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EVALUATION

This final report contains information comparing the performance,

cost and weight of several techniques that can be used to fabricate

microstrip antenna phased arrays at 15 GHz. A great deal of back-

ground information on the various techniques is included to supplement

the tabulated data. The problems inherent in fabricating 15 GHz

arrays on a high dielectric sapphire substrate are outlined and

modifications to standard construction techniques that alleviate

these are proposed and experimentally verified.
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SUMMARY

One way to improve jamming and intercept inmiunity of communication links

without penalizing channel capacity, is to use frequencies' in the ]5 GlIz b and

in conjunction with phased array antennas for (Ireater directional aqility.

In view of the successful development of microstrip phased drrays at X-band,

there is a strong interest in extendinq the operatinq frequency of these con-

formal, low profile antennas.

The objective of this program was to investigate and compare a variety of

construction techniques with respect to performance, cost, weight and ease

of fabrication. The most suitable approach was chosen for fabrication and

test as a breadboard model.

During the analysis phase, monolithic, monolithic/hybrid, multi-layer and

modular design concepts on both high and low dielectric constant materials

were evaluated for implementation. Although the materials and fabrication

techniques differ substantially, we were surprised to find that the overall

efficiency of the baseline 8x8 arrays differed by less than 12 percent

while the projected costs varied by more than an order of maqnitude. In

addition, microstrip radiators were designed and tested on teflon-fiberglass,

quartz, and sapphire dielectric materials with efficiencies of 95 percent.

Although the all monolithic array concept offered significant repeatability,

reliability and cost advantages and a potential for comparable performance

with respect to the other candidate designs, this approach could not he

implemented on this program in view of the extensive process development

effort required. Therefore, the monolithic/hybrid approach on sapphire was

selected for breadboard fabrication.

Regrettably, our attempts to implement a 4x4 element breadboard phased

array were unsuccessful. Due to the hiqh dielectric constant of sapphire
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(9.39) and the 15 GHz operating frequency, it was necessary to employ pre-

cision masks and photoetch procedures to create and reproduce geometries

with dimensions between .001 and 0.01 inch. Because of the long fabrication

times associated with this precision requirement, the complete development

of a 15 GHz 3-bit phase shifter was not accomplished. However, a series

of experiments that resulted in acceptable element, array, power divider

and 3-dB branch-line coupler were conducted and lend insight into the

fabrication of 15 GHz microstrip arrays on high dielectric constant

materials.
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PREFACE

This final report, prepared by Ball Aerospace Sys teim Division (lASI1)

Boulder, Colorado, contains the results of a developmental study conducted

at BASD between March 1, 1979 and May 31, 1980, under Air For:, Contract.

No. F30602-79-C-0114.

The purpose of this study was to investigate design concepts and fabrica-

tion techniques for microstrip phased arrays at 15 GHz. This work was a

continuation of a previous AFSC Contract entitled "Microstrip Phased Array

Antennas," Contract No. F30602-75-C-0137.
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. ARRAY IAV.-_1, lAr[ON

Fabrication techniques for microstrip phased arrays at 15 G Hz

wore investigated in detail. Initially, a qualitative assess-

men of each approach was conducted to determine the inherent

advantages and disadvantages of the concept. This preliininary

Iiirvey was fol lowed by a rigorous quantitative analysis to de-

rmi ne performance estiinaten and size, wei ght and cost trade-

iffs. rhe results of the array investigation arc presented in

'h,, fo IIwionq section.

D ecscrip tion of Fabrication Technin ues

o.n .o 'ori h ithic/fybr id Approdch

Th, r n ol i Ihic/hytrid approach is I standard construct ion method

For ic:r');t rif) 1h h 'lI I Y(rays. The Lerri monol i thic refers to the

fthin c Fo) r i, III ciidcll or 1 iyer stp1 )orted by a dielec:.ic mate-

ri A . r i 1- I y r Cit lt I i I. he rai at in e l eiment.; -, , net'aor .L

ih P, I I I .r ci ci Ii ry , . h i as c h ok e s, a n d 111 a i 1ie se .

*Ii(,, rn,.'it';; i)l i I c() m oIents are fabricatId si',lj t I ie , Ily

i,i i i nf, it o1 I11 iF Io Ir It h i c process.

, ho '' c ,lelI d b1y instal in thnq seiicon oictor phase

I c (I n rr 'o r', ctr s (typia 1y P N di ode ch I ps) on t h

ph ! rheti (I (I oit l I r . The addi tion of the di ';crel o C miponents

Pt11 in)ie f i: rift' iiq rt.(ri' essentially creootes a arge

Il, ,i y, h bItI ', thi, t.,rna tnel i thi i /hyhrid wI t a d o ,d L )

h,, , , i ,iri.th. An ( 'Xi l l1' if It 1 1 t.It hic'hybrid

rrI I f ' 1 1 ill oi) rl .

A v I II I I i ' I r I v(, h(' itor i it i c /hy hr id ijp) roalch is I t r c

'in i 1 ! i i I I r c I '(' i It wh I Ch the s erlli C )ntdirlt or C( i) inel co S a r"
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Finure 1. Typical Monolithic/Hybrid Construction



fabricated in-situ on the aperture substrate. Although this

concept of a Monolithic Microwave Integrated Antenna (MMIA) has

not yet been reduced to practice, the technique is included in

view of its potential benefits and probable near-term i mple-

mentation.

1.1.3 Multi-Layer Approach

A multi-layer approach is another standard construction tech-

nique for microstrip phased arrays. In general, the radiating

elements are fabricated on the top layer while a second, lower

layer contains the feed network and phase shifters. Since both

layers typically use microstrip construction, the two RF boards

are mounted back to back (ground plane to ground plane) and in-

terconnected with feed-through pins. An additional layer may be

included to support the attendant digital control electronics

and DC power distribution adjacent to the antenna array. An ex-

ample of this construction technique is illustrated in Figure 2.

1.1.4 Modular Approach

The modular approach implies that a multiplicity of phase shift-

ers are fabricated on a high dielectric substrate using hybrid

circuit technology. This substrate can either be integrated

into the aperture as an insert or as separate layer in a multi-

layer structure.

1.2 Qualitative Assessment of Candidate Designs

The objective of the analysis phase was to compare the various

design concepts with respect to performance, cost, weight, and

ease of fabrication. Our approach to this task included an ini-

tial qualitative assessment in which the inherent advantages and

disadvantages of each design were summarized, followed by a com-

12



SPACER (AIR SPACE)

PHASE SHIFTER BOARD,

BACK-TO-BACK GROUND PLAN S*

EDEET BOARD,

9f3R ID,
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SUBA,'LY COVER,

ELEMENT STACK

Each layer contains 64 of the devices indicated

for a complete 8x8 a-ray.

Figure 2. Typical Multi ayer Contruction
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prehensive quantitative analysis to determine the magnitude,

hence the significance of the strong and weak points. Each can-

didate design concept is evaluated in terms of its advantages

and disadvantages.

1.2.1 Monolithic/Hybrid on Low K Material

Th, ,nonoIithic/hybrid approach on low dielectric constant mate-

rials (E < 3) such as teflon-fiberglass laminates has been a

standard construction technique for microstrip phased arrays for

many years. The principal benefits of this desigi, are its mode-

rat, simplicity, lightweight, and ability to conformn to a car 'ed

surface. All of these desirable characteristics are directly

related to the one layer, single photoetch process fabrication

procedure.

The design, however, is not without drawbacks on low dielectric

constant materials. For functional iiplementation the phase

shifters, corporate feed and DC control lines are interspersed

between the radiatiny eIements. In an array latti(-e with 0.5 Xo

ele ,aent spacing as shown in Figure 3, tne avai Iable inter-ele-

(nent surface area is given by equation (1):

2A (L5ko)' (0.bxd) where ko = r\d. (1)

For a typical teflon-f iberg lass plastic laminate, : = 2.4, the

abov2 oxpress ion reduces t)

A 0. 146 o 0r (. .3 x(1 (2)

14
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It hda. been shown that the minimum surface area requirement of

O.U22Xd 2  is associated with switched line phase bits. [1] A 3-

bit device having switched line 180 °  and 90* bits and a loaded

line 45* bit will consume an area of 0.015 kd2  Including three

b1i ,:hokes at 0.33 xd2  each, the total phase shifter area re-

quireurierit iS ). 115 kd2  or half the dvdi lable area. When the

f u it netwurk arid (I C hi as 1 ine, are added with adequate separa-

S, ) I l) pr v01 t .1) up I in q , it 1 apparent that the design is im-

itrud al due tI) InsuffIcient ared.

o v- Y., :. v , ime. however, by replacing the half-

V, - .. I' w qt it,,irtr-wdvt, shorted elenunto s. [_] Since

i t o r t -pl i w , i we mi,iun I , c ,t rL hali , the element
P,, .i ,,,, ilm, , I redku ,.d tromn O.?5 Ud? t2 ).l25 ?d 2

. Hence,

i I. ,,i) h J d t r,u 0 ,qua tion (1) , now 0.475 xd2 . This 36%

i ',r t a,. Ar,,a i, suft icient to Implement the wino-

i 1 y l (I h i i rI) t L f I on - f i )er j 1 a s s m a t e r I d .

i.. . I i ,f ( t Li, qu Irter-wave element tradeoff is the

i.IJ,.I il .t ,i I Opl x ty com pared to a f ll size ele mient .

