfigurability capabilities compared to their
conventional counterparts.

1. Introduction

MEMS technology is a powerful way of merging the functions of sensing and actuation with computation and
communication to control physical parameters at the microscale. Present markets of MEMS technology are
mainly in pressure and inertial sensors, inkjet print heads, and high-resolution digital displays. Future and
emerging applications include tire pressure sensing, fiber optical components, fluid management and processing
devices for chemical microanalysis, medical diagnostics, and drug delivery, and RF and wireless electronics,
namely RF MEMS. The application of MEMS technology to RF systems enables production of components with
low power consumption, high linearity, low insertion loss, and high isolation. RF MEMS components are
particularly attractive for researchers due to their tunable properties. This technology is used to implement many
tunable circuits and systems in a miniaturized way that has never been implemented before using any other
technology [1].

This paper presents some of the RF MEMS components and reconfigurable antennas designed and produced in
METU using the in-house fabrication process developed at the Microelectronics Facilities (METU MET).
Section II gives the RF MEMS switch structures, which are the key element of technology. Section III and
Section IV present the impedance tuner and reconfigurable antennas, respectively. Section V gives the
monolithic phased array structure implemented with MEMS technology and the proposed reflectarray design.

2. RF MEMS Switches

Metal-to-Metal Contact RF MEMS Shunt Switch

RF MEMS switches are the key elements in the design of the complete systems hence the improvement in one
switch can affect the whole system performance. We have designed a metal-to-metal contact switch operating at
1-6 GHz band to obtain a better performance than the existing ones. The switch, shown in Figure 1, consists of
two cantilevers located on ground planes of a coplanar waveguide (CPW) transmission line [2]. With the help of
actuation electrodes beneath the cantilevers, the switching of the RF signal is maintained. According to the
measurement results shown in Figure 2, the switch has isolation better than 20 dB in the 1-6 GHz band and better
than 10 dB in the 1-20 GHz band. Insertion loss of the structure is better than the 0.3 dB in the 1-20 GHz band.
The switch has a measured actuation voltage of 7 V.

Capacitive Contact RF MEMS Shunt Switch

A capacitive contact RF MEMS shunt switch is designed as shown in Figure 3 (a). The switch has recessed
sections on the ground plane of coplanar waveguide and the meanders supporting the bridge increase the series
inductance of the bridge, which is used to tune the switch to operate at Ku-band [2]. The switch has a measured
down-state capacitance of 2.08 pF which results in better than 20 dB measured isolation and better than 0.2 dB
insertion loss for the 11-17 GHz band as shown in Figure 3 (b). The measured actuation voltage of the switch is
13 V.
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Reconfigurable double-stub and triple stub impedance tuners are designed and produced for X and Ku-band
applications. These can be used for LNA matching, antenna matching, noise parameter, and load-pull
measurements. One of the designs has a double-stub structure which has 10 CPW based MEMS switches
distributed evenly on the two stubs forming a distributed structure [3]. Figure 4 (a) shows the schematic view of



this design. The capacitive MEMS switch used has a specific design which uses two variable capacitors between
the signal and the ground of the CPW for discrete biasing requirements for each MEMS switch of the matcher.
The design is capable of matching 25 different points on the Smith Chart with a maximum measured VSWR of
5.27 at 18 GHz when a single MEMS switch is actuated from each stub. The design can also be operated by
actuating more than one MEMS switch resulting with 1024 (2'%) combinations which has a maximum VSWR of
50.8 at 18 GHz. Figure 4 (b) shows the Smith Chart distribution of all possible states. It should be noted here that
external SMT resistors were used for the DC biasing of the MEMS switches. Figure 5 shows the fabricated
impedance matcher with the attached SMT resistors for DC biasing.
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Figure 4. (a) The schematic of the designed MEMS impedance matcher. (b) The simulated Smith Chart
distribution all possible states of the designed MEMS impedance matcher @ 18 GHz.
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Figure 5. The photograph of the fabricated MEMS impedane matcher with external resistors and narrowed
ground connections.



4. Reconfigurable antennas

RF MEMS components have tunable characteristics; thus the integration of these components with radiators may
yield several advantages such as reconfigurability in polarization, frequency, and radiation pattern. One of the
reconfigurable antenna structure designed and fabricated is a tunable frequency CPW fed rectangular slot
antenna [4]. In order to achieve a shift in the resonant frequency, a short circuited stub with RF-MEMS
capacitors is inserted opposite to the feeding transmission line as shown in Figure 6 (a). Measured reflection
coefficient characteristics for different actuation voltages are shown in Figure 6 (b). It is observed that the
resonant frequencies can be shifted from 8.7 GHz to 7.7 GHz, and from 10.57 GHz to 10.22 GHz by changing
the actuation voltage, -hence the height of the MEMS capacitors-, from O to 16 volts. The measurement results
are in a good agreement with the simulations. The antenna radiates broadside for all of the four resonances and
increasing the capacitance by lowering down the bridges does not cause any adverse effect on the radiation
patterns. The other reconfigurable antenna structure employs the idea of loading a microstrip patch antenna with
a stub on which MEMS capacitors are placed periodically as shown in Figure 7 (a) [5]. MEMS capacitors are
electrostatically actuated with a low tuning voltage in the range of 0-11.9 V. The antenna resonant frequency
can continuously be shifted from 16.05 GHz down to 15.75 GHz as the actuation voltage is increased from 0 to
11.9 V. These measurement results are in good agreement with the simulation results obtained with Ansoft
HFSS as given in Figure 7 (b).
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Figure 6. (a) The photograph of the rectangular slot antenna loaded with MEMS capacitors. (b) The
measurement results of the slot antenna for different actuation voltages.
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Figure 7. (a) The photograph of the patch antenna loaded with MEMS capacitors. (b) The measurement results
of the patch antenna for different actuation voltages.



5. Phased arrays

This section presents the phased array system designed at 15 GHz employing 3-bit DMTL type phase shifters
which are monolithically integrated with the feed network of the system and the radiating elements on the same
substrate [6]. The phase shifter can give 0°-360° phase shift with 45° steps at 15 GHz which is used to obtain
various combinations of progressive phase shift in the excitation of radiating elements. The phased array is
composed of four linearly placed microstrip patch antennas. Figure 8 (a) shows the photograph of the phased
array fabricated on a glass substrate. The digital phase shifter used in the system is composed of a periodically
loaded high-impedance transmission line (> 50 Q) with MEMS bridges in series with lumped capacitors,
forming a DMTL. Figure 9 (a) and (b) shows the unit cell of the fabricated DMTL phase shifter and its circuit
model [ ]. Measured inserted phase shifts for different states are shown in Figure 9 (c). Figure 8 (b) shows the
measured radiation pattern results for different progressive phase shift. The main beam can be steered by 4°, 14°

as the phase shifter states are adjusted accordingly.
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Figure 8. (a) Photograph of the fabricated phased array. Total chip size is about 6 cm x 5 cm. (b) Radiation

pattern of the array for different progressive phase shift values.
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Figure 9. (a) Photograph of the unit cell of a phase shifter (b) Circuit model of a unit cell of phase shifter (c)
Phase shift vs. frequency plot obtained for 8 states of the 3-bit RF MEMS phase shifter.

Another application of the MEMS technology is to use MEMS components in reflectarrays to scan the beam. In
this work, in order to control the phase of the wave reflected from each element of reflectarray, the lengths of the
microstrip lines are changed using RF MEMS series switches [7]. Thus, progressive phase shift between the
elements are changed and reflectarray with reconfigurable main beam is obtained by the help of MEMS
technology. In the proposed design, the patch antenna at 26.5GHz is printed on a glass substrate bonded to
another glass substrate which contains the transmission lines with MEMS switches. Transmission line with series
RF-MEMS switch is shown in Figure 10 (a). Transmission lines are coupled to the patch antenna by means of a
slot in the ground layer between the two glass substrates as shown in Figure 10 (a) and (b). Control of the
reflection phase from each unit element is achieved by the help of phase design curve obtained from infinite



array simulations in HESS. The phase design curve shown in Figure 10 (c) indicates the dependence of the
reflection phase on the transmission line length. Required transmission line lengths are chosen from this phase
design curve. To switch the beam from broadside to 40°, two sets of lengths have been chosen by the ON-OFF
states of RF MEMS switch. HFSS simulations have also been performed for transmission line with RF MEMS
switch for further tuning of the phase.
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Figure 10. The back view (a) and cross section (b) of the slot coupled patch antenna. (c) Phase design curve at
26.5 GHz.

6. Conclusions

This paper reviews some examples of RF MEMS components and antennas designed and fabricated in the
facilities of METU. It is shown by the measurement results that the fabricated components satisfy the design
specifications. More components, as well as production, modeling and packaging studies will be presented and
discussed during the presentation in the conference.
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Abstract

In this paper a reconfigurable reflectarray is designed where
the change in the progressive phase shift between elements is
obtained with RF MEMS switches in the transmission lines of
unit elements composed of aperture coupled microstrip patch
antenna elements. In the design, the phase errors due to
nonideal phase design curve and RF MEMS switch type are
reduced. It is aimed to switch the reflected beam of the
reflectarray between broadside and 40 degrees. To show the
validity of the design procedure, a prototype of 20x20
reflectarray is designed and produced. The measurement
results of the prototype reflectarray show that the main beam
can be directed to the 40 degrees as desired.

1 Introduction

The reflectarrays are planar or curved surfaces that direct the
incident electromagnetic field from feed antenna to a desired
direction. In general, to design a reflectarray, the first step is
to obtain reflection phase characteristics with respect to a
parameter of the array geometry (such as size of the patch,
length of the transmission line etc.), namely, phase design
curve [3,8]. By inserting RF MEMS switches in the
reflectarray elements, it is possible to provide different phase
shift values. Recently, the reconfigurable reflectarrays using
RF MEMS switches have been reported, [1,2,6,7] by using
different types of RF MEMS switches and different phase
shifter structures. In this paper an aperture coupled microstrip
patch antenna (ACMPA) configuration shown in Figure 1 is
used as a reflectarray unit element. The phase shifting
geometry is the variable length transmission line below the
microstrip feed substrate. The transmission line is coupled to
the microstrip patch antenna through the aperture on the
ground plane between two substrates.

The phase design curve of the reflectarray is required to have
low sensitivity in order not to be affected from the
inaccuracies in the production of the phase shifter geometry
[3]. It is also important to have a linear phase design curve in
terms of expressing the transmission line lengths as a linear
function of the calculated reflection phase values needed to
reflect the electromagnetic field to a desired direction and this
brings simplicity in determining the transmission line lengths.
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Figure 1 (a) Expanded and (b) side view of an aperture
coupled microstrip patch antenna.

The reconfigurable reflectarray design is made simply by
matching the ACMPA to the free space and inserting the
phase shifter part containing RF MEMS switches to the
matched ACMPA. Hence, the electromagnetic field incident
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to the patch couples to the transmission line through an
aperture at the ground plane. Then it takes required phase
shift at the phase shifter part and reflects back to the patch
antenna through the aperture. RF MEMS switches sustain the
reconfigurability in the reflectarray to rotate the main beam
direction. In this paper, series and shunt RF MEMS switch
types are examined. Series configuration is used to connect
two transmission lines when the switch is in down state [9].
The shunt configuration is connected to a quarter wavelength
open circuited radial stub at the frequency of interest and it is
used to short circuit the transmission line when the switch is
in down state at the distance where shunt switch is located.
These two configurations bring different mutual coupling
effects and isolation characteristics. In the reflectarray
designed in this work, to provide a linear phase design curve
series RF MEMS switch is preferred as explained in Section 2
in detail.

A prototype of 20x20 element reflectarray without switches is
build and measured to validate the concept. Measurement
results are given in Section 3. Reflectarray with RF MEMS
switches to rotate the beam from broadside to 40 degrees is
designed. Production of this array with the standard surface
micromachining process developed at Microelectronics
facilities of Middle East Technical University is still in
progress.

