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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 immunity of communication links
without penalizing channel capacity, is to use frequencies in the 15 GHz band
in conjunction with phased array antennas for greater directional agility.

In view of the successful development of microstrip phased arrays at X-band,
there is a strong interest in extendina the operating 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 magnitude. 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 be
implemented on this program in view of the ecxtensive process development
effort required. Therefare, 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 high dielectric constant of sapphire




(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.




PREFACE

This final report, prepared by Ball Aerospace Systems Division (BASD),
Boulder, Colorado, contains the results of a developmental study conducted
at BASD between March 1, 1979 and May 31, 1980, under Air Torce Contract

’ No. F30602-79-C-0114.

v -y

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.

T T oo TR e T T e

ﬁ.JV‘_fv,‘ﬁ__, =% .

e lh b i ek




TABLE OF CONTENTS

Section

REPORT DOCUMENTATION PAGE
SUMMARY
PREFACE

1.0  ARRAY INVESTIGATION
1.1 Description of Fabrication Techniques
1.2 Qualitative Assessment of Candidate Designs
1.3 Element Design
1.4  Array Considerations
1.5 Phase Shifter Considerations
1.6 Array Performance Estimates
1.7 Array Mechanical Details
1.8 Cost Comparisons
1.9 Recommendations

2.0  TEST RESULTS
2.1 The Antenna Array
2.2 he 3-dB Branch Line Coupier
2.3 Recommendations for Further Studies
REFERENCES

6
s, - e




LIST OF ILLUSTRATIONS

Figure Page A
1 3
1 Typical Monolithic/Hybrid Construction 11 |
2 Typical Multi-Layer Construction 13
3 Inter-Element Surface Area 15
4 Quarter Wave Element E-Plane Pattern 17
5 Quarter Wave Element H-Plane Pattern 18
6 Element Beamwidth Comparison ' 21
7 Teflon-Fibergalss Element ¢
8 Teflon-Fiberglass Element E-Plane Pattern 28
9 Teflon-Fiberglass Element H-Plane Pattern 29
10 Teflon-Fliberglass Element Impedance Plot 30
11 Microstrip Elements on Quartz, Alumina and Sapphire 31
12 Quartz Element E-Plane Pattern 32
13 Quartz Element H-Plane Pattern 33 1
14 Quartz Element Impedance Plot 34 '
15 Sapphire Elements 36
16 Sapphire Element E-Plane Pattern 37 H
17 Sapphire Element H-Plane 38
18 Sapphire Element Impedance Plot 39
1 8-Element Array Pattern With Teflon-Fiberglass Element 43
20 8-Element Array Pattern With Quartz Element 44
21 8-Element Array Pattern With Sapphire Element 45
22 Effect of Element Pattern On Array Pattern 46
23 Computer Graphics Plot Of Original 4x4 Array 62
24 15 GHz 4x4 Array 63
25 E-Plane Radiation From 4x4 Array At 15.5 GHz 65
26 H-Plane Radiation From 4x4 Array At 15.5 GHz 66
27 VSWR Of Antenna Patch Used In Subsequent Arrays 68




Figure

28
29
30
31

Computer Graphics Plot Of Second Iteration 2x2 Array
Computer Graphics Plot Of Corner Details

VSWR Of Second [teration of 2x2 Array

Computer Graphics Plot of 3-dB Coupler

8

69
70
72
74




G H W N =

TABLES

Phase Shifter Configurations

Array Loss Budgets

Array Mechanical Details

Direct Manufacturing Costs x $1,000

Total FPower As Measured On Second Iteration Coup’er
At Design Freguency

l?ge
44

54
56
76

Y —— IR Ry <, - a1 ST TS




L.o ARRAY TMVIL  IGATION

Fabrication techniques for microstrip phased arrays at 15 GHz
were investigated in detail. Initially, a qualitative asscss-
ment of cach approach was conducted to determine the inherent
advantaqges and disadvantages of the concept. This preliminary
survey was followed by a rigorous quantitative analysis to de-
Lermine porformance estimates and size, weight and cost trade-
X NFfs. The results of the arrdy investigation arc presented in

the following section.

b Nescription of Fabrication Techniguces

.11 Monolithic/Hybrid Approach

Thie monolithic/hybrid approach is a standdard construction method
for micrastrip phased arrdys.  The term monolithic refers to the
thin confaraal conductor Tayer supported by a dieleciic mate-

r

rial.  This layer contains the radiating element s, Tond notwork,

- 1

phase < hifler civcaitry, DC bias chokes, and DI bias ‘Yines.
Theor transaission Pine components are fabricated similtancously

1sing a o single phololithagraphic process.