A iWI 1 - j ir 1, . oi , ne yedg of the quarter Aave t&pment uses

I ,. r,)I I i I th I) Ieis (PTH) to appr( x111,1t., a continuous shurt

i r ' I I t fabricate the PTH's, two aiddmtorljI processinq

I"i) .,, ,, , JI ,,l dr I I ng or pu ( i t j n.1 elect t - p Iat in g.

Iu, o l ih, labor aid potlential I owL yleldt nave

I , l it j It, Of h iLjhtr fdbricatlonl costs.

I t II , t t tr I- l r quarter-wav, .eleiiemt offers improveJ

i'i I fl tIt ., - uIv ilIit i nidw lth with r-'(,pct t.,) the st andard
.f w , ,I JI ' l . 't I ,in d li j, I. io e 1),it I ,'r l' , it t I q ij,ivt' e r- - a~v k,

-I r o #-( ' v i v ' y I mu I o q tr 4 r- -d , . The L - pl a-,

I ~ w ue~ I. 'I 1 ( H11i( ) I ni'lr Ily 1/a0" w I I -h I In ir i a t Ive

t t h ' I Ii I IdI it si)r . 1 (' Hi - p lIit' H 1I)bW is -ul) b tantially

liawi I)r i Iii' -jl wIi ) v e(lI-w v i l u ,It , I oi n in ttim s plane.

If)
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In a 2-D scanning application this asyrIIrnetric eleient pattern

will noticeably perturb the gain as the dziliuth scan angle chan-

ges.

As mentioned earl ier, the switched I ne phase shi f Ler wds ar oh-

vious choice in view of the area constraints. Ihe diadvalit ag,'

of this des i gn, however, is the four diode per phas(' hit re-

quirement. A typical 3-bit phase shifter with 180' ard 90°

switched line configurations and a 45 0 loaded li ie design has 10

diodes. In .3 large phased array with several th:)usand elements,

DC power consumption is significant. Therefore phase s hifter

designs with only six diodes per element are preferred con-

figurations.

A final observation on the monolithic/hybrid design is that the

array surface is totally unprotected. For applications other

than laboratory tests, a radome or protective (over is required

to protect the hybrid components nounted on the aperture sur-

face.

I..?.2 Monolithic/Hybrid High K Material

Many of the disadvantages associated with the monolithic/hybrid

desiyn on lower di electric c(OIst alit lildt r i a Is are civercoi. by

sinply iricrea ,in the d ielectric const. ant. Fr on eq uat ion ( ) i t

is apparent that the available surfa t. ar ,a increases witi lirg-

er E r v 1 tes Th is is ex pec ted si nrc- the inter -el ement spaCing,

\o/2, is indeperdent i f d,i o e t r I et f ect wh 1 I e the size of the

inicrostrip eI- inernt f abr c ate on thee dilectric substrate d,,-

credses by V rrI il lowing mq r, area for the phase shi f ter andr

feed network. The advantagy e of only a slightly higher diele(-

tri(: constant material is doinonstrated by using qudrtz, Li.

.78, as an txamnpIe. From k,(Iuati ion (1) the usable surface area

is 0.146ko 2  aind .14ko fft teflon-fiberglass and quartz re-

spectively. The 26% 1n:rease it ' arOd on the quartz suhstrate

I 1



will l i)i .a ;tanaard half-wave element. This is im-

portant since the fabrication of PTiis in rigid dielectr-ic is

su hstanti a l y more comp 1e x an J hence fotr, . ; , 1 y COmpared to

teflon-rI'erglass materials. By eliminating the quarter-wave

e Iement re(ni rement, the monolith ic/hybrid ap)roach on hi gh Ji -

electric constant materials is both simpler and lower in cost

I h an it; lo. lie ectric counterpart.

Fj r1her i .:" , i ,l',, :I.ric constant also result in design

advanta es. For example sapphire is an excellent .nicrowav( 5'i-

st ra1 , ra. erial wi Lh r - (.39. From equation (1) the available

ur'rn;: irea is 0).243 02  (?.?8 d 2 ) or 66% greater than the tef-

ion-fiherglass has oIinn. As a resjl i i l rger, two-diode

phas( ,  hits may he ,'iniloyeol for th , I10'0' and 90" phase hits and

the i ,iple, I ' iLat ian ,)F 1 3-bit, six-diode pha3,, shi fter becomes

pracf icai. The delIeotf ion oF four diodes per element and the at-

i doW i r-dlict ion in :Iri vers arid decoding circuitry will cut i.he

i no i o 1.4 1 " 1 ', I Tl), ii 0f by 40% .

Anth-r alv.inta,j- of the high dielectric sibstrate a rial is
' he i iir,iv'd iiiicrost, ri p element performance. Both wider beam-

vi i;.'. id broader bandwidths have been demonstrated using sap-

h ire ' i bstrates. Although the characteristics oF i s ,lemon!

i ,, I ii .iI in Section 1.3, the theory behind

heo r', ador b', i i ; 1 li' ir', ! d i n F i gu re 6. In essence

rhe uiicro'i. rip, ( lemn t,. is a two slot radiator and i ,. dielectric

', d I r i' i),i ch con ho t.reated as a low impedance transmission

1I o., o lon( ( onncft inn slot A and slot B. The half-wavelength

jrug 0j,-l Y o f I h i r, n-,m, ;i ; i on 1 i no i e (I .(- rin i i 1 b y t. 1 1 di 1 ec -

r i- , iol.,I t . ;w ,,' iii I ' i a I. howeve r, the, ra di it d field is a

[I n, tt , ifh lo' IW - r,:, r ion 1:i eruis of free-spaice wave-

!y'mig! t ypi c eI r( en o on e f 1 on- f i he(r tI ass di, ec t ri c , r

2.'. ,. '.Iwn iin I i 'jre 6 (a) and has a HPIW of 90'. A compar-

abl,, ,1,m'' i fr ol oI -,al)hiro, f r 9.39, is shown in Figure 6(b).

Th r' )tlsrrr l 'll ' ins or s;lot ,epari, ion is reduoced due to the

20
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hig9her d ielIe c tr ic constant resulIt ing i n a smallIer aperture,

hence broader beamwidth.

WhilI e h igh di electri c substrates ofe ayavntages for the

ilonol ith ic/hybri d desigqn, they are not wi thout di sadvantages as

well. The most signi ficant drawback is the higher microstrip

fee vd network loss which is strictly a function of higher current

deons;i ties, in the conductor. For example, the conductor loss of

a i f microstrip1 transmission i ne on D ur o id 5880 0.787 min

(.n31 i n) t h ick i s 0.025) dR/cm. By way of comparison, the con-

dictor los o-;oIF . 10.% 1~ line on sapphire 0.381mmn thi ck i s 0 .27

(1;1 Icmi or an ordler of magnitude greater. These are equivalent

tranismission i neIs s ince the dielectric thickness is .06 Xd i n

both' Cases,. The- w idth of the inicrost rip i nes are 0 .762mmn and

II. 15 1m for Pure id and S)apphire respectivye ly. The reason fo r

the higjher loss is current density related due to the 15 to 1

ri o of cttndiicitnr areas.

Other di.sadvainIa ges of the high K materialis are that they are

FratO if, on non-conformal . Conformal surFaces will1 havo to be

app)1)r ox imte bi; .o( y a numiber of fl]at pieces ta ng(Ienf- t o t he sur-

FaC o. ')o large, surfaceos this may or may not be a probl1em si ncL2

the witeonnas, will consists of many subarrays. In general theo

av~ Ii 1Kyof materials, such as sapphire, is well as the thin

f ilIm ind 7hte h pruces s;ing equipment, will l imit the subarray

ci~fe i) 8i X 0 elorints or rougqhly 3.2 inches square.