2 Reconfigurable Design

The reconfigurable aperture coupled microstrip reflectarray
includes the RF MEMS switches to change the lengths of the
transmission lines at the phase shifter part in the unit cell
element shown in Figure 2. As the first step, aperture coupled
microstrip patch antenna with dimensions given in Table 1 is
matched to the free space. The glass substrate with thickness
h,=h#~0.5mm and dielectric constant £,= &4.6 is used as an
antenna and transmission line substrate. Then the unit cell
composed of the first antenna configuration (Antennal in
Table 1) is simulated by inserting master and slave boundary
conditions at the borders in the commercial EM simulation
tool HFSS by Ansoft. The element spacing is half a
wavelength in both directions. The unit cell is excited with a
linearly polarized plane wave considering the polarization of
the patch antenna and the phase of the reflected field is
evaluated by the help of field calculator in HFSS for each
value of L incremented in the direction shown in Figure 2.
Hence, phase design curve, which is a graph of the reflection
phase as a function of the length of the transmission line is
obtained for the configuration Antennal and given in Figure
3. Since the transmission line of the ACMPA is incremented
only in one direction and the other part is used as a matching
stub with length L, one can obtain several times of 360
degrees which helps to increase the bandwidth [5]. Then the
transmission line on glass substrate with W, =0.4mm is
simulated in HFSS and compared with the phase design curve
obtained from the first antenna configuration. It is seen in
Figure 3 that the phase design curve and the ideal curve for
the first antenna configuration does not follow each other
well. By playing with the dimensions of the first antenna

configuration, the phase design curve can be made closer to
the ideal simulation [4]. The second antenna configuration
parameters of which are shown in Table 1 is obtained by
applying a slight change in the size of the patch and slot of
the first antenna configuration. The phase design curve of the
second antenna configuration fits well with the ideal curve as
shown in Figure 3.

The reflectarray is fed by a horn antenna and the required
values of L for each element are calculated from the required
phase values to reflect the beam to the desired direction [8].
In this study, a reflectarray is designed to switch the main
beam between broadside and 40 degrees at 26.5GHz. Hence
two different I values are required for each element in the
reflectarray and the RF MEMS switch is used to switch
between two L values resulting to change the direction of the
main beam.

Two different sets of L values which are L; and L;+L;+L+ in
Figure 2 are determined from the phase design curve of the
second antenna configuration. The RF MEMS switch inserted
between two transmission lines affects the transmission line
behavior. Hence L1, L3 values determined from the phase
design curve needs to be altered for the fine tuning of the
phases. This is done by iteratively simulating the phase shifter
part which is separated from the reflectarray to save the
simulation time.

Wp Lp Wa La Wm LS
Antenmal | 2.02 | 202 1 03 |16 [ 04 | 1.1
Antenna? | 2.03 | 203 | 03 | 15504 | 1.1

Table 1 ACMPA dimensions used in the reconfigurable
design (all dimensions are in mim).
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Figure 2 The unit cell structure with the reconfigurable phase
shifter part.
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Figure 3 The comparison of the phase design curves of two
different antenna configurations with the ideal curve.

Two types of RF MEMS switches are investigated to change
the length of a transmission line; series and shunt
configurations. Series RF MEMS switch is the bridge
structure between two transmission lines. When the switch is
in down position it comnects two physically separate
transmission lines named as Tr. Linel and Tr. Line2 as shown
in Figure 4. The s-parameters of the series RF MEMS switch
are given in Figure 6. The insertion loss of the switch is
greater than -0.5dB and isolation is less than -10dB which are
acceptable at the frequency of interest. However, better
isolation can be achieved with shunt RF MEMS switch shown
in Figure 5, where the bridge is connected to an open
circuited radial stub of quarter wavelength at the frequency of
interest and hence the bridge is shorted. In the shunt switch
configuration, Tr. Linel and Tr. Line2 are not physically
separated. When the bridge is in down state, the transmission
line couples to the bridge via the dielectric layer due to the
high capacitance between them and the transmission line is
shorted. Hence Tr. Linel and Tr. Line2 are
electromagnetically separated form each other. The s-
parameters of the shunt RF MEMS switch are shown Figure
7. The insertion loss of the shunt switch is almost the same as
the series switch but the isolation of the shunt switch is much
better than series switch at 26.5GHz. However, shunt switch
has low bandwidth in terms of isolation characteristics and
this may affect the reflectarray performance. Besides, shunt
switch covers a large area due to its open circuited radial stub
and introduces mutual coupling. Furthermore, choosing series
switch can be seen reasonable in terms of its isolation because
it connects two transmission lines and one of them is open
circuited. Hence, the isolation of the series switch is not so
effective in terms of power loss because the power will be
reflected back at the open circuit and the losses are caused
only by the dielectric losses and the radiation losses.

The series and shunt switch phase shifter structures are placed
at the phase shifter part in the reflectarray constructed with
second antenna configuration as shown in Figure 2. Then
reflection phases are calculated for the dimensions and switch
positions of the series and shunt switches shown in Table 2

and Table 3 respectively. Then the respective reflection phase
values are marked at the phase design curve of the second
antenna configuration in Figure 8. It is seen that the series
switch configuration follows the phase design curve better
than the shunt switch configuration. The reason for the
difference of the reflection phase values for shunt switch
configuration is the mutual couplings due to the open
circuited radial stub covering large area. Hence the series
switch configuration shown in Figure 4 is chosen in the unit
cell of the reconfigurable reflectarray antenna operating at
26.5GHz.

Tr. Linel
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Figure 4 The perspective view of the series switch.
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shunt switch.
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Table 2 The phase shifter with series switch dimensions for

L1 (mm) L3 (mm) Bridge
Position
0.75 0.75 up
1 0.35 up
1.25 0.5 up
1.5 1.5 up
1 0.35 down
1.25 0.5 down
1.5 1.5 down

which the reflection phases are calculated at Figure 2.

Table 3 The phase shifter with shunt switch dimensions for

L1 (mm) L3 (mm) Bridge
Position
1 0.35 up
1.25 0.5 up
1.5 1.5 up
0.75 0.75 down
1 0.35 down
1.25 0.5 down
1.5 1.5 down

which the reflection phases are calculated at Figure 2.
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Figure 7 The s-parameters of the shunt switch.
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Figure 8 Comparison of the phase values calculated by using
the series and shunt RF MEMS switches at the phase
shifter part and phase design curve of the second antenna
configuration.

3 Prototype Design

The prototype of 20x20 aperture coupled microstrip patch
reflectarray with the required transmission line lengths to
rotate the beam to 40 degrees is designed and produced to
validate the concept of beam switching reflectarray.
Reflectarray consisting of microstrip patch antennas of length
L,=25mm and width W,=25mm is printed on
Rogers4003(s,,=3.38) materials with thickness h,=0.51mm.
An aperture with dimensions of length L,=1.85mm and width
W,=0.4mm on ground plane sustains the coupling between
the patch antenna and the transmission line with dimensions
Wyo=0.4mm and L~ 1.2mm. The element spacing is half
wavelength in both directions. The phase design curve for the
prototype reflectarray shown in Figure 9 is obtained as
described in reconfigurable design. The phase design curve 1s
almost linear. Furthermore, it includes the effects of the
mutual couplings due to neighboring elements as if elements
are in infinite array.

The prototype reflectarray is designed to be fed by a hom
antenna such that the phase center of the hom antenna 1s fixed
relative to the center of the reflectarray as shown in Figure 10.
Then the paths between each umit element and the phase
center of the horn antenna are calculated Hence the phase
values of incident field for each element are determined.
These phase values are compensated by choosing proper
transmission line lengths using phase design curve shown in
Figure 9 for each element to give required phase shift to
reflect the electromagnetic field to 40 degrees in H-plane.
The designed reflectarray 1s produced using PCB technology.
The measurement results shown in Figure 11 are in a good
agreement with the simulated data. The measurement results
for different frequencies show that the main beam deflects
from 40 degrees by an angle of 2 degrees in 2GHz band.
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Figure 9 Phase design curve of the prototype reflectarray.

Figure 10 Measurement set up of the prototype reflectarray
antenna.
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Figure 11 Measurement results of the prototype antenna.

4 Process Flow

After the prototype measurements, design of reflectarray with
RF MEMS switches has been finalized and masks were
drawn as shown in Figure 12. The reflectarray will be
fabricated on 3500 um-thick Pyrex 7740 glass substrates
(e,~4.6, tan 6=0.003) using the surface micromachining based

process developed at the Middle East Technical University
Microelectronic Facilities (METU-MET).

Figure 12 Mask layout of 10x10 Reflectarray with RF MEMS
swicthes.

In the process flow, first both of the wafers will be coated
with gold and patterned to construct the aperture on ground
plane. Then both wafers will be bonded at the aperture sides
to have a common ground plane and aperture. Structural
layers are processed as shown in Figure 13: (a) The process
starts with 2000-A thick Si-Cr resistive layer deposition by
sputtering and patterning by wet etching. The next is the
sputtering of a 100/3000-A thick Ti/Au layer, which is
required as the seed layer for electroplating of the base
metallization. The base metallization layer is formed using a
2-um thick gold layer, which is electroplated inside the
regions defined by the mold photoresist. The remaining
Ti/Au seed layer is etched using wet etching with selective
titanium and gold etchants. (b) A 3000 A-thick Si;N, layer is
coated as the DC isolation layer using plasma enhanced
chemical vapor deposition technique (PECVD) and patterned
using the reactive ion etching (RIE) technique. (c¢) The next
step 1s the spin-coating of the photodefinable polyimide, PI
2737, as the 2-um thick sacrificial layer. (d) Then, a 1-um
thick gold layer is sputter-deposited and patterned as the
structural layer. (e) The sacrificial layer is wet etched in the
SVC-175 photoresist stripper, rinsed in IPA, and dried in a
supercritical point dryer.

The switch structure produced using this standard process
developed at METU-MET is shown in Figure 14.
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Figure 13 Standard process flow developed at METU-MET
for the production of the RF MEMS switch.

METU
Figure 14 The SEM photo of the RF MEMS switch.

4 Conclusion

A reconfigurable aperture coupled microstrip patch
reflectarray with RF MEMS switches has been designed to
switch the beam between broadside and 40 degrees. The
designed reflectarray will be fabricated using the standard

surface micromachining process developed at
Microelectronics  facilities of Middle East Technical
University.
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Abstract— This paper presents a frequency reconfigurable slot
dipole array operating at millimeter-wave frequency band. Dual
frequency operation of the array is achieved by using
commercial packaged RF-MEMS switches. RF-MEMS switches
located on the dipole arms control the electrical length of the slot
and enable dual frequency operation.

I. INTRODUCTION

Recently, reconfigurable antennas have attracted
significant interest due to their high adaptation with changing
system requirements. Specifically, dual frequency operation
capability of an antenna decreases system size significantly,
since use of one antenna unit is sufficient instead of two
different antenna units for different frequencies. Various
methods are reported in the literature to achieve frequency
reconfiguration ([1]-[4]). In millimeter-wave applications,
MEMS (Micro Electro Mechanical Systems) devices have
proven their usefulness with their small size, low insertion
loss and improved performance compared to their
semiconductor counterparts. In addition, packaged RF-MEMS
switches makes possible the hybrid integration of switches on
the antennas and decreases the fabrication cost and burden.

This paper presents a dual-frequency reconfigurable
antenna array operating at millimeter-wave band. Array of
coplanar waveguide (CPW) fed slot dipole -elements

feed network of 2-element linear array due to its advantages
over a microstrip feeding network, such as less dispersion,
easier combination with MEMS and active devices [6]. Fig. 1
shows the schematic view of the dual-frequency array.