The arecay v consleted by dinstalling the semiconauctor phaso

shifter cantrol - lements (typically PIN dinde chips) on the é
pho'netched condactors.  The addition of the discrele components ﬁ
oo Lhe vonodlithic rodoating aperture essentially creates a2 large 1
by rd civonitb s hence, the term monolithic/hybrid was adoptoed to
Ao v ahe this approach, Av example  of a4 monolithic/hybrid ;
nhas b ey bs o shown o an Frgqure 1. ;
| Honolithic Approach

Aoviante al srnat tve Lo The monolithic/hybrid approach is 3 tregce ?

monolithie stractuare in which the semiconductor components are

10 t
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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 1its potential benefits and probable near-term imple-
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 Aare 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 coastruction 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. OQur 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
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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

The monolithic/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 desig, are its mode-
rate simplicity, lightweight, and ability to conform to a curved
surface. A1l 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 implementation the phase
shifters, corporate feed and DC control lines are interspersed
between the radiating elements. In an array lattice with 0.5 2o
element spacing as shown in Figure 3, tne available inter-ele-

ment surface area 1s given by equation (1):

-

5 L
A = (0.5\0)" - (().b)\d)2 where xo = Ve Ad. (1)

For a typical Leflon-tiberglass plastic laminate, = 2.4, the

above expression reduces to

A 0146 A0’ or 035 ad” (2)

14
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It nas been shown that the minimum surface area requirement of
0.022xd% is associated with switched line phase bits. [1] A 3-
bit device having switched line 180° and 90° bits and a loaded
line 45° bt will consume an area of 0.U75 nd? . Including three
bi1as chokes 4at 0.33 xdz each, the total phase shifter area re-
quirement s 0.175% xdz or half the available area. When the
feed network and DC bias lines dre added with adequate separa-
t1on o prevent coupling, 1t s gpparent that the design is im-

practieal due to ainsufficient area.

Thioo  arablg 41 b gvercome, however, by replacing the half-
Wwave o With guarlter-wave shorted elenents, [2] Since
The ot g t=plane grmeasion s cut in hali, the element
twed requirement s reduced trom 0.25 rd? te 0.125 xdz. Hence,
the  ynabie ayea trom equatton (1) 15 now 0.475 Ad?. This 36%
P e surtdee area 1, suftycient to 1mplement the mono-

vthye hyhend desagn on teflon-fioerglass materval,

e it toance ot Lhe quarter-wave element tradeoff is the
Aaddel tabo oo atvyon counplexaty compared to a full size aelement.
A saown ca Bagure 1) one edge ot the gudrter aave element uses
Chopotat e tnrough holes (PTH) to approximate a continuous short
gt I tabricate the PTH's, two additiongl processing
e are cegairved: drilling or punching andg electro-plating.
fae Lo wated taoling,  tabor and potentiral dTower yields nave

“he b vadvant ayge of haigher tabrication costs.

v bera, ot pert oradtee the quarter-wave element ofters improved
vetaw s It andd o equavalent bandwidth with respect to the standard
halt -wave cleaent . The bBoand B plane patterns ot 3 quarter-wdve

sl b e hawn respectively an Dagures 4 oand 5. The t-plany
Halt opower bheamardth (HPBW) 05 nearly 1707 which s indicative
sboth s saagde S tol radiator, The H-plane HPBW 15 substanttially

tariawer gt 827 due ta the halt-wiave dimension in this plane.




oy
s

40

Fiqure 4

Quarter Wave [ mont E-Plane Pattern

1/

Jhae




s

~agae

Ly

Tan?

Pigure b, Uuarter Wave Tlement H-Plane Pattern

oy il




In a 2-D scanning application this asymmetric element pattern

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

ges.