1 ..3 Mnori o lit h i c

cw-i Iel ely iono liii ic (les i n ma inta ins all of the advantages

I, - n1( o I i ic/r h y',ri i ,pp rnich whil 1e of foer igj s eveoril1 si gni -

I iii! I 111-(VII li' II . . At I. he p ro'sent. t.ime if. i s a concept wh ichi

w ill recgI I ire I,(xt on,; i ii process (level opment pr ior to i mplementa-

t i'on. however , i,, iK considered here -in view of the potential



benefits. We anticipate that the technology will be reduce d Lo

practice within the next 12 to 24 months.

Since the cuncept is the microwave equivalent of A I i tdl ard

low-f req uen. y ar" alo I o t eg r.ated c r n a t , th a i "har n ad v aH -

tages of very low Cost, excellent rep aLihi I 1 ty aid ill, M rI d -

bi I ity are expected to continue at frequenci us well bive -

band . These features are rela.u ir the i L L.-,ht I v( eive

production techniques which involve very little labo,. '),CvI,_r.?s

and interconnections are fabricated in-situ with geo etries

specified ald reproduced by the mask set.

Substrates amenable to monolithic fabrication must either be

bulk semiconductor materials ur have the capability of support-

ing the growth ot a suitable semiconductor on their surl a es.

Therefore, the viable candidates are 1 imi ted to s ii., on in sap-

phire (SOS), gall ium arsenide on sapphire and qeii -I tul tinq

gallium arsenide (Gags). Bulk silicon is uonsat i fa r, doe 0 o

its poor loss tangent.

For the SOS material the active phase shif ter elelnem nts will I 1

PIN diodes. After diode fabrication the excess silicmn w,)a d be

removed S0 that the microwave circuitry ca i e de)osi led dI r ect-

ly on the low-loss sapphire. The PIN diodes w I re n1in as

islands on the sapphire. PIN diodes fabricated in iis manner,

however, will be of low quality compared to the state-of-the-art

since diffusion or implantation of dopants is restri(ted to the

top surface.

For GaAs or GaAs on sapphire, the active phase shifter elements

will be field effect transistor (FET) switches. Sinc these are

predominantly planar structures, high quality devices could be

fabricated by means of ion implantation on the top surface.

Semi-insulating GaAs is an acceptable substrate since its high

resistivity of 108 ohm-cm results 'n a loss tangent ft I x 10- 4

2



which is equivalent to alumina. The dielectric constant of GaAs

i s 12?.6 soj all t he SCal Iinrg bene fits j f thte ionolithic/hy )rid

approach on high K mater ials will be enh armed wi th tnis des iri

A f ur thter benefit of the monolithic design is that other aCtIvf

R F o r d i yitalI dev ic es na1y be intco r po Id Led at i t tlIe o r no c os L

Ii c 1rc ac 11e . Fo)r icx amn p1 I , am plif iers or iixer c o ul1d be f abrc Cate d

ir'-,) Itu dt k, i.h! e 1eii -tt a t th , caie t ime s t he (act iv e phIna se

chi f tor d ei i ces ,. Siilarly, digital control and logic circuitry

al ri L i cr a d i - trci b u t e8 ;i uopcoc e ssor- conul1d be i nclu ded 8 ono1iit h i-

ca Ily faI)r oac cuba, j1)dr ray. Although this will b e m o re c os tl1y d uj:

fo t.It t a dd i L i oni aI lid ,k anid proces sing c o mipIe x it y, i t i s a f ar

more- 'as ~f foc ti ve approach then the d iscrete component equi va -

V24 Mu( Ii - A y

T he iil It i-lIajyor ap pr )a c h isc an ap pr op riadt.eI ex t en s ion o f thIne no -

no Iitth ic /hybrid appr oacvh go loDw K d ieIe c tr-i c s. It conveniently

(I I jhI- tinh- u .3 Ie sur-face area b y c o nf Igqur ing the feed netvqork

.in 1 phase shif ters befn eaIth t hel a rr ay aperture. I n d o ing so,

fal~ z* i I waiv ( (eiiri t mai~y beo use od in the array along witn

thei I prIr r od ~Ix d]i )de p1)h as h i fIter ccntf i gu ra t ion.

Pe r it o ie fno iict significant advantage.P of th is approach i s tnat

th -. t1v~ phac sh i ftLe r oelemen ts ace( a f tor deod greater protec-

1 1) r roil L (t itd light nijng. W hen t h eseI d e v ices are 1loc ateo

w iti the i ar rIv 1) it th t he( ~ eeent g ro un J plIa nep, an aly s is h as

liowri ih:it, the P 1 N i n)t' an d co nt ro ele( c tr o n ics willi urqi v e

1) )it11 1i I . I i Ii iiiateLs te U I c o pn en t c(.r owd in g p roj-

.-Ill, t Ii) ~t I Ii Iv e v p 1ate te iardwair, fabrication and
harm ml a<-'mIhI1 I)it imially, vortical inter-connects 'nust

I i I I 1 ho~ t r I i i t h li i phase,( sh i f t er ad r ad i a t in

lit lrx 'I-i l xapl1e, in an 8 x 3 el iment s ub ar r ay, tnhe



precise registration of 64 holes wi II h , r' IIi I red d', ' a', ', A

ini forln characteri st ic im1pe dance at ) (i1z . ho i'upact Ii ad-

ding a second layer with its accorpar ryig a.;e:ibly prol ltiis i a

significant cost increast er d t rr L o v t iv de-, i q .

In add i t ion the iiiu t i - I ayer approat h rq ii , .pt' I I r(-, il

considerations. Since the two layers are mouri.,d gr,) iliJJiari c e (t

groundplane, the phase shi fter and feed rietwurk circuitry are

exposed and must be isolated from tho. itio jntin i  surfj( ia . In th .

case of microstrip lines, an air gap of at least touW substrdte

thicknesses i s prefer-red. This st. and f requ i r m tit an he

avoided by using stripline but the increase in material ~a st ano

weight is substantial.

1.2.5 Modular

The modular approach is another convenient way of increasing the

usable surface area by employing both high a i( low dioIectic

constant naterials. In this design both the half-wdve2 radi i 1Y

elements and the feed networks are fabricaLed on teflon-fiber-

glass material t ach i eve closely matched L and H] plane beam-

widths and a low loss corporate feed. On the other hand, pha',e

shifter circuits are produced on a high K material using hybrid

circuit techniques in order to reduce size and costs. Assembly

consists of integrating these pieces together.

The concept of removing low K material and inserting the high K

substrate to retain a single layer is dismissed immediately on

the basis of impedance matching. The degree of difficulty asso-

ci ated with mnai nt ain i ng a constant impedaonce level and a con-

tinuous groundplane across this interface makes the insert con-

cel)t impractical.
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h, t ,rIa iv,, then is to make the hi gh lielectric material a

1,iwer I aye in a mult i-layer structure. Ui.fortunat( ly, this has

he sae ';aevantaqes as the multi-layer approacv with addi-

t in ii co l x i ty. Interconnect holes i.-st also be drilled

tiro lqh tI hart hijh K material as well a s the ieflor-.iber -

Sass. D., o th fra qi 1 e nature of the c rami c st. bst rat es, the

f1hr icat i i an I assemhly of the modular/m,,lti-layer array will

he ior, ,,!(- ive than the hasic multi -layer concept previously

dFcrih,,l. [irthrmore, the riqidity of the high dielectic

ia :t :ri r l v.11 severely restrict the conforrmal properties of the

array.