Frequency Tunable Slot
Dipole
SPST RFMEMS SWITCH

e e

Chamfered || S — Il e ———
Corner [ [ q

Dual-Frequency
Transformer

RF input

Fig. 1 The schematic view of 2-element reconfigurable slot dipole antenna
array structure with MEMS switches

monolithically integrated by MEMS switches has been A. Slot Dipole Antenna

designed at X- and K-band in [5] but not manufactured yet.
Furthermore, in this study hybrid integration of MEMS
switches with the antenna will be performed. The packaged
RF-MEMS switches integrated with a slot dipole antenna
provide dual frequency operation. In the following sections,
the array structure, operation of the antenna and EM
simulation results in the form of input return loss, current
distribution and radiation patterns are presented.

II. ANTENNA DESIGN

The dual frequency array is composed of 2 linearly placed
frequency-tunable slot dipole elements and a CPW-based feed
network. CPW transmission lines are used in the corporate

Coplanar patch antennas have advantages over microstrip
patch antennas, such as easy integration with MEMS
components and other active components. Due to this feature,
these antenna structures are more preferable for
reconfigurable antenna applications. Fig. 2 shows the CPW
fed slot dipole antenna structure with RF-MEMS switches
used in the array. For the antenna, a 10 mil-thick Rogers 6002
Duroid (¢=2.94) substrate with 0.5 Oz Copper has been used.
The operation frequency of the slot antenna is determined by
the length of the slot. Also, it is stated in [7] that, in addition
to the length of the slots, height of the dielectric substrate
controls the resonance frequency. Slot width and feed line
parameters control the return loss level. In fact, slot dipole
antennas exhibit 40-70Q input impedance when the total

1334
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length is about 0.8-0.9}, at the frequency of interest. Dual
frequency operation of the slot dipole antenna is achieved by
using packaged RF-MEMS switches. SPST MEMS switches
operating up to 40 GHz produced by RADANT are used in
the array. The functional block diagram of this switch is
shown in [8]. These RF MEMS switches are located on the
arms of the CPW slot dipole antenna as shown in Fig. 2 by
using bonding techniques. DC bias pads of the switches are
placed under the substrate. Common DC bias is applied by
using vias to the gate terminals of the switches. When the
switches are in the up state, the total length of the dipole is
equal to 0.851, (L1), and it resonates at 25 GHz. The length of
the dipole is equal to 0.7A, (L2) when the switches are in
down state (DC voltage (~70 volt) is applied between the gate
and source electrodes) and it resonates at 35 GHz.

DC BIAS

L2

L1

PORT 1

Fig. 2 The schematic view of reconfigurable slot dipole antenna with
MEMS switches located on the arms to control resonant frequency with DC
bias pad.

B. Reconfigurable Slot Dipole Antenna Design

CPW fed slot dipole antenna at two different lengths
operating at 25 and 35 GHz has been designed by using
ANSOFT Designer V2. The schematics and dimensions of the
antennas are given in Fig. 3 (a) and (b) for the operation at 25
GHz and 35 GHz, respectively.

P L;=8.39mm . L,=5.59mm

‘1 r’l w-osmn | §
Port Port
(@) (b)

Fig. 3 Ansoft Designer schematic models of slot dipole antennas operating at
(a) 25 GHz (b) 35 GHz

Radiation of the CPW slot antenna is caused by the fields in
slot arms. In order to observe the radiation mechanism on the

slot arms, equivalent current distribution on the slots is
obtained using Ansoft Designer V2. Fig. 4 shows the
equivalent current distribution of the antenna operating at 35
GHz.

Currents
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Fig. 4 Current distribution of slot dipole antenna at 35 GHz

Input return loss graphs of the antennas operating at 25
GHz and 35 GHz obtained by simulations are plotted in Fig. 5.
As seen from the figure, antennas resonate at the design
frequencies.

0
-101
o
=
0
-20+ 25 GHz Antenna
—— 35 GHz Antenna
20 25 30 35 40
Freq (GHz)

Fig. 5 S-Parameter simulation results of slot dipole antennas operating at
25 GHz and 35 GHz.

Far field simulations of the prototype structures have been
performed and shown in Fig. 6 and Fig. 7. E-plane simulations
of the antennas operating at 25 GHz and 35 GHz shows that
antenna patterns do not change with respect to frequency
variation, as expected.
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Fig. 6 E-Plane electric field patterns of single dipole antennas at 25 GHz.

— 35 GHz
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Fig. 7 E-Plane electric field patterns of single dipole antennas at 35 GHz.

C. Feed Network

The CPW-based feed network includes T-junctions,
chamfered corners, and dual frequency transformers to match
the input impedance at both resonant frequencies (25 GHz and
35 GHz) of the antennas. The dual frequency transformer
presented in this study is used to transform 50-Q input
impedance of the antennas to 100-Q impedance at the two
ports of the T-junction [9]. The circuit schematic and
parameters of the designed transformer are given in Fig. 8.

Zi, B L Z B, L
—t —Q )
Z,=82Q
Z,=61Q
— —Q )—I
Zn=100 Q 50 Q

Fig. 8 The circuit schematic view of the dual-frequency transformer

III. CONCLUSION

In conclusion, a reconfigurable dual frequency slot dipole
array operating at millimeter-wave band has been presented.
Reconfigurable dual frequency operation is provided by RF-
MEMS switches integrated on CPW fed slot antenna produced
on Duroid substrate in a hybrid fashion. Measurement results
will be presented in the conference. It is possible to increase
the number of elements in the array structure to enhance the
directivity of the antenna array.
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Abstract— This paper presents a 26.5 GHz beam switching
reflectarray monolithically fabricated on glass substrate with the
RF MEMS switches. The array is formed using 10x10 aperture
coupled microstrip patch antenna (ACMPA) elements. RF
MEMS switches are implemented on the transmission lines in
order to sustain the beam switching. A prototype of a
reflectarray with 90 RF MEMS switches is monolithically
produced using an in-house surface micromachining process
including the wafer bonding steps. The measurement result
shows that the beam can be switched to ~ 40° as required.

I. INTRODUCTION

A reflectarray consist of a planar reflecting surface of
printed elements and illuminated by a feed horn antenna.
Microstrip reflectarray combines the advantages of the
microstrip phased arrays and the parabolic reflector antennas.
Printed reflection surfaces have low weight, low profile, low
cost and they can be conformed to any given surface.
Moreover, losses of the feed network in phased arrays are
eliminated by the feeding through free space in reflectarray
structures. In the reflectarray design, phase of the fields
reflected from elements are adjusted to obtain an equiphase
front to form a beam in the desired direction. In the literature,
different approaches are developed in order to adjust the
reflection phase from each element such as cross dipoles of
variable length [1], patches of variable size [2], and microstrip
patches loaded with stubs of variable length [3]. In order to
steer the beam of the reflectarray without changing the
position of the feed and the reflectarray, the phase shifting
mechanism of the reflectarray should be reconfigurable. In the
literature, the reconfigurable reflectarrays employing tunable
dielectrics, varactor diodes, PIN diodes, MEMS structures
(micro-motors, etc.) or RF MEMS switches have been
reported [3]-[7].

RF MEMS switches have many advantages compared to
their counterparts. They have low insertion loss, high isolation
and linear characteristics compared to the PIN diodes and FET
switches. Furthermore, RF MEMS switches can be
implemented on many substrates such as glass, silicon, and
ceramic. It is also possible to produce RF MEMS switches
monolithically integrated with the other microwave
components. The RF MEMS switches have low cost and high
electrical performance which make RF MEMS switches the
best candidate for the construction of reconfigurable antennas
[8], [9], phased arrays [10], and reflectarrays [7], [11].

In this study, the ACMA antennas are used to construct
10x10 reflectarray where the reconfigurable main beam is
obtained by the help of RF MEMS switches monolithically
implemented in the open ended transmission lines of unit
elements. In [11], the design of this reflectarray is given.
Besides, the prototype where the down-state MEMS switches

are replaced by metal shorts has been fabricated with printed
circuit board technology and the measurement results
demonstrating the rotation of the beam has been presented.
However, in this study, fabrication steps required for this
reflectarray is optimized, then the reflectarray design is
finalized accordingly. Furthermore, the reflectarray prototype
with functional RF MEMS switches is fabricated.

Section II presents the structure of the reconfigurable
reflectarray and explains the design steps, while Section III
presents the series RF MEMS switch used in the reflectarray.
Section IV provides the fabrication steps and measurement
results. The conclusions are drawn in Section V.
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II. RECONFIGURABLE REFLECTARRAY DESIGN

ACMPA elements are linearly placed with Ay/2 spacing in
both directions to form a 10x10 element reconfigurable
reflectarray which operates at 26.5GHz. The ACMPA
structure is presented in Fig. 1. The design of this element is
given in [11], but the parameters are repeated here for the sake
of completeness. The patch antenna having dimensions
W,=2.03mm, L,=2.03mm is coupled to the transmission line
of width W;;=0.4mm through aperture of length L,=1.55mm
and width W,=0.3mm on the ground plane. Both the antenna
and the transmission line substrates are glass of thickness
h,=h#~0.5mm, dielectric constant &,=¢~4.6 and tan6=0.005.
The matching stub has length Li=1.1mm. The reflectarray is
produced using surface micromachining and wafer bonding
process developed at Middle East Technical University
MEMS Center facilities (METU-MEMS). The reflectarray
covers an area of approximately 6.75 cm x 6.29 cm. The
lengths of transmission lines are changed using RF MEMS
switches implemented on the transmission lines of ACMPA.

The aim in the reflectarray design is to obtain an equiphase
plane after reflection to direct the beam to the desired
direction as described in Fig. 2. For this purpose, total
distance that the wave travels in free space which is the sum
of the distance from phase center of the feed antenna to the
element of the reflectarray (R;) and the distance from the
element of the reflectarray to the plane that is desired to be the

equiphase surface ( 7,.7, ) is calculated. Then the total distance

is multiplied by the free space propagation constant (ko);
hence the total phase delay due to the propagation of the wave
at free space is calculated for each element. Then the total
phase delay from the feed to the equiphase plane at any path is
made equal to 2nN by choosing required reflection phase
values (¥;) for each element as described in eqn. 1.

—koy(R, + 7.7 )+y, =27N (1)

Feed
Antenna

Equiphase
plane

y T ACMPA

elements

Fig. 2 The reflectarray structure and paths of the incident and reflected fields.

The reflectarray studied in this paper is fed by an offset
horn antenna to prevent aperture blockage. The reflection
phase values to direct the main beam toward broadside and
40° in H-plane are calculated using the procedure described in
eqn. 1. Then the phase shifting unit of each element is
designed to provide the calculated reflection phase value.

In the reflectarray design, a phase design curve, which is a
plot of reflection phase versus the parameter responsible from
the change in phase shift, is used. In this paper, the phase
shifting geometry is the open ended transmission lines in the
ACMPA elements. The phase design curve, which is used to
determine the transmission line lengths for the corresponding
reflection phase values of the array elements, is found using
infinite array approach. In order to obtain the phase design
curve, which also takes into account the mutual couplings of
the neighboring elements, the unit cell of the reflectarray is
analyzed using periodic boundary conditions in Ansoft High
Frequency Structure Simulator (HFSS). The unit cell is
excited with an x-polarized plane wave of amplitude 1 V/m.
The phase and the amplitude of the reflected field are
calculated as a function of the transmission line length, L. The
phase design curve and magnitude response of the unit cell
calculated at 26.5 GHz are shown in Fig. 3. The ideal phase
curve in Fig. 3 is obtained by simulating the microstrip line of
width 0.4mm at 26.5 GHz in HFSS. It can be seen in Fig. 3
that there is a good agreement between the ideal phase
characteristics and the phase design curve. Then, the reflection
phase values calculated to direct the main beam to broadside
and 40° can be converted into the transmission line lengths
using the phase design curve. In the array, two sets of
transmission line lengths are determined to be used for
broadside and 40° operations, respectively. Hence, there are
two transmission line lengths needed for each element in the
array except the elements in the first column because they are
taken as reference in the broadside and 40° operation
calculations. The series RF MEMS switches are used in the
elements to change the transmission line length.
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It is observed from Fig. 3 that the magnitude of the
reflected field changes between 0.89 V/m and 0.71 V/m as a
function of L. Together with the non-uniform amplitude
distribution of the illuminated field on the reflectarray surface,
non-uniform magnitude response affect the radiation pattern
especially the side lobe levels.