As mentioned earlier, the switched line phase shifter was an ob-
vious choice in view of the drea constraints. The disadyvant aqge

af this design, however, 1s the four diode per phase hit re-

quirement. A typical 3-bit phase shifter with 180° and 90°
switched line configurdtions and a 45° loaded liqe design has 10
diodes. In a1 large phased array with several thaousand elements,
DC power consumption 1is significant. Therefore phase shifter

designs with only six diodes per element dre 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 cover is required
to protect the hybrid components mounted on the aperture sur-

face.
1.2.2 Monolithic/Hybrid High K Material

Many of the disadvantages dssociated with Lhe monolithic/hybrad
desyyn on lower dielectric constant waterials are overcome by
sinply increasing the dielectric constant. From equation (1) 1t
1S apparent that the dvairlabie surtace area increases with larg-
ec e, values. This s expected since the inter-element spacing,
Aa/2, is independent of dielectric ettects while the size of Lthe
microstrip element ftabricated on the dielectric substrate de-
creadases by /c:, Aaliowing more area for the phase shifter and
feed network. The advantayge of only a slhightly higher dielec-
tri¢c constant matertal 15 demonstrated by using qudrtz, by
3.78, as an example. Ffrom equation (1) the usable surface dared
s 0.146)\02 and 0.184x\0° tor teflon-fiberylass and quartz re-

spectively. The 26% 1ncrease ir ared on the quartz substrate

19




wil? allow = 1.« »f 3 standard half-wave clement. This is im-

portant since the fabrication of PTHs in : rigid dielectric is
substantially more complex and hence more costly compared to
teflon-“ierglass materials. By eliminating the quarter-wave
element requirement, the monolithic/hybrid approach on nhigh Ji-
rlectric constant materials is both simpler and lower in cost
Fhan its low dielectric counterpart.

Farther diase+-,, i1 diciectric constant also result in design

advantaqges. For example sapphire is an excellent aicrowave $ud-

straie material with =, - 9.39. From equation (1) the available
surfas: area is 9.243 2ol (7.28Ad2) or 66% greater than the tef-
lon-fibherglass baseline. As a resuli ihe larger, two-diode

phasce bits may be employed for the 1807 and 907 phase bits and
the dmpleasaialtion of a 3-bit, six-diode phasc shifter becomes
practical, The deletion of four diodes per element and the at-
iendoant reduction in drivers and decoding circuitry will cub ithe

ar e poacre ansaaption by 40%.

Anothor adyantage of the high dielectric substrate inaterial s
“he dPanraved microstrip olement performance, Both wider beam-
wilivs and broader bandwidths have been demonstrated using sap-
phire cubstrates. Althouah the characteristics of this olemont
witl be oroscounied o teiail o in Section 1.3, the thcory behind
the broader beanwidtnh 4 1lasireatod in Figure 6. In essence
the microsirip element is a two slot radiator and the dielectric
andr the patch can be treated as a low itmpedance transmission
Tine /27 long connecting stot A and slot B. The half-wavelength
property of this tranamission line is determiaed by the dieloc-
Frie constant of ine walecial, however, the radiated field is a
func o b the slo! soqaralion 9 ternms of free-space wave-
Ilongth, A typical element on teflon-fiberglass diclectric, rcr o=
2.7, iu o <hown in Trqure 6 (a) and has a HPBW of 90°. A compar-
ahle oloment of sapphire, or - 9.39, is shown in Tigure 6(b).

The recaonant dinensions or slot separaiion is reduced due to the

20
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higher diclectric constant resulting in a smaller aperturce,

hence broader beamwidth.

While high dielectric substrates offer many advantages for the
monolithic/hybrid design, they are not without disadvantages as
well, The most significant drawback 1is the higher microstrip
feed network loss which is strictly a function of higher current
densities in the conductor. For example, the conductor loss of
3 1007 microstrip transmission line on Duroid 5880 0.787 mm
{.N31 in) thick is 0.02% dB/cm. By way of comparison, the con-
ductor loss of a 1002 line on sapphire 0.38lmm thick is 0.27
dA3/cm or an order of magnitude greater. These are equivalent
transmission lines since the dielectric thickness is .06xd in
both cases, The width of the microstrip Tines are 0.762mm and
0.95Tmm for Durnid and Sapphire respectively. The rcason for
the higher loss is current density related due to the 15 to 1

.

ratio nf conductor arcas.

Other disadvantages of the high K materials are that they are
fragiie and non-conformal. Conformal surfaces will have to be
approximslod by a number of flat pieces tangent to the sur
facre.  a Jarqge surfaces this may or may not be a problem since
the witennas will consists of many subarrays. In general the
availapdility of materials such as sapphire, as well as the thin
film and pholoetsh processing equipment, will limit the subarray

size to 8 x % olements or roughly 3.2 inches square.
1.7.3 Monolithic

focormtlelely onolithic design maintains all of the advantdages
Lty mono i hic/hyheid approach while offering several siqni-
Creant amprovements. At Lhe present time it is a concept which
will requive oxtensive process development prior to implementa-

tion, However, it i< considered here in view of the potential

2?




benefits. We anticipate that the technology will be reduced Lo

practice within the next 12 to 24 months.