Sincf' i icr'is Fr p radi,at or, on hiqh di lect.ric const .nt mat e r a 1 s

,r',, r I, ri i oI I) Ihe Imu ri oI i h i c Ind ion o I it h i c / hy.) r i d des i q n s

,a o x e, r in I I , va u at i o n wa; co n dIu c ted d i r in q the aIalysis

pha s ,o I. o , t h i o perf ora fnce levels. The dielectric materials

i l c ,Iiid , artz, alru. 1 ina arid sapp1hire. Di", to the exploratory

nature ot hi hen (esiqns, resonant frequencies close to 15 Gliz

were icc ,i[. hl

An ', a nn point, , 15 GIlz element showrn in 'igure 7, was

ahri ra l o n (o.n 0 1 irch Ptiroid 80. Th-, F and 9 plane pat -

S ii vr(-. nnd 1) r- )';pect i vely, are compuiter plots of the

le.saret do t a. S I nc' the elo inent is s ,qi ar with each side at

I tih. I I o I"' WI i , ore ro qh ly citia 1 at. 60'. An i mpeda nce

) I, F or t I, I I' o s ' il 'me I i; s h own in F iq u re 10. The 2 :1 VSWR

h' idw I h , I. or , .3 MilI

Ihi, .ar-iI ," , ri vi '. lp-,i app 1roiriat.Ily -caIId(I and fab)ricatod

in i .11l I i l h I i i Yilat' .' I ii It,; t.r e , h own i n the 1 ower I oft

hnrn,,r i ir' Ii. Ih, I -plane1, 1 -plane anId VSWR data ar,.

rc e',' nt 'I I (I lc 1 1 1 3, a nrd 14, res 1,c .i v 1 y. The F-plano

i Wl' ,51 i p r l iti,, I v IlI1 , ,i nd the ? :1 V SWR han dw id h is 1. 5% or

?6
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230 MHz. The reduced bandwidth iS attributable to the substrate

thickness. For direct scaling, the 0 .031 inch or 0.058 Xd

thickness on Duroid should equate to a quartz thickness of 0.023

inch. The 0.015 inch dimension results in a xd of only 0.037,

hence a narrower bandwidth is expected.

Figure 11 also shows a variety ot mliroStrip rd(I aturs on alumi-

na. The materid IWa, us- d a a cost effe . substitute for

sapphire during the edrly design st iq I r, ce - " nas a dielectric

constant of 9.8 Lmnpared to 9. 9 t rl ly opti rnized

e ements were n ,ut c oinp e I,'1 e0 -, 1 .io irl

Due to the substantial ly hi gher A It t ry 1 iit t m t ,f sappriire,

square element (:onfn i1yur t i ) n u Iit5 1-1Tir att Ita i to implement.

The slot con ductan t- I) e int', sm- 'A te i iput imipeda n e

exceeds sever , l ti U r'e d r i, i, w , 11 1 tn ,- ange of prac-

t Ic a I in c r os t r p I .r, t , , t t r 1 t n L r e as e t nu

slot c)ndu tm nL, by ! t, l' liW I' t i ' i-. i' t - ie resjlt

iS d re.i t an ,tjI r i i , L r'n s ' P) I It, 1.5 WIti d

l1"it s af !fl ; I p) 1 *i' ; ) < 1 .7 71 T I t11 'ip ' ii are 5W ) w1 1 iil

l igure s lh iril I' r ., t ,, . ,, .c-- 7,. Ihe -J aNe HPBW it

q ,h iJr edt F, 'i V , ,i Vd ,.- .>> 1 wrt the I)urt, i

,,Winent. Onr tl- Itn'r nIri ij t ,. -; n ,l j ii jt n i s 74' due .

i he I) . 9t k d ir, (A I OS '' t n I i p i .

Perhaps th,, r-.t 'tr1KItI te'-1tiir tI the' $<ppn rt elee t is the

ill, .,I re" V cW I- I dIl W IiA t, it ') t J 1 ) ) i l I( I )ubstant! a 1y

qratPr than tie t ypudl 1-.3% bandwi dth assoc iated with desigrs

in lowe r die l I t,(tr it atr i al s. A V Wk plot of the element is

hi)W f I ri I lr' li,.

'I 1 1l f rt oi,,iri y 1 14. 6 i ' I ti . V. Vw R o i L n ,t are

l I-  
, . j . i, f 1r i 1. 4 ti ,? i r) w; iir t . Although th i

' ' - - ' ' . .. .. . . . .. . . .I i - " -- " I I i
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dd at a i s accurate and has been reproduced, on numerous

occasions it is somewhat overstated. An analytical assessment

baised on Derneryd's paper [4] yields a 6% 2:1 VSWR figure.

A;, an effort to reconcile the measured 9.5% and tn e calculatea

6', h)a ndiw i dth figures for the sapphire eleme!nt, it is worthwflile

to re-oxamine the mneasured data. The VSWR is measured with re-

spect to the input port and does not include the loss of the 1.8

cml l ong transmission l ine between the i nput connector and the

rid jAi ng elIemient . This attenuation will "mask" trie true VSWR,

:nak ing i t appear better than i t actually is at the input con-

rie t t orI. The theoretical los% of the transmission line consist-

rig of 1 .5 cm of 50e,) li ne and 0.2 cm of 100Q line is 0.3 dB.

T h i se ian, that the 2 :1 VSWR bandwidth of the radiating elenent

correspond, t to t he 1 .9:1I VSWR bandwidth a t t he in p ut c on -

nte Ct or . A cIo s e exaination of Figure 18 shows that the 1.9: 1

V SW R ! a nI w id t.h is 90 MHz l es-s t han the 2 :1 b andqi d th or 1 .25

GHz . The true I: VSWR bandwidth i s 8.8% whi ch i s somewhat

cl 1oser t:- the c al1culIated value of 6%. The rem-ai n ing 2 .8% d is-

cr e1)aor .y i s ittributed t o the increased width-to-l ength ra t io

com pa r ed t o I: ornv e nt i on a 1 d es ig n s. This design is not employed

wi til 1 o I IeIectLr ic( constant mater ial s si nce Xd and X o are not

S U1)S rdtanIalIly di fferent . Therefore, elements 0. 9Xd w id e will1

1 1t f'r f r- wi th o ne a noit h er when spaced \.o /2 ap artL i n a n array

1 a t t i C

wi-. fl o )f thet emron'it t are spec if ical ly i ntended for phased

'Ic Y I 1) lP I 1 c1 at, i oil t. I o.li I ni (Ii v i d u a I e 1 em e n t g a iri aSdr e s ec o rid a ry

o 1w)t4' 11 fl I, I i t (d Ii ha1( it d w IIL1 c onis I d e r at i o ns . I n t lie absenco of

l ! I 41 1 'LI V 1,P I I It nol i Jr ile i tI.', oI o'iren it. et f i c i r (ic o-, were v er i -

Ii od by iIit. e(Avji'4 . i o 4it i the f ar -t i elId pat t-?rnis and f ound to ex -

(,''ir- 5 if] all ca~le%. This) was- expected due to the good impe-
d,if40 t ac rid -<tremoly low loss, tangents of 2 x 10-5 for both

l11ir 14V/ a rid -,ap ph i ro



1.4 Array Considerations

The microstrip radiaLors on l, ef Ion-f i)er las-, quartz a11 s, ' Ip-

phi re were evaIuat. d I s drr y ,_l 1ioient s by (;,i tIt, t . cl11 1t j.) n

ot the fdr-f ieId pdLtterns.

Since the resultant patter n is the pruduf.L ,) the iei .t 1 dWt-

tern and the array factor, the effe,:cts of L , _ -e le n t charac-

teristics can be isolated by maintaining a onsta nt array fjc-

tor. This is accomplished conveniently by examining the candi-

date elements in the same array lattice and at identical beam

steering angles.

Calculations were performed for 8 x 8 element arrays with 0.43),

matrix spacing to prevent grating lobes at large scan angles.

The 8 x 8 array was selected since it represents an optimum

building block for larger high-gain antennas. The next conven-

ient increment in size is 16 x 16 elements which is roughly 6

inches by 6 inches square at 15 GHz. For pra-tical reasons this

size is too large.

The availability of high dielectric material (including quartz

and sapphire) is extremely limited in size, not to mention

expense. In addition, 6 inches by 6 inches is prohibitively

large for most thin film processing equipment required for ac-

curate pattern resolution at this frequency, regardless of di-

electric material. Calculations also indicate that the losses

in a microstrip feed network for 256-way power division will

severely impact the overall efficiency.

On the other hand, the obvious smal ler size is a 4 x 4 element

building block which is too small . A high gain array would

consist of many subarrays arid the low loss feed network to the

subarray level would require extra power divi.,ion levels. Boith
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of these factors will reduce the cost effectiveness of high gain

antennas.

Digital phase shifters were selected in view of their coinpa-

tability with digital beam steering controllers ind the planar

construction techniques being investigated. Again. practical

considerations dictated the use of 3-bit phase shifcers. Less

than 3-bits results in unacceptable, high quantization sidelobe

levels. Conversely, 4-bit phase shifters will lower quantiza-

tion sidelobes while increasing insertion loss slightly. How-

ever, the major drawback of the 4-bit device in conformal array

applications is the additional surface area requirement which

usually prevents its implementation.