III. RF MEMS SWITCH

The series and shunt RF MEMS switch structures are
examined in [11] and it is decided that using series type RF
MEMS switch is more advantageous. The series RF MEMS
switch used in the reflectarray is a bridge structure between
two transmission lines. It connects the two physically
separated transmission line pieces when the DC actuation
voltage is applied between the bridge and the actuation pad as
described in [11]. The gap between the transmission lines and
the wings of the bridge is designed to be 2um. According to
simulation results given in [11], the series RF MEMS switch
has the insertion loss better than 0.5dB and isolation is better
than 10dB between 20-30 GHz. The microscopy and SEM
photo of the produced series RF MEMS switch is shown in
Fig. 4.

The bias lines designed in [11] are used to switch the main
beam to broadside and 40° in H-plane with DC actuation of
the RF MEMS switches. The bias lines are composed of
sputtered gold (Au) and Si-Cr layers. Au bias lines are used to
bring the DC voltage near to RF MEMS switch with low
voltage drop and they are close to transmission lines not more
than 1500um to avoid mutual couplings between the
transmission line and Au bias line. The connection between
the actuation pad and the Au bias line near the transmission
line at a distance of nearly 1500pm is sustained by resistive
Si-Cr bias lines the conductivity of which is optimized to be
6s.c;=10000 S/m in order not to disturb the RF performance
of the RF MEMS switch.

100pm
10.0kV LEI M

Fig. 4 The microscopy and the SEM proto of the series RE MEMS switch.

IV.FABRICATION AND MEASUREMENT RESULTS

The monolithic reconfigurable reflectarray presented in this
paper is produced using the surface micromachining based
process including wafer bonding step developed at the Middle
East Technical University MEMS center (METU-MEMS).
The substrates on which the patch antennas and transmission
lines are printed are two 500 um-thick glass substrates (€,=4.6,
tand=0.005) to which gold to gold thermal compression

bonding is applied for 1 hour at 265 C° at vacuum to bond
them. Then the patch antennas are patterned at one side of the
bonded wafers. The other side of the bonded wafer is used to
construct transmission lines with RF MEMS switches. For the
protection of the patch antennas while processing the other
side of the wafer, 0.8um thick Ti layer is sputtered on the
patch antennas. The process steps used in constructing RF
MEMS switches in [11] are slightly modified for the
fabrication of series type of switch. The base metallization is
constructed using two sputtering steps instead of
electroplating steps mentioned in [11]. The transmission lines
are formed after the first step which is the sputtering and
patterning of Ti/Au layer. Then the sputtering and patterning
of another Ti/Au layer is performed to form actuation pads
and to increase the thickness of the transmission lines. By this
method the thickness of the transmission lines becomes larger
than the thickness of actuation pads which helps to decrease
the contact resistance of the series RF MEMS switch. Then,
DC isolation layer SizNy is formed on the actuation pads and
second metallization is formed to construct the bridge. At this
point, electroplating of the anchor regions is added to the
process flow given in [11] to make the bridge stronger. Finally,
the bridge structure is formed and released.

We faced with a problem to cover the transmission lines
with PI 2737, which is used as a sacrificial layer in the process.
After an inspection with surface profiler, it is understood that
the edges of the transmission lines are failed to be covered due
to the large thickness of the transmission lines. As a result of
this problem, the RF MEMS switches are produced in their
down states.

In order to measure the radiation pattern in the H-plane of
the reflectarray, the wings of the switches responsible from
directing the main beam to broadside are trimmed using laser-
cut to make them as if they are in upstate. Since the switches
that are responsible from directing the main beam to 40° are in
down state, the main beam of the reflectarray is expected to be
directed to 40°. The radiation pattern of the reflectarray in H-
plane is measured in the Anechoic Chamber in METU. The
foam support structures are formed for the reflectarray and the
feed horn antenna and the measurement setup is constructed
as shown in Fig. 5. The radiation pattern is given in Fig. 6. It
is observed that the main beam of the reflectarray is directed
to 37°. This slight deviation from required angle 40° is due to
the fact that trimming of the wings of some RF MEMS
switches does not perfectly models the upstate.

To solve the problem occurred in the production of RF
MEMS switches, the final thickness of the transmission lines
has to be reduced. The fabrication of a new reflectarray with
reduced thicknesses has been recently completed. The final
thicknesses of the transmission lines are reduced and the
problem is solved. Inspection of the recently produced wafers
shows that all the switches in the array are functional. The
characterization of the RF MEMS switches and phase shifting
units by on-wafer probe station measurements has almost been
completed. It is observed that the required actuation voltage is
35 V. The radiation pattern measurements of the new
reflectarray will be performed and presented at the conference.



Fig. 5. The measurement setup of the reconfigurable reflectarray.

Fig. 6. Measured radiation pattern in H-plane at 26.5 GHz.

V. CONCLUSIONS

In this paper, a 26.5 GHz 10x10 reconfigurable reflectarray
prototype composed of ACMPA elements containing 90 RF
MEMS switches is designed, fabricated and measured. The
phase of the reflected field from each element is controlled by
changing the length of the transmission lines by RF-MEMS
switches to switch the main beam between broadside and 40°
in H-plane. It is demonstrated by measurements that the beam
can be switched to ~ 40°.
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Abstract

This paper presents the overview of RF-MEMS (Radio Frequency-MicroElectroMechanical Systems)
components and reconfigurable antennas designed and produced in Middle East Technical University
(METU). Design and measurement results of some components such as switches, impedance tuners,
phase shifters, frequency tunable antennas, phased array antenna with RF-MEMS phase shifters are
summarized. It is shown that the fabricated RF-MEMS components satisfy the design specifications
and have better performance and reconfigurability capabilities compared to their conventional
counterparts.

1. Introduction

Recently, MEMS technology has been used in many applications in microwave components and
antennas, [1]; since RF-MEMS components have several advantages, such as having low loss, smaller
size, low weight and being more linear and cheaper by mass production. Moreover MEMS
components with movable parts enables tunable/reconfigurable RF components and antennas. This
paper presents some of the RF-MEMS components and reconfigurable antennas designed and
produced in METU. Moreover, METU RF-MEMS group works on modeling and packaging of RF-
MEMS devices.

A new model for the distributed MEMS transmission line (DMTL) structures has been developed, [2].
This model has been improved further and is presented in Section 2. In Section 3, design and
production of RF-MEMS components such as switches and impedance tuners are summarized.
Frequency tunable slot antenna is given in Section 4. It has been shown that 1 GHz frequency shift has
been obtained at X-band. Four element patch array monolithically integrated with RF-MEMS phase
shifters has been designed and fabricated. Measurement results given in Section 5 show that beam
steering is obtained.

2. Modeling Study on Distributed MEMS Transmission Lines

Distributed MEMS Transmission Lines (DMTLs) are widely used in the implementation of several RF
components such as phase shifters, resonators, and filters. A new and more accurate model for the
DMTL structures operating in 1-20 GHz range has been developed [2]. In this model, the MEMS
bridges that are used as the loading elements of the DMTL structures are represented 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. The measurement results of the fabricated devices are in good
agreement with the model with an error less than 5%. This model has been improved further as shown
in Figure 1; discontinuity inductances are eliminated, which can only be evaluated numerically in [2].
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Figure 1. The proposed model for the unit cell of DMTL structures



The effect of the inductances is compensated with a systematic modification in the length of the high-
and low-impedance transmission lines in new the circuit model. The remaining parameter is the value
of the discontinuity capacitance. This capacitance is calculated by a parallel plate capacitance
formulation including fringes. In Figure 2, the measurement results are compared with the CLR and
the new model for a DMTL structure with 75 pum bridge widths. As seen from the figure the
measurement results are well agreed with the results obtained by the new circuit model. Figure 3 (a-c)
shows SEM pictures of the fabricated DMTL phase shifters.
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Figure 3. (a) SEM picture of the fabricated DMTL structure (b) close view of one of the anchors
(c) SEM picture of another fabricated structure.

3. Microwave Components

Metal-to-Metal Contact RF MEMS Shunt Switch: RF MEMS switches are the key elements in the
design of the complete systems hence the improvement in one switch can affect the whole system
performance. We have designed a metal-to-metal contact switch operating at 1-6 GHz band to obtain a
better performance than the existing ones, [3]. The switch, shown in Figure 4, consists of two
cantilevers located on ground planes of a coplanar waveguide (CPW) transmission line. With the help
of actuation electrodes beneath the cantilevers, the switching of the RF signal is maintained.
According to the measurement results shown in Figure 5, the switch has isolation better than 20 dB in
the 1-6 GHz band and better than 10 dB in the 1-20 GHz band. Insertion loss of the structure is better
than the 0.3 dB in the 1-20 GHz band. The switch has a measured actuation voltage of 7 V.

Capacitive Contact RF MEMS Shunt Switch with Improved Isolation for Ku-Band Applications: A
capacitive contact RF MEMS shunt switch is designed as shown in Figure 6 (a), [3]. The switch has
recessed sections on the ground plane of coplanar waveguide and the meanders supporting the bridge
increase the series inductance of the bridge, which is used to tune the switch to operate at Ku-band.
The switch has a measured down-state capacitance of 2.08 pF which results in better than 20 dB



measured isolation and better than 0.2 dB insertion loss for the 11-17 GHz band as shown in Figure 6
(b). The measured actuation voltage of the switch is 13 V.
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Figure 4. (a) 3D view of the metal-to-metal contact RF MEMS shunt switch. (b) SEM pictures of the
fabricated device.
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Figure 5. The measurement results of the fabricated metal-to-metal contact RF MEMS shunt switch.
(a) Up state. (b) Down state.
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Figure 6. (a) SEM pictures of the fabricated capacitive contact RF MEMS shunt switch (b) The
measurement results.

Reconfigurable RF MEMS Double/Triple Stub Impedance Matching Network: Reconfigurable
double-stub and triple stub impedance tuners are designed and produced for X and Ku-band
applications, [4-5]. These can be used for LNA matching, antenna matching, noise parameter, and
load-pull measurements. The reconfigurability of the triple stub matching network is achieved with the
aid of 12 RF MEMS switches placed on a CPW forming a DMTL as shown in Figure 7 (a) . The
device is capable of covering impedances on the whole Smith Chart (Figure 7 (b)). The device
structure consists of three variable length DMTL stubs and two A,/8 length CPW transmission lines



connecting the stubs. A,/8 spacing between the stubs is selected to obtain a uniform distribution of the
impedance points on the Smith Chart. It can be observed from Figure 8 that the measurement results
are well agree with the simulations.
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Figure 7. (a) The photographs of the fabricated reconfigurable MEMS triple stub impedance tuner and
closer view of the MEMS switches (b) The simulated impedance coverage.
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Figure 8. The measurement results of the fabricated reconfigurable triple stub impedance matching
network. (a) All MEMS switches in up state. (b) 7" MEMS switch from each stub is actuated.