Since the concept 1s the microwave equivalent of diqgital dand
low-frequency analog integrated circuits, Lhe dnherent  gdvan-

tages of very low cost, excellent repeatability and hign relia-

bility are expected to continue at frequencies well above Y-
band. These features are  related Lo the  cos'-effoctive
production techniques which Involve very Pittle Yabor .  Devices

and interconnections are fabricated in-s5itu with geometries

specified and reproduced by the mask set.

Substrates amenahle to monclithic fabrication must either be
bulk semiconductur materials our have the capability of support-
ing the growth of a sultable semiconductor on their surfdces.
Therefore, the viable candidates are limited to silicon on sap-
phire (S0S), qalitium arsenide on sapphire and <emi-insulating
gallium arsenide (GaAs). Bulk silicun is unsatisfactory due to

its poor loss tangent.

For the S0S material the active phase shitter elements will bhe
PIN diodes. After diode fabrication the excess silicon would be
removed so that the microuwave circuitry can be deposited direct-
ly on the low-loss sapphire. The PIN diodes will roemain as
islands on the sapphire. PIN diodes fabricated in this manner,
however, will be of low quality compared to the state-of-the-art
since diffusion or implantation of dopants is restricted 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 mplantation on the tup surface.
Semi-insulating GaAs is an acceptable substrate since its high

resistivity of 108 ohm-cm results *n a loss tangent ot 1 x 1074

23




which is equivalent to alumina. The dielectric constant of GaAs
is 12.6 so all the scaling benetits of the monolithic/hybrid

approach on high K materials will be enhanced with this design.

A further benefit of the monolithic design is that other act.ve
RF or digital devices may be incorporated at little or no cost
increase. For example, amplifiers or mixers could be fabricated
in-s1tu at each element at the same time as the active phase
shifter devices. Similarly, digital control and logic circuitry
and/or a disteibuted wmicruprocessor could be included monolithi-
cully for each subarray. Although this will be wmore costly due
Lo the additional mask and processing complexity, it is a far
more cast-effective approach then the discrete component equiva-

lont .,
1.2.4 Muloi-tayer

ne malti-layer approach 1s an approprigte extension of the mo-
nalithic/hybrid approach on low K dielectrics, [t conveniently
doubles the wusable surface area by configuring the feed network
and  phase s fters beneath the array aperture. [n doing so,
Fall size nalt-wave elements inay be used in the array along witn

the prefterred six diode phase shifier contiguration.

Pernaos the most significant dadvantage of this approach is that
Lhe a tive phase shiflter elements are affurded greater protec-
tiogn trom EMP gnd lightning. When these devices are located
within the array boencath the element ground plane, analysis has
Shown  that the PIN aiode, and control electronics will survive
Phoun bhreats. 14

Alvhoogh tnas destgn clhiminates the RE component crowding pro-
Diewm, 4t substantially conpliycates tne hardware fabrication and
pechany al s emhty Specitically, vertical interconnects nust

yeoanstalled Letween the wmonolithic phase shifter and radiatinyg

cleaent layers., For example, in an 8 x 3 elenent subarray, tne

4
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precise registration of 64 holes will be required !'o assure o
uniform characteristic impedance at 1b» GHz. The dmpact of  ad-
ding a second layer with its accompanying assembly problens i5 4

significant cost increase over alternative designs.,

In addition the multi-layer approach requires speci bomaunt vnyg
considerations. Since the two layers are mounted yro ndplane Lo
groundplane, the phase shifler and feed network circultry are
exposed and must be isolated from the mounting surface. In the
case of microstrip lines, an air gap of at least four substrdte
thicknesses is preferred. This standoft requiromeat can  be
avoided by using stripline but the increasa in material cast and

weight is substantial.