The computed array patterns scanned 600 are shown in Figure 19,

20, 21 for the teflon-fiberglass, quartz and sapphire elements

respectively. Assuming uniform illumination to achieve maximum

gain, the first sidelobe levels are approximately -13.8dB. The

pattern using the sapphire element is closest to the theoretical

first sidlelobe level since it has the broadest beamwidth. The

difference between the sidelobe levels is directly proportional

to individual element gains at that angle. For example, the

sidel bs associated with the teflon-fiberglass element roll off

inuch faster compared to the other elements since it radiates

less energy at the far out angle s.

At laurgo san angles, however, it is apparent that hemispherical

coverji' or brudd helamwidth elements are preferred. The effect

tf th. , i,,net patt.e rn is i 1 lustrated in Figure 22 which shows

th , ' -eleint array s(anned t o 0=60 ° , =0 ° . The teflon-

f ibrjlIass element is the (lotted pattern and the sapphire ele-

nent is sot id. It is important to note the two major differ-

en cs,. First, t.h e directivity is 0.3 dB less with the teflon-

fiberglass ele ent and second, the sidelobe levels are lower

with the sapphire element. Both of these conditions are direct-
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ly attributable to the element, char,icter i ' .1 - The nio ,o d -e(-(

tive teflon-fiberglass element rdi dtes i11 ,r4 e,nergy A broaJ ,tit,

than the sapphire element independent of array scan an 1 eI

The conclusion, then, is that eleie nt , n iitlh di-'lI t . uoH-

stant materials wi I I improve phased array perfornmam .i

1.5 Phase Shifter Considerations

In conformal inicrostrip phased arrays, phae i ,hifter- tr.3doo ft

invo v e physical size, performance, pr i lie power requi rnte'n i d

cost. For those designs which Iinterspers o the phd sm ttrhL-

between tIe radi atirig ,lenents, the sUrfa e area requI rlent

are of primary imnportadn(e, and (f t n ;j t raik pr f )) dr aic,

S i nc e the object i ve of t h i s pro g r, , wis t a f un r i L o'I a 1 y i i p 1 -

,nent the optimum array des gt- , onl y cnlv ,l t.onal pha , ' hif tter

circuits were Invest iaI t e . Ihe, 1ppr:.,iich Wi, t' o "I, -" I dit-

ferent confIguration' -, t 180)° , 0 °  arid 4 '" phae hIts t o 11,:t

the specific requirt-ments. For deigris with severe pdc , 1 i -

tat ions, m in in ff area coi nfig urations were ':Iip 1ds ize . Whe nk r

a surplus of area was availa le, low Iso, (iesigis w re Io e plonp I

in as many bits as practical. The results of t.mi1 procedur, re

sulmmarized in Table .

A common concern involving all phase bit designs at IH GHz is

the avai lability of semic onductor control devices. The choice

is li nited to either PIN diod(es or GaA FLT switches. Tuniig

diodes were dismissed due to poor performance in an identicli

application described in reference 5. The device selection

easy to make on the basis of cost. GaAs FET transist.ors bor

15 GHz are ruugh Iy $1O0) a piece even when purchased a unpa k-

aged chips. On the other hand the most expensive beam lead IN

diodes were only $15 edch . Although the field effe(t trans -

tors wi 11 offer o performance advantage in the appli(a! ion, the

seven to one cost factor wds not tL if1ed.
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; ', . , Ii,, AII. i i i , 'uii .,1-) si'l 3 r( na'l~

V " ', . ,, . Ii ?'ii , W it di f r -

.' I , I ' ' , 1' 3, e on~ i t.h S

i I w n A w , t a ,r 1 -

I I Ii~I li ' i r ' 1in P -

I I i1 t t roli i 2.1
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1.6 Array PerfordIance FLst Iat k ,,

A l oss 3i~e -o-t ie~r f- - Iw ~lsii, cne Pt s i proserit e1il

T atb 1 e 2. thi s d a t. a i h la , d Oil t.h I r Ii ld I v i (11 a I I 111) ) mit , va1 L -

tiins deve l oped i q th,, prev i ( s r.t L n,

The 23 ,B i d r e C L v i t y f g r u 1 e I is C c u I t t e i d t o r i

array with haIf-wavelIngth Iel e t IIerlL 1)p rI . ;\1 icty , .t h v l I i

applies to all of the design concepL', si , h u .I t rprture u iZe 5

identical with respect to ko. The jlin I', deriv e, for e c h do-

sign concept by subtracting the projected yste. losses )III tie

direct ivity.

I ne 95% elenent efficiency is impI i ed for al L he d Ilst I In y

t he 0 . 3 d B I o ss t erm. A, ment jone in so: t 1o 1 .3 t. !i I pe r f or -

nance level i s a(h 1 eved n( tlhe three )as i suhbstrat ]Iat ,-

rials. Phase shift er lo s s vary s I hi I y priIIri I / du ( , th,

difference in transmission nine loss per imit leng(th.

This sane factor explains the significa t dl ffurenco is I the

feed network loss fig ire. H Igher currnt t s ties, tioii, Ilih-

er losses, are associated with the thinner conIduct.)r wi Iths n

the high dielectric substrates. At the same t imne t. ne fed ner-

work becomnes longer in terms of ?Xd for higher K substrates.

For the monol i thic and monolith ic/hybrid de signs, , an ara , >-

match loss of 0.5 d B was assum ed to corre,,,i)ond to a 1 1f1) lU!

V SWR level . This value was increased s i q ht 1 y t, t .0 d. t r t h i

multi-layer and ,nodu ar designs to account f or thI vIrt t 1..- 1l 1 -

terconnect ions tPlwef Ti the two) hoards.

The total system losses range between 3.5 and 4.8 d1i I or th,

inon ol ithic/hybrid design on tef Ion-fiberql as', and saplhi Ie rIe -

pe tively. T he corres pond i n g a i ns an d e f t i nr c I s a r I, I .5

di81, ,. = 44.7% and 13.2 d i, I 3% r x 8 111 ef i t t ,(Ib -

d r ray s.

I I II ill I i~ l mini
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VOM,

1.7 Ardray "IechanicaI I I i I s

Al Lhough RF p erforinanco i% of pr riMary ill7,rl~iri ' iin v na it i

the candidate des ig ns, the me .h1aril chir t w r I,

t i alI consider3tions f or a thorough I r , do,.l ,i I y .d w 0 .1

n s c on c e rnii ng s o, a nd w ni Jh'1. o r eaci dies ,lb ( 'ii l r It

hasic 8x su-array building block are si,inoir , in i 11l)'

Since th e apert r, siz o is Jli L red by Y 1 h n,1i.btar , rf a c,

area is the same f or aI1 desiqns at I sqgoar inch %'s. Whr e-

fore, the we i ght s are determi noe(d by Hiv I o r aI h i i , , ,, ti

d e n s i t i n s.

The no rio l ithic an d monol i t h i c/hyhr i d K , q , ' , i l .nq I w -

strate str ct ar s of the thickne,, irn ! C i I (I . 1 1, he rill t I I I y r

and -nodilar desi gns, however, the t i cknr rt,; r, t l i ' o er-

a I1 di me ns i on of the two suhs rat, is. 1 h P nmuI i- I a , c l, i K

consists of an oe I men I layer on a I. 1 i qL h hn rd i . e, i

nrtwork/pihasu shi fter layer on a (.[,(t ii'h ,t Lrl . i)t K

layers ark Di: roid iii (8) tef 1 on-f her l Iass i,! 1 r jI

In the dii i r des i gn the e I ne Its a tid feel n ,,t .i c i r'c i , wt

i'qch f ef I on f i berg i as, h tu t he phase sh if (,(er ,od, lii1es a,. a ,hr -

cah ed on a]I ' i na sihs Lrate% 0.015 i nch i hick. MIt n, h h
Sot a 1 si rface a rea of the four higoh dielici, ric nilI' , i, )n I y

40,: o fthe aperture d r P a . th P o v Prall lhIic. h ,s- inq L he P , ni o ,

the, two 1.,ers or 0.04 , inch.