4. Reconfigurable Antennas

RF MEMS components have tunable characteristics; thus the integration of these components with
radiators may yield several advantages such as reconfigurability in polarization, frequency, and
radiation pattern. One of the reconfigurable antenna structure designed and fabricated is a tunable
frequency CPW fed rectangular slot antenna, [6-7]. In order to achieve a shift in the resonant
frequency, a short circuited stub with RF-MEMS capacitors is inserted opposite to the feeding
transmission line as shown in Figure 9 (a-b). Measured reflection coefficient characteristics for
different actuation voltages are shown in Figure 9 (c). It is observed that the resonant frequencies can
be shifted from 8.7 GHz to 7.7 GHz, and from 10.57 GHz to 10.22 GHz by changing the actuation
voltage, -hence the height of the MEMS capacitors-, from 0 to 25 volts. The measurement results are
in a good agreement with the simulations. The antenna radiates broadside for all of the four resonances

and increasing the capacitance by lowering down the bridges does not cause any adverse effect on the
radiation patterns.
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Figure 9. (a)-(b) Photos of the fabricated rectangular slot antenna loaded with 6 MEMS capacitors
(c)The reflection coefficient characteristics of rectangular slot antenna for different actuation voltages

5. Phased Arrays

This section presents the phased array system designed at 15 GHz employing 3-bit DMTL type phase
shifters which are monolithically integrated with the feed network of the system and the radiating
elements on the same substrate. The phase shifter can give 0°-360° phase shift with 45° steps at 15
GHz which is used to obtain various combinations of progressive phase shift in the excitation of
radiating elements. The phased array is composed of four linearly placed microstrip patch antennas.
Figure 10 (a) shows the photograph of the phased array fabricated on a glass substrate. The digital
phase shifter used in the system is composed of a periodically loaded high-impedance transmission
line (> 50 Q) with MEMS bridges in series with lumped capacitors, forming a DMTL. Figure 11 (a)
and (b) shows the unit cell of the fabricated DMTL phase shifter and its circuit model. Measured
inserted phase shifts for different states are shown in Figure 11 (c¢). Figure 10 (b) shows the measured
radiation pattern results for different progressive phase shift. The main beam can be steered by 4°, 14°
as the phase shifter states are adjusted accordingly.
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(a) (b)
Figure 10 (a) Photograph of the fabricated phased array. Total chip size is about 6 cm x 5 cm.
(b) Radiation pattern of the array for different progressive phase shift values.

Another application of the MEMS technology is to use MEMS components in reflectarrays to scan the
beam. A reconfigurable reflectarray is designed so that the phase of the scattered field will be
controlled by inserting variable length microstrip transmission line coupled to the patch by means of a
slot in the ground plane, [9]. Lengths of the microstrip lines can be changed via RF-MEMS switches.

12
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Figure 11. (a) Photograph of the unit cell of a phase shifter (b) Circuit model of a unit cell of phase
shifter (c) Phase shift vs. frequency plot obtained for 8 states of the 3-bit RF MEMS phase shifter.

6. Conclusions

Some examples of RF-MEMS components and antennas designed and fabricated in the facilities of
METU are reviewed. It is shown by the measurement results that the fabriated components comply
with the design specifications. More components, as well as production, modeling and packaging
studies will be presented and discussed during the presentation in the symposium.
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Abstract — This paper presents a novel monolithically
integrated MEMS phased array. The structure, which is
designed at 15 GHz, consists of four linearly placed
microstrip patch antennas, 3-bit distributed RF MEMS
phase shifters, and a corporate feed network. MEMS
switches and metal-air-metal capacitors are employed as
loading elements in the phase shifter. The system is
fabricated with a surface micromachining process on a glass
substrate developed at the Microelectronics Facilities of
METU. The measurements results show that the phase
shifter can provide required progressive phase shifts at the
expense of 1.5 dB average insertion loss at 15 GHz for eight
combinations.

I. INTRODUCTION

Phased arrays consist of multiple stationary radiating
elements fed by tunable phase or time-delay control units
to steer the beam [1]. Phased arrays are generally
implemented using discrete components such as a feed
network, phase shifters, and antennas. Hybrid connection
of these components not only increases the system size,
but also introduces parasitic effects, packaging cost, and
losses. In order to eliminate these drawbacks, there is a
need to produce these components on the same substrate,
forming a monolithic phased array, which is possible with
the RF MEMS technology.

The phased array system presented in this work, which
is designed at 15 GHz, employs 3-bit Distributed MEMS
Transmission Line (DMTL) type phase shifters. These
phase shifters are monolithically integrated with the feed
network and four linearly placed microstrip patch
antennas on the same substrate. The use of MEMS phase
shifters in a phased array offers some advantages: First,
MEMS phase shifters have low-loss performance with
nearly zero DC power consumption compared to
semiconductor based counterparts [2], [3]. Moreover
MEMS phase shifters are also suitable for monolithic
phased array designs with their reduced cost and volume
compared to semiconductor and ferrite based
counterparts. To the authors’ knowledge this work is one
of the first few electronically scanning phased array
systems with RF MEMS phase shifters, reported in the
literature [4], [5].

III. PHASED ARRAY STRUCTURE

The phased array is composed of four microstrip patch
antennas, a corporate feed network, and four RF MEMS
phase shifters. The frequency of the system, 15 GHz, is

selected so that the whole system can be fitted into a
single 500 um-thick 4" glass substrate (g, = 4.6, tand =
0.005). The total size of the system is about 6 cm X 5 cm.
Fig. 1 gives the photograph of the monolithically
integrated phased array. Microstrip patch antennas are
equally spaced by A,/2 (1 cm) distance from each other’s
phase center. A corporate feed network, which is
composed of 70 Q ~Ao/4 transformers, is optimized
around 15 GHz. The coplanar waveguide (CPW) lines of
MEMS phase shifters are connected to microstrip lines of
the feed network and the microstrip fed patch antennas
via exponentially tapered transitions. The phase shifters
are designed to provide progressive phase shifts of
45°/90°/180° and their combinations at 15 GHz. When
both array factor and element pattern are taken into
account 3 dB beamwidth of the array is 30° and the main
beam can be rotated to approximately 12° and 24° for
progressive phase shifts of 45° and 90°, respectively.

II1. PHASE SHIFTER DESIGN, FABRICATION AND
MEASUREMENTS

A. Analog vs. Digital Phase Shifter

The DMTL design with only a fixed-fixed beam type
capacitor are called as analog DMTL phase shifter
because the beam can reach to any position between z =
h, and z = 2h,/3 depending on the applied DC voltage,
where h, is the beam height. The downstate to upstate
capacitance ratio C,, can have any value between 0 and
1.5 which results infinite number of phase shift states
obtainable between 0° and Ad.,.x. An analog phase shifter
which has a C, value to 1.5 can be operated around
maximum return loss, RL,,,,, value of -20 dB, and limited
degree/cm and the degree/dB performances. A DMTL
phase shifter with a higher C, value, for example around
2-3 give higher degree/cm and degree/dB performances,
due to the increased range between upstate and downstate
loaded line impedances, and sustains an RL,,,, value of
around -15 dB at the same time, which can be achieved
by a digital type DMTL structure. Digital type DMTL
phase shifters can provide higher C, values, typically 2.5
[6]. It is obvious that the phase shifter have finite number
of steps between 0° and Ad,,,x because the term “digital”
refers that the C, value can be only O or 2.5. The main
advantage of the digital design over analog
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Fig. 1. Fabricated monolithically integrated MEMS phased array. The total chip size is about 6 cm X 5 cm.

is the reduction of the area of the device for the same
amount of phase shift. The penalty paid for the gain in the
area is the decreased resolution of phase steps obtained
from the phase shifter.

The number of steps in a digital phase shifter structure,
i.e. the number of bits, can be specified according to the
requirements of the application. For example, for the
monolithic phased array presented in this paper, the
number of bits is finalized as 3, because 8 states for the
corresponding bits provide sufficient amount of
sensitivity for progressive phase shifts between antenna
elements. Higher number of bits will definitely offer
higher resolution for beam steering however it will
increase the biasing and fabrication complexity.

B. Digital Phase Shifter used in the Phased Array

The digital phase shifter used in the system is
composed of a periodically loaded high-impedance
transmission line (Z, > 50 Q) with MEMS bridges in
series with lumped capacitors forming a DMTL. Fig. 2
shows general view of the phase shifter and its unit cell.
Fig. 3 gives the corresponding circuit model of the unit
cell, which provides the required closed-form
expressions. The total loading capacitance when the
MEMS bridge is in the upstate position is the series
combination of two capacitors: C,, and C,. As the bridge
is actuated by applying a DC bias voltage and collapsed
on the DC isolation dielectric, the bridge capacitance
increases by a factor of 60-70, and the resulting loading
capacitance seen by the line is simply reduced to Ci,.
These two states in the loading capacitance yields two
distinct loaded characteristics impedance of DMTL,

namely, Z;, (upstate loaded characteristic impedance: 58
Q) and Z,, (downstate loaded characteristic impedance:
44 Q), where an acceptable return loss for both states can
be achieved [16]. The phase shift per unit section can be
controlled with the change of the phase velocity due to
the change in the loaded characteristic impedance as:

SWZ,,|E,
A¢=_ff[L_L]

rad/section (1)
¢ Zy, Zy

where @ is the frequency in radians, c is the free-space
velocity, Z, and &, are the characteristic impedance and
effective dielectric constant of the unloaded transmission
line, respectively. The periodicity, i.e., the total length of
the unit cell, is defined as s, and it is optimized as 800 pm
considering the Bragg frequency, fz, which is the cutoff
frequency observed in periodic structures when guided
wavelength is getting closer to the periodic spacing. The
selection of fz = 35 GHz as fz = 2.3f, (f, = 15 GHz)
ensures the proper operation of the phase shifter as true-
time delay at 15 GHz with acceptable return and insertion
losses. The phase shifters of the phased array are also
fabricated separately on the same wafer and measured
using TRL calibration with a port impedance of 77 Q.
All of 8 states are measured by applying DC voltage with
DC probes and bias tee. The actuation voltage of the
phase shifters is found to be 16 V. All the states have a
return loss better than 10 dB, with a worst-case insertion
loss of 2 dB at 15 GHz. The average insertion loss for 8
states is 1.5 dB. The measured phase shifter provides
approximately 20°/50°/95° phase shifts and their
combinations at 15 GHz. Fig. 4 shows the insertion phase



ir bri Suspended

| | Al bridge for the WEMS Metal-Air-Metal

5 [E Ry switch non-movable

S Cuu/Chd capacitor, C¢/2

|
el 1
== 50 um

.l I L
]

110 pm

Si-Cr resistor
used to bias the
—> unit cells
internally

Si-Cr resistor
used to bias the
unit cells
externally

————-—--F-
[

< 2 € 7 ?
G=150 um W=200 um G=150 um

(®)

Fig. 2. (a) The phase shifter structure. The air bridge on the
external resistor is removed in the drawing for better
visualization. (b) The top view of the unit cell of the phase
shifter showing the dimension.

— [ —
Zo, Eefr,
0o, €O=S/2 Cou/Cru
Self- internal  external
Rpu/Rodg resistance bias bias
of G resistors  resistor

CS/ZJ_ CSIZJ_E
T T

Fig. 3. The circuit model for the unit cell of the phase shifter.

shift characteristics of the fabricated phase shifter. The
measured phase shifts are lower compared to the expected
values, since the fabricated metal-air-metal (MAM)
capacitor height is increased to 2.6 um due stress on the
structural layer which is designed to be at 2-um height.
The bridge capacitance for the upstate, C,, can be
fabricated very close to the designed value. However, the
MAM capacitors, C;, show a deviation compared to the
simulated value. The MAM capacitors have a different
mechanical design and are fixed on three sides to have a
rigid structure that might result in increase in the height
due to the residual stress on the structural layer metal.
Fig. 5 shows a 3-D plot of the surface profiler data of the
fabricated phase shifter obtained wusing a light-
interferometer microscope. The measured resonant
frequency of the system is very close to the designed
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Fig. 4. The insertion phase shift characteristics of the phase
shifter for different states.

MAM Capacitor: 2.6 pm

Fig. 5. Surface profiler image of the fabricated phase shifter.

value, and it is at 14.62 GHz with a 10 dB bandwidth of
6 %. The radiation pattern measurements will be
presented at the conference.