1.2.5 Modular

The modular approach is another convenient way of increasing the
usable surface darea by employing both high and low dielectic
constant materials. In this design both the half-wave radiating
elements and the feed networks dare fabricated on teflon-fiher-
glass material to achieve closely matched £ and H plane beam-
widths and a low loss corporate feed. On the other hand, phane
shifter circuits are produced on a4 high K material using hybrid
circuit techniqgues 1n arder Lo 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 1mmediately on
the basis of impedance matching. The deyree of difficulty asso-
ciated with maintaining a constant impedance level and a con-
tinuous groundplane across this interface makes the insert con-

cept impractical.
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"he al*sruative then is to make the high ficlectric imaterial a
Tower laye- in a multi-layer structure. Urfortunatcly, this has
the same  ‘'isacdvantages as the multi-layer approac: with addi-
tional co plexity., Interconnect holes rmust alse be drilled
throuah th - hard high K material as well as the ieflor-fiber-
qlass. Du> 1o the fragile nature of the coramic substrates, the
fabrication and assembly of the modular/multi-layer array will
be more er>nensive than the basic multi-layer concept previously
described, Farthermore, the rigidity of the high dielectic
matorial will severely restrict the conformal properties of the

array.

1.3 Flenent Degiqgn

Since nicrostrip radiators on hiqh dielectric constant materials
Jgroe ossent ial to the monolithic and nmonolithic/hybrid desians,
an  exaeriaental eovaluation was conducted during the analysis
phase to establish performance levels. The dielectric materials
incltuded «uarts, alumina and sapphire. Due to the exploratary
naturc of theae desiqgns, resonant frequencies close to 15 Ghz

were accepriablo,

A a «<tarting point, a 15 GHz element shown in Sigure 7, was
fahricated on 0.031 inch Duroid 5880, Tho £ and 4 plane pat-
Porns, Tianres 2 and 9 respectively, are compater plots of the
measured data, Since the element s square with cach side at
D257 aneh o the HPBYS arce roughly cqual at 607, An impedance
ntoi for the sanme element is shown in Fiqure 10, The 2:1 VSHWR

handwidth i 2270 or 333 Mz,

The Garaid design was then appropriately scaled and fabricated
ono DO inech thiel quartz substrate <hown in the lower left
corner ol Higure 11, The t-plane, H-plane and VSWR data arc
precented v Figares 1720 13, and 14, respectively, The E-plance
HERW i approximat ely 108 and the 72:1 VSWR bandwidth is 1.5% or
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OURDID SHB0E-PLANE

Figure 8. Teflon-Fiberglass Element E-Plane Pattern

28




Figure 9. Teflon-Fiberglass "lement H-Plane Pattern
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230 MHz. The reduced bandwidth 15 attributable to the substrate
thickness. For direct scaling, the 0.031 1inch or 0.058 d

thickness on Ouroid should equate to a quartz thickness of 0.023
inch. The 0.015 inch dimension results 1n a rxd of only 0.037,

hence a narrower bandwidth 1S expected.

Figure 11 also shows a varyety of microstrip radiators on alumi-
na. The material wasw used as a rost effertr. .~ <sybstitute for
sapphire during the early design stage since 1 ndas a dielectric
constant of 9.8 compared to Y9.39 tor Lappnire. Frully optimized

elements were not conpleted on hi. sat-rral,

Due to the substantially higher dieie tric constant of sapphire,
square element configurations becone 1mpractical to implement.

The slot conductance becomes 5o sma’ 1 tndt the anpul impedande

exceeds several hundred onms whooon L gt s ode tne range of prac-
tical microstraip laines. The oo ut o, "hen, 1S to o iniredse tne
stot cunductancy by extending The wol'n ot fhe 50t The res it
ts @ rectangalar  naped cleonent a0 snown ©obogure 1h with g

useful rapit ampedance of rough

Tre b odnd H o pilaae pattern, toar the S aypph e erenien’ dre shown in

Firgures 1o and 1/ respse tively, A expe teds the Foplane HPBW of
176" greatiy w=xooed, tne b0 valae avs o baled with the Duroeid
e loment . On the gtner nand. the H-ulane beanwrdth s 74° due to

the O.9xd drinnwton o this pliane.

Perhdps the most striking feature of tne sapphire eplement 1s the
medsured A0l VNWR S bandwidtn oot 9.5%  which s suybstanttaily
gredter thdn the typical 1-3% bandwidth associated with designs
on  lower Jdielectri¢c mdaterials. A VSWKR plot of the elemnent s

Shown tn b igure 18

Toe v e, anagnt tredguen y o 1 14 . 16 uty 1id the V00 VhWK Juints are

T4 ang 138 wuttz tur 3 L. 44 oMz wandwidtn, Althougn thas
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measured data is accurate and has been reproduced on numerous
occasions it i1s somewhat overstated. An analytical assessment
based on Derneryd's paper [4] yields a 6% 2:1 VSWR figure.