It shoul he no toPd t hat thP t hicknes, d i !rei in n i or h) h i t ho

riulti -layer and inn dular d(,-iji i I u doe, nro i,t clud:, i It(, i r 'ii" 1o

standoff Ji fmaris i oq T;i, (7a cinq i, r qe t1i r.,l d ,i q (i ' .F h' v i'

I aye rs i n hn,' h de, in,; hat e the c i rcu i ry nrr I, h, l r I w ') , 1noi -

tioned in siU ion 1.2. ThI'q s pac inq ,oql i, in i s Iypi ai1 ly

o tr -, ub1 tr, t i iki r i0' e

LM-
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The array weights presented in Tab Ie 3 range betweei . (ind (J

grams per subarray. Coinpdred to conventi onal dntnr iA*,dt l wr"

frequenccies this 4eight seemr alne o g i 1i) ,I . An irk-tJiy whli h

would have a brO adside gain of appr-x i , toely o A lii ,aril WhI(ih

Nould consist of 64 of the heaviest. s u rr'ay (?(I r a qin ) w i I d

weigh less than 5 kg. 0 f thIs total .laxi i m ,,i (jh , th, !4 "uh-

arrays only comprise 1.28 kg. The realn it n ilig 3I. 7  g iS arri y

structure, fair ing, radone, and elect r n c s . If munul ithi s

arrays were used with integraLed electronics, a realit i,:, over-

all weight -if less than 3 kg is expected.

1.8 Cost Comparisons

A comparison of direct manufacturinq costs for prot,)typ', oiait .i-

ties was also included as part of the analysis effort. AIlthouqI

the results presented in Table 4 are cost est iate -, they are

believed to be quite accurate.

Concurrent with this program, BASD was fabricating an 3xi nu~ti-

layer array on teflon-fiberglass material at 7.') GHz. Since tnrh:

hardware fabrication was for another RAIJC progra,,1, It provided a

timely basis for the cost analysis in this study effort. These

costs are summarized in the column labeled multi-layer, 058 )/

D5880. Except for two modifications these dollar values repre-

sent actual costs. First, the antenna material costs wh ,ch

include board material and PIN diodes were scaled to reflect. Lhe

one-fourth substrate area requi remm ent assoc i ate( with tLhe fre-

quency doubling. Second, the assembly labor for PIN diode in-

stal lation was recom iuted using the fastest production rat.o o

eliminate "learning carve" inefficiencies.

In Table 4 the antenn a materials category includes the suhstrdte

material, PIN diodes and blocking capacitors. The costs issc i -

ated with the six fabrication te ' nirjues primari ly ret Il (I I, ie
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difference between the 10 diode and 0 diode phwse shifter cir-

cuits. This difference is also apparent in the di gi tal ci r-

cuJitry material costs which include all of the electronic con-

trol circuitry for the phase shifters. These comiponents are

essential for an operating system and the cost is basically the

same whether the digital hardware is 1 ocat.ed at the anLerna or

external to it.

For the monolithic design, however, the total materials cost is

$200 for the system. RF and digital components will be fdbri-

cated in-situ and therefore cannot be cos.ed as discrete compo-

nents. Instead, the fabrication cost inclujdes alI the proces-

sing steps to create the radiating elements, feed ntwork,

transmission lines, phase shifter components, digital integrated

circuits and dc distribution network. In general the capacity

of the semiconductor processing equi pment greatly exceeds one

wafer. Therefore, fabrication costs are actually process cycle

costs independent of the number of wafers. Assuming that equip-

ment capacity is 100 wafers, two man-months of highly skilled

labor can be amortized so that the fabrication cost per jnit _  is

roughly 50 dollars.

The fabrication costs for the other design co ncepts refer to

processing of the circuit boards. The monolithic/hy')rid designs

on quartz and sapphire are lowest since one photolithograr hic

procedure is required. Both the multi-layer and modular ap-

proaches involve more than one photoetch process wi th extra

punched or drilled holes between the various layers which sub-

stantially increases the cost. The monolithic/hybrid approach

on Duroid is equally expensive due to plated through holu re-

quirements for each element.

The assembly costs are indicative of the degree of difficulty

involved. The modular approach is most complex because of the

vertical interconnects between tl,- element feed network layer

.. . . IIII II II . ..... II I II~ ~~ ~~~~~I 7I II I i . . . IIII . ... .. .. . . "



aod the 16 phase shi fter modules. Theseo are also required in

lhe multi-layer design but the cost i,- ;omewhat lower since only

one phase shifter substrate is requiired.

The monolithic/hybrid designs are least expensive since only PIN

diode and blocking capacitor installations are required. These

desi(ns do not require multiple layer interconnects. The mono-

lithic/hybrid design on sapphire is less expensive due to the 6

diode phase shifter.

The total cos' for each design is tabulated at the bottom of the

table. F,)r comparison the relative costs are computed by nor-

mali zing each t otal with respect to the minimurm which is the

monolithic desigqn at $250 per subarray. The next lowest cost

design is the monolithic/hybrid on sapphire which is 34 times

more expensive. Although the all monolithic design is not prac-

ti cal at the present time, the cost differenLial is pointed out

to show Lh, trerien(Ious potential of monolithic microwave into-

qrated an,.-nnas (MM A' s ) in reducing production costs.

1 .9 Po.cormendat ions

Pas,d o n ho invest. i gat. ion summarized in the previous sections,

,h, onol it hic des i(n offers potentially significant repeat-

a vi IiLv, r, ihi I ity nd cost advantages over the other candi -

date techniques. In terms of performance it is reasonable to

assm~r~. that al. worst. the array efficiency will be comparable to

!h, other des ign approaches, hut with the added benefit of broad

herrimw I! h and wid(, handwidth ,l inent charactristics associated

w ith hi lh die-1,cl. ric (:,)onv. ant mat erials.

,ILho)uqh piursoit of this e, chnology is consistent with our in-

I'roir l-t. ion ,f the irroqram objec'.ive, functional hardware can--

rt , im le rnt on I in L. h i' 1 program in view of t he extensive

ir r..: develo lient offort req ui red. Therefore, we recommend

5,",



that monol ithic microwave inft.,qra t ed antenna rtochn noluqy he de -
ve 1 o)ed on f t ure )rograms hoth at I ( (II z i. d h i qh(,r mi 1 I ime r

frequencies.

In order to fulfi I1 the imnmeliaL.o re,l ii mermnt , of ti i ririm,

h owe ve r , weo have s.Ie c t.od 1. hm, rio o1 iti h ic/hy hr i d a 1),r oach n

high dielectric constanL material, speoci ical'! sa1)phire. 1bis

choice takes advantage of the siml)e fabrication and assembly

)rocedjr s while -,iaintaining the benefits of the microsLrip ra-

diator on a high K material. Such a design concept is also a

logical precursor in the evolution of MIIA's since both silicon-

on-sapphire and Galliu~n Arsenide-on-sapphire are, establ ished se-

miconductor technologies. Although the, osse, ir: higher .qith

the selected design, we feel that this is only a t emyorary

short co o i n g . The ul 1 t i mate success or t o t h i s d i in, IM IA , w i 1 I

reduce losses by empl oying more e fficienn. ph, 1,i hi fter with

the added feature of including distrib)ut.od ampl i fiers o coponr-

sate for- losses or provide gain.

5o



2.0 TEST RESULTS

As previously discussed, the investigation concerning antenna

patches on various high permittivity materials lead to the con-

clusion that future experimental circuits should be fabricated

on sapphire rather than on alumina because of sapphire's lower

losses. A complication arises using monocrystalline sapphire

substrates because the material is uniaxially anisotropic.

However, using substrates cut in a particular orientation causes

d material permittivity that is cunstant everywhere in the plane

of the material. Microstrip theory can then be applied pro-

viding the relative iperinittivity is replaced with an isotropic-

substrate relative permittivity which is a function of w/h of

the in i crostr i p Ii ries. L ]

The ri nral direct io n of tne experimental work was to investi-

.a t 1, v r i 0 1 s ci r c u t co n f i u r a t i o i t s L h at wou 1 d u 1 t i mate 1 y 1e ad

j i i ) 1, hybrid o nt,,nita array. Thus, the first step was

i tIr 1, a 4 aradIsidp rrr y and to ev3alua t- its perfor-

,110, 'i.se i ,,,t. .ipp', involved optimizing t ie microstrip

i. I i r y f a ir ,, ion, work was d o) t t) (-reat a pre-

iii , y io tS' si i f t ,i twork. This involve t l th t- slig I )f a

-:! ii.. i I ; ii, co. i iJttr which would operate at the hig design

Y T''" y. ti , i ip I r was choseri as a viable phase shift

,i j., 1 , d , , t i, ed previously, le's diode, were in-

v. i i i h i f i m i r tnvonit i orial iiethod s.