III. FABRICATION

The phased array presented in this work is fabricated
using the surface micromachining process developed at
METU for implementation of various RF MEMS
components on 500-um thick Pyrex 7740 glass substrates.
Fig. 6 shows the fabrication process. (i) The process starts
with 2000-A thick Si-Cr resistive layer deposition by
sputtering and patterning by wet etching. (ii) The next is
the sputtering of a 100/3000-A thick Ti/Au layer, which is
required as the seed layer for electroplating of the base
metallization. The base metallization layer is formed
using a 2-pm thick gold layer, which is electroplated
inside the regions defined by the mold photoresist. The
remaining Ti/Au seed layer is etched using wet etching
with selective titanium and gold etchants. (iii) A 3000 A-
thick SizN, layer is coated as the DC isolation layer using
plasma enhanced chemical vapor deposition technique
(PECVD) and patterned using the reactive ion etching
(RIE) technique. (iv) The next step is the spin-coating of
the photodefinable polyimide, PI 2737, as the 2-pum thick
sacrificial layer. (v) Then, a 1-um thick gold layer is
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Fig. 6. The process flow used in the fabrication of the
monolithic phased array devices.

sputter-deposited and patterned as the structural layer.
(vi) The sacrificial layer is wet etched in the SVC-175
photoresist stripper, rinsed in IPA, and dried in a
supercritical point dryer. Fig. 7 gives SEM images of the
phase shifters of the array, respectively.
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Abstract—This paper presents a novel electronically scan-
ning phased-array antenna with 128 switches monolithically
implemented using RF microelectromechanical systems (MEMS)
technology. The structure, which is designed at 15 GHz, consists of
four linearly placed microstrip patch antennas, 3-bit distributed
RF MEMS low-loss phase shifters, and a corporate feed network.
MEMS switches and high-QQ metal-air-metal capacitors are
employed as loading elements in the phase shifter. The system
is fabricated monolithically using an in-house surface microma-
chining process on a glass substrate and occupies an area of 6 cm
X 5 cm. The measurement results show that the phase shifter can
provide nearly 20°/50°/95° phase shifts and their combinations at
the expense of 1.5-dB average insertion loss at 15 GHz for eight
combinations. It is also shown by measurements that the main
beam can be steered to required directions by suitable settings of
the RF MEMS phase shifters.

Index Terms—Microelectromechanical systems (MEMS), micro-
machining, microwave, phased array, phase shifter.

I. INTRODUCTION

VER THE past decade, RF microelectromechanical sys-

tems (MEMS) technology has offered solutions for the
implementation of novel components and systems [1], [2]. This
technology promises to solve many limitations of other tech-
nologies, especially for high-frequency applications. RF MEMS
enables the realization of reconfigurable components such as
switches, capacitors, and phase shifters with low insertion loss,
low power consumption, and high linearity compared to the
conventional techniques. One of the important components of
the RF MEMS technology is to implement RF MEMS phase
shifters for phased-array applications that require better perfor-
mance than the arrays with conventional phase shifters in terms
of losses and size.

Phased arrays consist of multiple stationary radiating ele-
ments each of which are fed by tunable phase or time-delay con-
trol units to steer the beam [3], [4]. Phased arrays are generally
implemented using separately produced components such as a
feed network, phase shifters, and antennas. Hybrid connection
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of these components not only increases the system size, but also
introduces parasitic effects, packaging cost, and losses. In order
to eliminate these drawbacks, there is a need to produce these
components on the same substrate, forming a monolithic phased
array, which is possible with the enabling RF MEMS technology
(51, [6].

This paper presents a novel monolithic electronically scan-
ning array using the RF MEMS technology. The phased-array
system in this study is designed to operate at 15 GHz, and it
employs 3-bit distributed MEMS transmission line (DMTL)
type phase shifters. These phase shifters are monolithically inte-
grated with the feed network and four linearly placed microstrip
patch antennas on the same substrate [6]. The use of MEMS
phase shifters in a phased array offers some advantages. First,
MEMS phase shifters have low-loss performance with nearly
zero dc power consumption compared to semiconductor-based
counterparts [7], [8]. Moreover, MEMS phase shifters are
suitable for monolithic phased-array designs with their reduced
cost and volume compared to semiconductor- and ferrite-based
counterparts. The phase shifters in the phased array presented
in this study are used to obtain various combinations of pro-
gressive phase shift in the excitation of radiating elements
to steer the beam. In this study, phase-shifter performance is
improved using high-@Q) metal-air—metal (MAM) capacitors in
addition to MEMS switches. Furthermore, the system losses
and size are reduced by implementing the RF MEMS phase
shifters in a phased array monolithically manufactured by
micromachining technology. To the authors’ knowledge, this
study is one of the first few monolithically fabricated electroni-
cally scanning phased-array systems employing a large amount
of RF MEMS components reported in the literature [5], [6].
Section II gives the configuration of the electronically scanning
array, while Section III presents the design, implementation,
and measurement results of the low-loss MEMS phase shifter
used in the phased array. Section IV provides the fabrication
and measurement results of the array, which is followed by
conclusions in Section V.

II. PHASED-ARRAY STRUCTURE

The phased array proposed in this paper is composed of
four microstrip patch antennas, a corporate feed network, and
four RF MEMS phase shifters. The operation frequency is
selected as 15 GHz to be able fit the entire system into a single
500-pm-thick 4-in glass substrate (¢, = 4.6,tané = 0.005).
The total size of the system is approximately 6 cm X 5 cm. The
device is fabricated using the surface micromachining process
developed at the Middle East Technical University (METU),
Ankara, Turkey. Fig. 1 presents a layout and photograph of

0018-9480/$25.00 © 2008 IEEE
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Fig. 1. Proposed monolithically integrated phased array. (a) Layout drawing
and (b) photograph of the fabricated device. The device is fabricated using an
in-house surface micromachining process. The total chip size is approximately
6 cm X 5 cm.

the monolithically integrated phased array. Microstrip patch
antennas having dimensions of 4.65 mm x 4.65 mm are equally
spaced by A\, /2 (1 cm) distance from each other’s phase center.
A corporate feed network, which is composed of 70 2 ~ A, /4
(2.2 mm) transformers, is optimized at around 15 GHz. The
width of 50- and 70-(2 lines are 0.95 and 0.43 mm. Tapered
lines with low return loss are required for the transitions from
microstrip lines to conductor backed coplanar waveguide
(CB-CPW) since RF MEMS phase shifters are implemented
on CB-CPW. These phase shifters are designed to provide pro-
gressive phase shifts of 45°/90°/180° and their combinations
at 15 GHz. When both the array factor and element pattern are
taken into account, the 3-dB beamwidth of the array is 25°,
and the main beam can be rotated to approximately 12° and
24° for progressive phase shifts of 45° and 90°, respectively.

Progressive phase shifts of 135° and 180° can also be provided
by the phase shifter; however, the main beam cannot be steered
to the corresponding scan angles due to the element pattern.

III. DIGITAL PHASE SHIFTER USING MAM CAPACITORS

Most phase shifters currently being used in phased arrays
are based on ferrite or semiconductor devices such as p-i-n
diodes or field-effect transistor (FET) switches. Ferrite-based
phase shifters are generally used in arrays where a low insertion
loss is required (~1 dB) and slow-switching time (150 us) is
permissible [9], [10]. However, these phase shifters are not
suitable for the implementation of low-profile and low-weight
phased arrays. FET-based phase shifters consume very low
power, but they have a large amount of RF loss (4-6 dB at
12-18 GHz) [11]. p-i-n diode-based phase shifters consume
more dc power and have slightly better performance compared
to FET-based phase shifters [12], [13]. However, the semi-
conductor device-based phase shifter cannot compete with the
loss performance of the MEMS-based phase shifter, which has
been shown with various designs [1]. MEMS phase shifters
are designed using switched line [7], [8] or distributed loaded
line [14]-[19] approaches. Switched line phase shifters are
implemented using MEMS switches on microstrip transmission
lines. These phase shifters either require via-holes for series
switch configuration, increasing the fabrication complexity
[7], or radial stubs for shunt switch configuration, limiting
the bandwidth of the phase shifter [8]. Among the MEMS
phase shifters, the ones designed using distributed techniques,
namely, DMTL, offer wideband and low-loss cascadable de-
vices with a simple design and fabrication method on relatively
low-permittivity substrates such as quartz (e, = 3.8) and glass
(e, = 4.6). These low-permittivity substrates also allow the
implementation of radiators monolithically integrated with the
phase shifters. Therefore, the monolithic phased-array structure
in this study employs a phase-shifter structure designed using
distributed techniques.

The reason for low-loss characteristics of a MEMS phase
shifter is that the MEMS switches used in the implementation of
a DMTL have a very low series resistance (0.1-0.3 €2) compared
to solid-state devices [14]-[19]. The average loss of a typical
3-bit MEMS phase shifter is 1.2 dB at 13.6 GHz [17], which is
a 3—4-dB improvement compared to designs using GaAs FET
switches. This leads to an improvement of 6-8 dB in the inser-
tion loss of a radar system. Therefore, one of the amplifier stages
can be removed from the system, reducing both dc power con-
sumption and manufacturing costs of the system.

A. Phase-Shifter Design

The digital phase shifter used in the system is composed of
a periodically loaded high-impedance transmission line (7, >
50 ) with MEMS bridges in series with lumped capacitors
forming a DMTL [15]. Fig. 2 shows a general view of the phase
shifter and its unit cell. Fig. 3 gives the corresponding circuit
model of the unit cell, which provides the required closed-form
expressions. The unit cell has two states for the bridge: the up
position and the down position. The total loading capacitance
when the MEMS bridge is in the upstate position is the series
combination of two capacitors: Cy,, and Cs. As the bridge is
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Fig. 2. (a) Phase-shifter structure. The air bridge on the external resistor is re-
moved in the drawing for better visualization. (b) Top view of the unit cell of
the phase shifter showing the dimension.
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Fig. 3. Circuit model for the unit cell of the phase shifter.

actuated by applying a dc-bias voltage and collapsed on the dc
isolation dielectric, the bridge capacitance increases by a factor
of 60-70 theoretically, and the resulting loading capacitance
seen by the line is simply reduced to Cs. These two states in
the loading capacitance yields two distinct loaded characteris-
tics impedance of DMTL, namely, Z;,, (upstate loaded charac-
teristic impedance: 58 €2) and Z;; (downstate loaded character-
istic impedance: 44 (2), where an acceptable return loss for both
states can be achieved [17]-[19]. The phase shift per unit sec-
tion can be controlled with the change of the phase velocity due
to the change in the loaded characteristic impedance as [17]:

Zo\/Ee 1 1 .
A¢p = SWloyeeit (1 1\ L d/section (D
c Ziw  Zia

where w is the frequency in radians, c is the free-space velocity,
and Z, and e is the characteristic impedance and effective di-

electric constant of the unloaded transmission line, respectively.
The periodicity, i.e., the total length of the unit cell, is defined
as s, and it is optimized as 800 pum considering the Bragg fre-
quency, fp, which is the cutoff frequency observed in periodic
structures when the guided wavelength is getting closer to the
periodic spacing. The selection of fg = 35 GHz as fg = 2.3f,
(fo = 15 GHz) ensures the proper operation of the phase shifter
as true-time delay at 15 GHz with acceptable return and inser-
tion losses. The following equations can be solved to define the
required capacitance values and periodicity. Equations (1)—(4)
are based on the work of Hayden and Rebeiz [17] and Hung et
al. [18], and are summarized here for completeness:

Z
s = ’]'rfBZlﬁ meters (2)
72 _ 72
Co = —2—— farad 3
572 arads 3)

AR VARSI A
Chu = S% farads )

The designed unit cell shown in Fig. 2(b) can provide nearly
an 11.5° phase shift at 15 GHz, which is verified with Ansoft’s
High Frequency Structure Simulator (HFSS) simulations where
Cyy (55 fF) and C; (115 fF) are tuned to achieve the specified
Z, and Z;4. The nonmovable static capacitor Cf is realized as
a MAM capacitor, which has a high-@ factor (>400 at 15 GHz)
compared to metal-insulator—metal (MIM) capacitors [17]. The
height of membranes in the MAM capacitor and the switch is
2 pm. The characteristic impedance of the unloaded transmis-
sion line is selected to be Z, = 77 2 (CB-CPW dimensions:
W = 200 pm, G = 150pm). The attenuation constant «, and
the effective dielectric constant g of the unloaded line is found
to be 20 dB/m and 2.8 at 15 GHz, respectively [20].