11 1i t it r I I I I I t 11 i I (I UP f S p') r I I 1 2 d 1, 11 t.s -I. 1' n I q WJ es Us ' O

1, I l, I.L. Ib, II t ,x( f' pt that n y s n g 1 e I ayer

!,II, I . idi ) i Ti t -liv'r dle,i nis were t-reated. Tte de-

I il ii r i t p ( I r I w i, i d, i .' a f it. o it e i t her a 1

sq ,ar. h ' a ,i , P I h 1,1h s t. r, L ', t hi en di o t i z e d in to

S I it qtii j ta w i itl o.'. _\ Ii a pf,' (. ntininq the informa-

+dl j



t i on was t henr punc hed aud f d i n t o d 6y r ex pacit t er n gii e r Ato

w h ich c re at ed a photographiC pl ate o f thIne iicr os t rp 1cir cu it.
The pr-cc i s i on yg a ss pla dte S we re n e ( e ss i ,y t o i sur , O is tent

w id th s i n t he h igh imipedadnc e I i ne ad c( I edf a n c-Ii ar y Jet i w

junctions i nd corners . W I tl 11Convent, lurid I f iI alt r e (J t, ye , vUr Y

t h in feedi ines t e nd t o v a ry i n w idtLh dlue tLo owe;- ros ol at i on,

warpage drid i nper fec t COntt 1,W It h the''J)' ;bt rItm. lI (Idd di t ico,

t he fi ]in negative wi I Io nlIy b e a s accu rait. a h te ;,a; i Ie r t ha t

c-reated it. Ho we v er, the p)lates, mai ntaii ntd the accurac y of thre

pattern generator wh ic h was dap p ro x imi iL Iy onicteniit> ii)f 3 ;n I.

After e t ch ing9, t he compl eted sub s t r ite twas sol I d rkd kilt, i a

co;)p p er blIock wh ic h acted as a n e xt e ndeod gro -u unid 1) 1 n ., t o c tiio

c ir cu it and end launch connectors were attdached whi ch served as

the interface between the circuit and the test -quipnient.

2.1 The Antenna Array

2.1 .1 First Iteration of the 4x4 Array

The first 4x4 array comnprised a relati[vely str-,ightforward iay-

out des ign . E ach antenna was plIaced s u ch t h at i ts u p peur le ft

cornier WaS 1) .43k fromr the k ptfr~ left corner Of any if i ts i nine -

diate neighbors. The antennai padt ch i ts elIf was o ne previously

des igried . A computer plot duid a photograph of th i - 4x4 array

appear i n Fi gures 23 a nd 24 . Upon inrspec t ion of the plot , i t

c:an be see-n that ini tered co1rners were riot, employed for the de-

sign since the design was to act as, a first ipproxirnadtion only.

After fabricaition oif the ab~ove design, the VSWR and the raidia-

t i on patterns of the array q e re recorded . What was : o nst rued

f r om the r e sul1 t i n g V ')W R wa(is th -11t P 1 'illr 1 it. arid trans formner ii -s-

mna tc h es h dd occurred ad had Caused 3arm n IIf a V 0radb I fi V SWR at. t he

d es igyn frequency o f 15 GHz . M isrmatLc h arid t r an si rss ion I no

losses were dl SO i nd I Cated by the ril I at i 0or pat. terris taken
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Although the patterns for the E and H-plane polarizations seemed

to exhibit a good deal of directivity (approximate beamwidths of

35 and 50 ° , respectively, across the measured frequency range

of 14.9 to 16.1 GHz), the gain was substantially lower than the

anticipated 14.7 dB gain estimated for the array; this estimate

was based on the beamwidth measurement. Samples of an E and

H-plane radiation pattern for a frequency of 15.5 GHz are shown

in Figures 25 and 26. These patterns are typical of the type

taken across the measured frequency range. Because of the low

gain, substantial losses were probably incurred through trans-

mission line losses and antenna patch mismatches. Also, coup-

ling between antennas 3-2 and 3-3 (matrix notation) and the

quarter-wave transformers used to feed the 2x4 sections was

believed to have taken place as evidenced by the lower than

anticipated side lobe levels at some frequencies.

2.1.2 First Iteration of the 2x2 Array

In an effort to isolate loss contributions, the original 4x4

array was broken down into separate pieces: the main trans-

former network used to feed the two 2x4 arrays, the secondary

transformer which fed each of the four 2x2 arrays and the 2x2

I array.

The 2x2 array was tested for VSWR and for radiation patterns.

The resulting VSWR showed the array to suffer from serious mis-

match error throughout most of the measured frequency range.

The radiation patterns showed less directivity than the 4x4 (E-

plane polarization beamwidth was typically 65'). Thus, it was

concluded that any favorable impedance matches of the 4x4 array

were due mostly to combinations of errors.
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.. 3 Secto n d t e r a L io n of Ii, x) I r-r y

Using the results of the tests 3 (1 l tt theL irigin l x? rr'j,

several design changes were t ide t iti I rltI r rateor( It, t. II w

generation ?x? array.

The first change Involve d the redeo,, q of tIi- -t,!it !i 1 i,

Because the antenna design chosen fir t.he t rray tii bn d-

signed for use on a slightly thinner suhstrat,e, the ize of tn e

patch was reduced by 6.0%, 6.5%, arid . (1% t prjv id Lhr,e ri ew

antennas to be tested on the slightly thicker substrate . ub-

sequent VSWR ineasurenen t s revealed the 6.5% rala I lr ail te :n a to

be the optimal design of the three; its ,lia-urid VSWk was w ithi n

: for frequencies ranging from 14.4') 6Hz t.o . 4 GHz. Th

VSWR of this antenna patch is shown in igur e ?7

Aqoth er change involved the layout of tiht array. , order to

i 'iid as rrrnch coup" ing a-s poss it) t- t,hti t 1-i ff ruifr I5 i f

t 2x? sect i otis was moved from i t.s c Ioe pr Ix in i ty ti) Li, O)

tam two antennas of the secti or (r ee Fi u ,j I ) to a no q . -

tI Do in the center of the 2x2 sectiOn. i-oeAl in paths wr, Li.n

altered to preserve the equal phasi (I I int. e ria pat.h ', To ,

new 1 yont i f tne 2x2 array is shown in F ii rr I

A thir- chage t o t oe original ar ray wa, to r , rterIt, i

ar Iled, c rrtirs ins tea d of t.he gO °  c orn r ft2rrt e d. it or J r

t, ) acc ;,llI i.t thi,, these di ago lll seri s c(~) ,t) is at I 1 we 1

re itang lar ) ox ceittered ahort t thtth dt ir- ,, Ii ional I I ,!,, ho-

ause the ) atteorn q Ilet .t .r us, o to trti, lit - ittk1 ,  t -

-I;rjt ij l 'rlove only irI x-t rest u o or .y-,J 1 :tir ) tcr,,I,,,Wits.

This, i r c t di a go n t i n , were n o i I . A t i ir iI f tn t

?x' array cUMputer pliat wa, ,naqnlfi I.) ,,I l w 1 li t is it 1t 1 1i

d i .ago n I orner, arid I h- o wrl i 1 , 1 r1t 9 . l t i I r I

o t o ws t hr d eta 1 s t.f ahr 4I h power d Iv I u od I t,, i, 2 ,

a r r a y
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The 4:1 power div ider was a rde, !n ol the power dIv idor

uriginally u, e d. Tho c. ahitIo' t v v d . aner i nl ,rsc t I, n,

between the transformer and its tour irarYhes of Lraisniss, ,

ii ne.

The last design change was to ,ncre te the stpa,1ral ion hettween

the antenna patches from .48X to .50X. This increase it dpprox-

imately 25 mi Is was done to prov ide more room betweoen the trans-

mission lines and the patches.

VSWR and rad i at ion patterns were taken for the new array. The

VSWR WdS measured for a frequency range of 14..0 to b1 .0 GHz.

The VSWR showed considerable improvement over th I, f irst arrdy

and is shown in Figure 30.

The radi ation patterns had typical eamwidLhs of bu' in the H-

plane and 40 °  in the E-plane. These heamwidths predict just uir-

der 10 dB of gain for the arrdy; the measured gain was ap)rox I-

mately 9 dB. With intrinsic conductor losses av(-rjIng .3 d 1/

inch and approximate transmission line lengths totalling t hr

inches, then nearly a dB can be attributed to line loses.

2.1.4 Second Iteration of the 4x4 Array

The design of a subsequent 4x4 array would have used the 2 x.

array as a model for each of the quadrants. The top two quad-

ran ts wol d exactly he the 2x2 and the hot tom two quadrants

w iuld be the ?x2 varied slightly to accommodate the positioning

,)f the 4:1 power divider such that all feedline paths would be

of equal length. It was felt that the modifications to standard

fabricatiun teLhniques discussed above were the steps necessary

to a,,sure that. t h e final 4x4 1 i element array would pe r forii as

o ~ p- t. r
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,. [he 3-dB BrnCh L.ine Co 1 ')

The three decibel directional coupler w. !.io b the' h',,,i buil d -

ing block for the 1800 and 90' phase bits in the 3-bit phas

shifter, rhus, the first step i n creating l ',itdble swit -hin i

network involved the development 9 f an dd!quAIte i-dii branch I 11'

cIupler. An iterative process thdt ojllowed two slightly lifter'-

ent coupler models to be fabricat ed ) n a sirgle substrdte was

used in the coupler development.

2.2.1 First Iteration of the Couplker

A straightforward design approach was init iilly used. uunLt arld

series legs of the first iodel were design od to h, 1 a quart Ir

wavelength in leneth as easirtd from t h tcent -s of eah

respective T-junction. A co mputer plot ;if the ou;l.r- i ,howi

in Figure 31. The quarter wav, 1engt, hs wer,0 IJ0ter:iin d spo i it 1-

cal ly for tIe respect ive r sistan;e of (th sijit arli I eries
legs.

In the second model, the shtrit legs were placed slightly furthC!r

apart, resulting in an increase in the length of the s erieI

legs; all else remained unchanged. It was hoped changing only

one variable would cause a resultant change in coupler perfor-

Mance that would give an insight as to what changes should be

made for optimization.

Test results for the first iteration indicated that the two

equal amplitude ports tracked each other better when the series

legs were slightly longer; however, resultant signal levels were

lower than anticipated. The VSWR indicated the high loss was

due to impedance mismatch. Also, the measured phase between the

two matched ports was greater than the desired 900 phase dif

ference.
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2 2.2 Second Iteration of t he Coupler

A new design based on the afer ment inried res ts was ut i i izeJ

for the second iteration. 3uth the series Ioy, aind tl,. shunt,

lej, wero shortened s ight ly.

The results from this de ',it(In s ,h)wed ,i lalrk ed liip r) v eill 0 i[ I)v 'r"

the previous iteration. The t.wo e qd jI ip I 1 tiid rts Ltr'a k,.;d

within one decibel of each other fur fr'equtic i es rangir, troI

14.50 GHz to 15.?5 GHz; Ihe isolated port ,ign i w a s jist ii, r'

2 0 dB down from the input sign l. Howv,:r, the phu',, I 'w, 11

the two equal amplitude ports measured o ly 0

Phase me,_asurenent s were, perhaps, the mst ser tive tieivr,]-

inent techniques sinc-e each iii I of I fl J h (I or r ,p nde i L

approximate I y one degree of phase chaij .

Th re are v d r io us :nie t hod s to v ur if y t, v - a I I y j I j p I Q,

measurements. One method for veri fying th val idity if the

amplitude arid VSWR ine as u remen t s i , t ) u:n t i,, o . p ut powe. if

each port and to compare that number to t h e input pow.r . A

summation of the output powers plus the approx i inate 1ine i s ,I es

for the second iteration are shown in Table 5. Because this

tabi, lation dccounts for" 95% of the input power, it can ibe)

assumed the Measurerent s made were va id. Io (heck tht- vail idity

of the phase measurements, one can i iieasur' the insert in loss

between the input and iso 1 ated p)rts wit h the two ,quI aI a ip 1 I -

tude ports first short circuited then open circuited. If the

approximately correct phase relatio nship ,xit-,ts in the c Iupler

square, then the reu Its of these two im suremeni s shnuld [me

nearly equal.

A test if this nature was performed oin the c upler. The test

results showed that although the data Irt rum a shorted ant) open

circuit tracked each other, the; pIi1 i tuules , on the average,

7'



I

were alprox iatey [.5 to Y apart. Howver, othe, r test data

showed that the apIp i t e s differed by on ly I dP, at a frequency

somewhat hiqher than the design fe (luency 1 hose results in-

dicated the two ports were under 900 apart; this coincided with

data qa therod f roI the phase ea s' Ure men ts

TABLE 

FotaI Power As Masured On Second Iteration

Coupler At Dqsiqn Frequency

POwet As Percentane of

MeaI,,Ired AT Measured Power (dB) Total Power

I nIrat Port (Re 1 c t('ed Pwr ) -11.8 d R 2

I,. , tt, Po)rt -1P.0 d5 2

d k P(t: A -3. d B 42

1 dl" Port t8 -5.0 dB 32

It,1 Plowe r Measured 78P

I ,t i(,It (I I f)s5 C,  0 .8 dB 17

A((er ouu ted for 95

16



2. 3 third Iteration of the Coupler

For the third iteration, one of the models was designed aJ ullg I

set of equations which took T-junction effects i ril VcO nt.

[ ] T-jun:t ion di scont inui t i us , wh ich can Usua I ly be i gn r,.d at

lower" frequencies, become mtor0 pr0mi1ent. at higher freqUelul, is

because their size i s no lon gy r neg 1 ig l , a 1o11pdred to wave-

length.

A summary of Lihe results of the equatiorns is ds fol lows: at

high frequenci es the paras it i c Capac1 t n: S Q d U iased by L 5 P T -

junction formed between a high impedance line and a lower i npa)-

dance 1 ine causes the high impedance I ine to appear shorter i!

length and the lower impedance line to appear equl ly ln1gqy

length. Also, the effective impedances of series and sWi t l ,,

are affected by the d 1 sc on t i nu i t i es. T h o hu n t 1 eq ii pad an,.-

appears s I i ghl y h i gher wh I e t he se r i e 1e in Wnped ani e ap ped,

just barely 1ower than the original value.

Thus, in this iteration model, the shunt legs were deireased i'I

length by five degrees and the series legs were equal ly iH-

arnased. Also, the shunt impedance was lowered to forty-five

ohms, while the series leg impedance was nout al fered.

Test results were encouraging. They showed however, that tho

coupler was fai rly we Il matched at a higher than design fre-

quency. Thus, the next iteration (had t ine allowed) would have

had changes that were half the line length chanqes made frot the

second to third iteration.

2.3 Recommendations for Further Studies

An important area that warrants clo er study concerns thP d,-

velopemnnt of optimal guideline,, fo r de,, i n i nq f-jun t i nrn,,

c o r n er s , trans formfler s, I i ne c on n-- t on , ini o t hi o r u11 ii h , 11i I a r

7 7



It d ri t-d 1ayoIts were used i1 t it1 ) Ir cj t , and It ,oi '1 4
1e i 0tocr st I 1 to is lat,1  each of thi afhfor'l nt1on ed, t(st It,

VSWN and nudi fy the design urt i I the best ' tited c o o t Iofi

,)ccur .

iow tost ln Locnritui to tL would allow fur iure accurate and

t,~p' drt i. st t I woo I d ilIso hie I dl r a 1) p jih )f s tuddy.
ne st ii 0 o(I it lIIq W:i 0 I hj ai v t ao ccolnpI sl tile fol I owi n j

. r,, 'i: i h Ilt to( co itdct bet4eei the ground

tK 100 i t t c hs tl a n d an extended ground 1 3,ri
h Li t rt it .i copper b lock.

ta i to Lest. eq u i ienit niust b firiii
i u o put/outpIL feed n .f th cir'cuit

I I {,! ':I I Ilpt'd I *ic I111 i s a t, c hte .

r. ji p it -i ,iiu c Iat r Ii,> interface directlv itI

"i A I l Iit. I. i t L I osIt t o. s - rt nt I y II ad

iti , ri . I. , iiltt t.thi q ue US d i.ouiipI i s 'od Lhe I r s L thre,
,'I :, , .. ilo, itul,y itlnproVeieiit car t o.~l [ ukl'dJ il t ho area, Of

( 1y yi 41 .'1" 0.Veetw1en eircuit. p rts ri t d st equip inti .

it L -I, t W 0 ,t C r~ , , c 1 i ino 1 n0 2 e u lv II r an

1 1 1 'ii t o d UrdkI" i dUl2 rjt I o1 w u( d i voI ve all

I n) i1 t ,, hiqii (Ii o , t her tiian I t1 3 di c ioiple to I:-

t, . hp I I t I. k: a 1)it 1 1 t i r t t I c1 . ay .tU arl ill o di1

S il i I t , f t a (. k w I f td ww ",. 1 li, us k o f l i

-p w l) Ii I I ' vii o t of I d w" l 1 it i 1 r e m ll i o o1r : t 0 w '

- , ol i , i it ill 0 1 11 d ri tc it', n o i I , u ) e. tp i r ( o 1 1i ,L

dv I i ,(
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