The overall 3-bit RF MEMS phase shifter employed in the
system consists of three sections with a total of 28 unit cells
within an area of 22.4 mm X 2.1 mm. The first section has four
cells and is designed to have a phase shift of A¢ = 46.9°. The
second section has eight cells providing 90.4°, and the next 16
cells forms the third bit, which is designed to give 182.6° at
15 GHz.

The dominant loss mechanism of the phase shifter is the loss
of the unloaded CB-CPW. However, the series resistance of the
bridge and the @ factor of the C; also play a significant role.
To be more specific, in order to accurately model the loss of
the structure, a series resistance of Ry, = 1.5 {2 in the upstate
and Rpg = 0.8  in the downstate is used, which is found by
curve fitting. The ) factor of the static capacitor (Cy) is found
to be 433 with a value of R, = 40 k Q. The high-Q) values
of MAM capacitors improve the loss performance of the phase
shifter. However, the bias resistors have an adverse effect on the
Q factor of the capacitors and the loss of the phase shifter, which
is explained in Section III-B.

B. Effect of Bias Resistors

In order to actuate each section of the phase shifter separately,
thin-film resistors are employed. Fig. 2(b) shows that Si—Cr bias
lines are placed inside the gaps of CB-CPW extending from one
bridge to the other to carry the dc actuation voltage. The con-
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Fig. 4. Simulated insertion loss of the phase shifter, which is obtained from
S>1 when the ports of the structure are tuned as 44 (Z,4).

ductivity of the Si—Cr layer is optimized during the fabrication
process to have alow value (og; oy = 4300 S/m), which is cru-
cial in determining the loss of the structure. The return loss of
the structure is not significantly affected by the presence of the
bias resistors since the return loss is determined by the loaded
line impedances Z;; and Z;,,, which are only affected from the
unloaded transmission line parameters and the loading capaci-
tors C,, and Cs. Fig. 4 shows the effect of the bias lines using
the simulation results of insertion-loss characteristics. The de-
signed phase shifter has an insertion loss of nearly 1.08 dB for
the worst case (i.e., when all switches are down) if no bias lines
are present. The insertion loss is calculated directly from So;
characteristics with the return loss removed by tuning the port
impedance to 44 (2, i.e., downstate loaded line impedance. The
bias lines, which are placed inside the gaps of the CB-CPW, have
an adverse effect on the insertion loss due to the decrease of the
@ factor of the static capacitor C's. The internal Si—Cr bias lines
shown in Fig. 3 are shunt connected to the self resistance (R,,) of
the static capacitor C, reducing the @) factor. Since each static
capacitor sees two bias lines, the equivalent resistance of the ca-
pacitor C; reduces to R,/ /(Ry/2) from R, (40 k2) where R,
(internal bias resistor) is equal to 20 kQ(JSi—Cr = 4300 S/m,
length = 350 pm, width = 20 pum, and thickness = 0.2 pm).
The @ factor reduces accordingly to 87 from 433. The inser-
tion loss of the entire structure, which is calculated as 1.08 dB
without any bias lines, increases to 1.56 dB due to reduced @)
factor of Cs. The external bias resistors that are placed under-
neath the air bridges on the ground depicted in Fig. 2 are used
only for the three cells to actuate each bit separately. Due to
the strong coupling between the ground plane and external bias
resistor underneath, the external bias resistor is modeled with
a smaller effective resistance (R. = 1.45 k). The @ factor
of the static capacitor reduces accordingly to 13 for those three
cells. The insertion loss of the structure is 1.91 dB, where the
@ factor of three cells with external bias lines is 13 and the @
factor of the remaining 25 cells (out of 28) is 87.

C. Phase-Shifter Measurements

The phase shifters of the phased array are also fabricated sep-
arately on the same wafer for characterization purposes. They
are measured using thru-reflect-line (TRL) calibration with a

TABLE I
SIMULATED AND MEASURED CIRCUIT PARAMETERS FOR
THE UNIT CELL OF THE DMTL PHASE SHIFTER

Parameter Simulated Measured
Chu 55 fF 50 fF
C; 115 fF 71 fF
Rpa/Roy 0.8Q/1.5Q 0.8Q/1.5Q
Zo 77 Q 77 Q
Eoff 2.76 2.76
oo @ 15 GHz 20 dB/m 29 dB/m
R, 40 kQ 40 kQ
Ry 20 kQ 20 kQ
R. 1.45 kQ 1.45 kQ
Coa 3 pF 1 pF
Zn 58 Q 62.8 Q
Zi 44 Q 529 Q
°/unit cell @ 15 GHz 11° 6°
Insertion Loss 1.91 dB 2.03 dB

port impedance of 77 €2, where all eight states are measured
by applying dc voltage with dc probes and bias tee. Actuation
voltage of the phase shifters is measured to be 16 V. All the
states have a return loss better than 10 dB with a worst case in-
sertion loss of 2 dB at 15 GHz. The average insertion loss for
eight states is 1.5 dB. Table I shows the simulated and measured
circuit parameters for the unit cell. The bridge capacitance for
the upstate (Cy,,) can be fabricated very close to the designed
value. However, the MAM capacitors (Cs) show a deviation
compared to the simulated value. The measured downstate ca-
pacitance value is also degraded compared to simulated value
due to the surface roughness [21]. Nevertheless, the measured
downstate capacitance is high enough to have a virtual short cir-
cuit through the bridge. The MAM capacitors have a different
mechanical design and are fixed on three sides to have a rigid
structure that might result in an increase in the height due to the
residual stress on the structural layer metal. Fig. 5 shows a 3-D
plot of the surface profile data of the fabricated phase shifter
obtained using a light-interferometer microscope. The bridge
height is around 2 and 2.6 pm for the central bridge and MAM
capacitor, respectively. The decrease of the MAM capacitances
shifts the loaded line impedances Z;,, and Z;4. The shift reduces
° /unit cell performance of the measured phase shifter to 6° ac-
cording to (1), which is 11° for the designed phase shifter. Fig. 6
shows the measured insertion phase characteristics for all the
states of the phase shifter. The measured phase shifter provides
approximately 20°/50°/95° phase shifts and their combinations.

Table II shows simulated and measured loss components at
15 GHz. The loaded line loss, which is defined when Ry =
09, R, = Ry = Ry — o0, is directly related to the unloaded
line loss with a multiplicative factor of Z,/Z;4. The loaded line
loss is increased in the measurements due to the increase of the
attenuation constant («,) of the unloaded line. The @ factor
losses are increased not only due to the decrease of the quality
factor, but also due to the change of the loaded line impedance
to 52.9 €2 from the designed value of 44 Q. The @ factor of
the MAM capacitors with internal bias resistors reduces to 53
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Fig. 5. Surface profiler view of the unit cell of the phase shifter obtained using
an interferometer microscope.
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Fig. 6. Measured insertion phase-shift characteristics of the phase shifter for
different states.

TABLE II
SIMULATED AND MEASURED L.OSS COMPONENTS AT 15 GHz. LOADED LINE
Loss 1S DEFINED WHEN R, = 0Q, R, =40k Q, R, = R. — o©

Parameter Simulated | Measured
Loaded Line Loss 0.63 dB 0.83 dB
Bridge Resistance (Rpg) Loss| 0.45 dB 0.21 dB
25 cells Q-factor Loss 0.43 dB 0.51dB
3 cells Q-factor Loss 0.40 dB 0.48 dB
Total Loss 1.91 dB 2.03dB

(simulated value: 87) due to the decrease of the capacitance
value. The @ factor of the MAM capacitors having both in-
ternal and external resistors is equal to 8 (simulated value: 13).
Fig. 7 shows the insertion-loss analysis for the measured struc-
ture illustrating the effect of ()-factor values of MAM capaci-
tors. These cases are: 1) () = 433 (no bias line present) for 28
cells; 2) Q = 53 for 28 cells; and 3) Q = 53 (for 25 cells)
and @@ = 8 (for three cells). The analysis also shows that if a
conductivity of 2500 S/m is achieved, the worst case insertion
loss can be reduced down to nearly 1.6 dB, where () factors
can be increased to 132 for 25 cells with internal bias resistors
and to 22 for three cells with both internal and external resis-
tors. The average insertion loss of the phase shifter would be
approximately 1.3 dB, which is quite close to the reported losses
of these types of MEMS phase shifters [17]. The conductivity
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Fig. 7. Insertion loss of the phase shifter (extracted from measurement re-
sults), which is obtained from S»; when the ports of the structure are tuned
as 52.9 SZ(ZM)
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Fig. 8. Process flow used in the fabrication of the phased array.

value of the Si—Cr film depends on the chamber conditions of
the sputter equipment and the gas flow during processing, and
it can be reduced by process optimizations to further reduce the
losses of the phase shifters, which is under progress.
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Fig. 9. SEM photographs of the phase-shifter structure. (a) Two unit cells
where Si—Cr internal resistors connecting the unit cells to carry dc signal can be
seen. (b) Detailed view of the anchor region of the MEMS bridge where both
external and internal resistors are attached. Etch holes on the suspended regions
are used to improve the removal of sacrificial layer underneath those regions.

IV. FABRICATION AND MEASUREMENTS OF THE ARRAY

The phased array presented in this study is fabricated
using the surface micromachining process developed at
METU for implementation of various RF MEMS com-
ponents on 500-um-thick Pyrex 7740 glass substrates
(e, = 4.6,tand = 0.005). The backside of the wafer is
coated with a 100-A/2-;:m Ti/Au layer by sputtering for ground
metallization of microstrips and CB-CPWs. Fig. 8(i)—(vi)
shows the surface micromachining process. (i) The process
begins with 2000-A-thick Si-Cr resistive layer deposition by
sputtering and patterning by wet etching. (ii) The next step is the
sputtering of a 100/3000-A-thick Ti/Au layer, which is required
as the seed layer for electroplating of the base metallization.
The base metallization layer is formed using a 2-pm-thick gold
layer, which is electroplated inside the regions defined by the
mold photoresist. The remaining Ti/Au seed layer is etched
using wet etching with selective titanium and gold etchants. (iii)
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Fig. 10. Measured return loss of the monolithic phased array.
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Fig. 11. Measured radiation pattern of the monolithic phased array for different
progressive phase shifts.

A 3000-A-thick SizNy layer is coated as the dc isolation layer
using a plasma enhanced chemical vapor deposition technique
(PECVD) and patterned using the reactive ion etching (RIE)
technique. (iv) The next step is the spin coating of the pho-
todefinable polyimide (PI 2737) as the 2-um-thick sacrificial
layer. (v) A 1-um-thick gold layer is then sputter deposited
and patterned as the structural layer. (vi) The sacrificial layer
is wet etched in the SVC — 175 photoresist stripper, rinsed in
isopropyl alcohol, and dried in a supercritical point dryer. Fig. 9
shows the scanning electron microscrope (SEM) photographs
of the phase shifters fabricated using the process flow described
above. The radiation pattern measurements of the phased array
are performed via an in-house anechoic chamber. In order to
apply the dc voltages, the fabricated phased array is attached
to a printed circuit board (PCB) card. There exist mechanical
switches located at the back of the card in order not to affect the
radiation characteristics. The dc connections to the phased array
are obtained using wire bonds. Fig. 10 shows the reflection
coefficient characteristics of the phased array. The measured
resonant frequency of the system is at 14.62 GHz with a 10-dB
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bandwidth of 6%, which is very close to the designed value of
15 GHz with a 10-dB bandwidth of 2.5% [6]. Fig. 11 gives the
measured radiation patterns of the phased array for different
phase-shifter settings. It is observed that the beam can be tilted
by 4° and 14° when the progressive phase shifts are adjusted
nearly 20° and 50°, respectively. These values are quite close
to the expected amount of steering. The back-radiation levels
around —15 dB are acceptable considering the PCB card and
the mechanical switches attached to this card for dc biasing of
MEMS phase shifters.

V. CONCLUSION

This paper has presented the design and implementation
of a novel monolithic phased-array system with RF MEMS
phase shifters. The phased-array system is fabricated using
the micromachining process developed at METU. The system
employs 3-bit DMTL-type RF MEMS phase shifters, which are
composed of high-impedance transmission lines (Z, > 50 Q)
loaded with MEMS bridges in series with MAM capacitors. The
phase shifter can provide nearly 20°/50°/95° phase shifts and
their combinations at the expense of 1.5-dB average insertion
loss at 15 GHz, showing low-loss performance compared to
semiconductor counterparts. The reduction of the losses in
the phase-shifting elements of a phased array can be used to
eliminate one of the amplification stages, decreasing both the
system costs and dc power consumption. Radiation pattern
measurements shows that the beam can be steered to the desired
angles by the appropriate settings of MEMS phase shifters.
This study shows that the use of RF MEMS phase shifters
monolithically integrated with patch antennas and feed network
can offer better performance phased arrays by reducing the
dc power consumption, packaging costs, and the size of the
system compared to arrays with ferrite- or semiconductor-based
phase shifters. This study is one of the first that demonstrate
the monolithic implementation of a phased array on a single
substrate with an acceptable performance, which can be further
improved by increasing the number of antenna elements. Such
monolithically integrated MEMS-based phased arrays can be a
good candidate in weight- and power-constrained applications
such as fire-control radars and automotive radars.
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RF MEMS TEKNOLOJISI ILE YANSITICI DiZi ANTENI TASARIMI

O. Bayraktar, K. Topalli, M. Unli, I. Istanbulluoglu, E. U. Temogin, H. 1. Atasoy,
S. Demir, O. A. Civi, S. Kog ve T. Akin
Orta Dogu Teknik Universitesi, Elektrik-Elektronik Miihendisligi Boliimii, Ankara
Tel: (312) 210 4526, Faks: (312) 210 2304, E-posta: ¢124401@metu.edu.tr, ozlem@metu.edu.tr

Ozet: Bu bildiride RF MEMS teknolojisi kullanilarak tasarlanmis, hiizme yonii ayarlanabilir bir yansitict dizi anten
tasarimi sunulmaktadwr. Iki katmandan olusan yansitict dizi antenin iistteki birinci katmani yama antenleri
tasimakta, asagr bakan ikinci katmani ise hiizme yoniinii ayarlamakta kullanilan mikrogerit hatlar ve MEMS
anahtarlart tasimaktadir. Bu iki katman, aralarinda bulunan yarik ile birbirine baglanmistir. Tasarimda yiizeye dik
olarak gelen elektromanyetik dalgamin yansima agisi, anten dizisindeki herbir elemanin yansitma fazlarinin
ayarlanmast ile degistirilmektedir. Yansutma fazlarmmin ayarlanmasi, alt katmanda bulunan mikrogerit hattin
uzunlugunun RF MEMS anahtarlar ile degistirilmesi suretiyle gerceklestirilmigtir. Yapinin benzetimlerinde Ansoft
HFSS programi kullanilmig ve 26GHz de yapiulan 4 x 1 dizide ana hiizmenin 15 derece donmesi saglanmistir. Yapt
ODTU Mikroelektronik Tesislerinde iiretilecektir.

1. Giris

Yansitici dizi antenleri gelen dalgayi istenilen yone yansitmak amaci ile tasarlanir. Mikroserit hatlar ile beslenen faz
dizili antenlerin aksine yansitici dizi antenlerde, dizinin ylizeyi kaynak anten ile aydinlatilir. Bdylece mikroserit
besleme aginda olusan kayiplar 6nlenmis olur. Yansitici dizi anteninin diger bir avantaji geometrik olarak basit ve
iki boyutlu bir yap1 olmasidir. Bilindigi gibi odaklama isleminde kullanilan metal yansiticinin kiire seklinde olmasi
gerekir ve odaklama mesafesi kiirenin merkezine gore sabittir. Yansitici dizi anteni ise herhangi bir iki boyutlu
yiizeye kolaylikla uydurulabilir ve odaklama noktasi yapilan tasarima gore ayarlanabilir. Yansitict dizi anteninde
anten ana hiizmesinin yonii antenin geometrisinde yapilan degisiklik sonucunda degistirilebilir. Eger geometrisi
degistirilebilir bir yansitict dizi anteni yapilirsa, ana hiizmenin yonii istenilen sekilde degistirilebilir. Bu da birgok
avantaj1 beraberinde getirir. Ornegin, odaklama amaci ile kullanilan bir yansitic1 dizi anteninde, birden fazla noktaya
farkli zamanlarda odaklama yapilabilir. Geometrisi ayarlanabilir bir yansitict dizi anteninin yapimi amaglanan bu
calismada yarik baglasimli mikroserit yama antenlerden olusan yansitict dizi (reflectarray) antenin mikroserit
hatlarmin uzunluklarinda, RF MEMS anahtarlarla degisiklikler yapilarak, anten ana hiizmesinin istenilen agiya
dondiiriilebilecegi gosterilmektedir.

2. Yansitic1 Dizi Anteni

Yansitici dizi anteninin elemanlari, kaynak antenden gelen elektromanyetik dalgay alir ve ana hiizmenin istenilen
aciya donmesini saglayacak sekilde fazi degistirerek geri yansitir. Sekil 1°de tasarlanan yansitici dizi antenin bir
elemaninin (a) iist ve (b) kesit goriliniigii gosterilmektedir. Bu yapida iistteki cam katmanin (Pyrex &=4.6) iizerinde
bulunan yama antene gelen elektromanyetik dalga, iki cam katman arasindaki toprak diizlemine agilmis olan yarik
sayesinde alttaki cam katmanin alt yiizeyindeki mikroserit hatta baglanir. Mikroserit hattin ucunun agik devre olmasi
sebebi ile hattaki alan tamamiyle geri yansimakta ve yariktan tekrar antene baglanmaktadir. Ana hiizmenin yonii,
dizi antenindeki herbir elemanin yansima katsayisinin fazinin ayarlanmasi ile belirlenir. Yansitici dizi anteninin
birim elemaninin yansima katsayisinin fazindaki degisim, geometrik yapidaki degisim ile gerceklestirilir. Sekil 1-a
ve b’de gosterilen yarik baglagimli mikroserit antendeki faz degisimi, mikroserit hattin uzunlugunun degistirilmesi
ile saglanmigtir. Tasarimda Oncelikle faz tasarim grafigi elde edilir. Bu amagla birim eleman HFSS programinda
uygun sinir kosullar1 verilerek elemanlar arasinda yarim dalgaboyu mesafe olacak sekilde sonsuz dizi haline
getirilmistir. Bu sekilde yapilan benzetim sonucunda, yarik baglasimli yansitici dizi anteni igin HFSS’de elde edilen
faz tasarim grafigi Sekil 1-c’de gosterilmistir. Faz tasarim grafigi birim elemandan yansiyan dalganin fazinin ve
biliylikliglinin geometrik uzunluk ile olan degisimini gosterir. Hiizmenin yoOniinii genis ag¢1 gegerlerine
dondiirebilmek i¢in faz tasarim grafiginin saliniminin yeterince biiyiik olmasi gerekmektedir. Sekil 1-c’de goriildiigii
gibi yaklasik 300° salinim elde edilmistir. Ayrica faz tasarim grafiginin iiretimden kaynaklanan geometrik hatalara
kars1 duyarlilig: diisiik olmalidir. Bu da faz tasarim grafiginin egiminin ¢ok fazla olmamasini gerektirir.
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Sekil 1. Yansitici dizi anteninin (a) {istten ve (b) kesit goriiniimii.(c) Faz tasarim grafigi.

Yansitici diziyi olusturan elemanlar arasinda, dizinin hiizmesini dondiirmek i¢in gerekli faz farklarinin yaratilmasi
amaciyla mikroserit hatlarin uzunluklar1 uygun sekilde secilmelidir. Ardindan hiizmenin dénmesini istedigimiz ac1
degeri igin, ardisik elemanlar arasinda olmasi gereken faz farki belirlenir. Bu g¢alismada 4x1°lik bir dizi
tasarlanmistir. Dizi elemanlar arasinda yarim dalgaboyu mesafe oldugunda, yansitic1 dizi antene dik gelen dalgay1
20°dondiirmek igin, ardisik elemanlar arasinda 61 derece faz farki olmalidir. Daha sonra herbir elemanin mikroserit
hattinin sahip olmasi gereken uzunluk Sekil 1-c’deki grafik yardimiyla belirlenmektedir. Tasrimda elemanlar
arasinda 61 derece faz farki elde etmek amaciyla, birinci dizi elemani i¢in L=4100 pm, ikinci eleman igin
L=5000 um, iigiincii eleman i¢in L=6100 um, dordiincii eleman i¢in L=6500 um olarak seg¢ilmistir. Uzunluklarin
hepsi birinci elemanin uzunlugu ile ayn1 secildiginde ana hiizmenin donmemesi beklenmektedir. HFSS de yapilan
benzetimde yapinin karmagikligini azaltip, yapiy1 benzetimi yapilabilir hale getirmek amaciyla, mikroserit hatlardaki
RF MEMS anahtarlar yerine 50 pm uzunlugunda bosluklar birakilmistir. RF MEMS anahtarlarin ac¢ik konumu bu
bosluklar ile modellenmistir. Anahtarlarin kapali konumu ise bu bosluklarin doldurulmasi ile modellenmistir.
Sekil 2-a’da da goriildiigii gibi mikrogerit hatlarin uzunluklari 4100 um secildiginde ana hiizme donmemistir.
Sekil 2-b’de ise mikroserit hatlarin uzunluklari ana hiizmenin 20° dénmesi i¢in ayarlandiginda 15°’lik dénme elde
edilmistir. Aradaki farkin sebebi Sekil 1-c’de goriildigi gibi faz ile birlikte ayni zamanda biiyiikligin de
degismesidir. Bununla bereber RF MEMS anahtarlar yerine koyulan 50 um uzunlugundaki bosluklarda olusan geri
yansimalar istenilen actya dondiiriilememesinin baska bir nedenidir. Tasarlanan yansitic1 dizi anten, ODTU-MEMS
grubu tarafindan gelistirilen mikroigleme teknolojisiyle tiretilecek ve dlgiimleri yapilacaktir.

-180

1.0

Sekil 2. Anahtarlarin agik (a) ve kapali (b) konumlari i¢in ana hiizme grafigi.
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3. Sonu¢

Bu ¢alismada RF MEMS teknolojisi kullanilarak, yarik baglagimli mikroserit yama antenlerden olusan yansitici dizi
tasarlanmigtir. HFSS kullanilarak yapilan benzetimler sonucunda, yansiyan ana hiizmenin yoniinin RF MEMS
anahtarlar yardimi ile dizinin geometrisi ayarlanarak degistirilebilecegi gosterilmistir.

4. Bilgilendirme

Bu arastirma TUBITAK (EEEAG-104E041), DPT ve Avrupa Birligi 6. Cerceve Programi kapsaminda AMICOM
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