A5 an effort to reconcile the measured 9.5% and the calculatea
6% bandwidth figures for the sapphire element, it is worthwnile
to re-cxamine the measured data. The VSWR is measured with re-
spect to the input port and does not include the loss of the 1.8
cm long transmission line between the input connector and the
radiating element. This attenuation will "mask" tne true VSHWR,
making it appear better than it actually is at the input con-
nector. The theoretical loss of the transmission line consist-
ing of 1.5 cm of 500 line and 0.2 cm of 100Q line is 0.3 dB.
This means that the 2:1 VSWR bandwidth of the radiating elemnent
corresponids  to  the "1.9:1 VSWR bandwidth at the input con-

nector. A close examination of Figure 18 shows tnat the 1.9:1
YSWR bhandwidth is 90 MHz less than the 2:1 bandwidth or 1.25
GHz. The true 2:1 VSWR bandwidth is 8.8% which 1is somewhat
closer to the calcultated value of 6%. The remaining 2.8% dis-

crepancy 1s attributed to the increased width-to-length ratio
conpared to conventional designs. This design is not employed
with low dielectric constant materials since xd and Ao are not
substantially different. Therefore, elements 0.9xd wide will
interfere with one another when spaced Ao/2 apart 1in an array
lattice.

Since allb of the elements are specifically intended for phased
arvay applications, the individual element gains are secondary
to beamwidih and bandwidlh considerations. In the absence of
quantitative gain measurements colement efficiencies were veri-
fr1ed by integration ot the tar-tield pattorns and found to ex-
cord 95% inoall cases.  This was expected due to the good impe-
dance wmatch and extremely low loss tangents of 2 x 1075 for both

quacts o and sapphire.,
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1.4 Array Considerations

The microstrip radiators on teflon-fiberglass, quartz and sap-
phire were evaluated as drray 2lemenls by computer calcalation

of the ftar-field patterns.

Since the resultant pattern is the productl of the olencent pat-
tern and the array factor, the effects of Lhe element charac-
teristics can be isolated by wmaintaining a ctonstant array fac-
tor. This is accomplished conveniently by examining the candi-
date elements 1in the same array lattice and 4t identical beam

steering angles.

Calculations were performed for 8 x 8 element arrays with 0.43x
matrix spacing to prevent grating lobes at ltarge scan angles.
The 8 x 8 array was selected since it represents an optimum
building block for larger high-gain antennas. The next conven-
jent increment in size is 16 x 16 elements which 1s roughly 6
inches by 6 inches square at 15 GHz. For practical reasons this

size 1s too large.

The availability of high dielectric materials {including quartz
and sapphire) is extremely limited in size, not to mentiogn
expense. In addition, & inches by 6 inches 1is pruhibitively
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 Josses
in a microstrip feed network for 256-way power division will
severely impact the overall efficiency.

On the other hand, the obvious smaller size 15 a 4 x 4 clement

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

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

subarray level would require extra power division levels. Baoth
41




of these factors will reduce the cost effectiveness of high gain

antennads.

Digital phase shifters were selected in view of their compa-
tability with digital beam steering controllers and the pleanar
construction techniques being investigated. Again. practical
considerations dictated the use of 3-bit pnase shifiers, 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 1is the additional surface area requirement which

usually prevents its implementation.

The computed array patterns scanned 60° 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 sidelobe level since it has the broadest beamwidth. The
difference between the sidelobe levels 1is directly proportional
to individual element gains at that angle. For example, the
sidelobes associated with the teflon-fiberglass element roll off
much faster compared to the other elements since it radiates

less enerygy at the far out angles.

At Targe scan angles, however, it is apparent that hemispherical

coverdqge or broad heamwidth elements are preferred. The effect
ot the olement pattern is illustrated in Figure 22 which shows
the <ame 8-element array scanned to 0=60°, ¢=0°. The teflon-
fiberylass olement is the dotted pattern and the sapphire ele-
ment 05 solid. It 15 important to note the two major differ-
ences . First, the directivity is 0.3 dB less with the teflon-
fiberylass element and second, the sidelobe levels are Jlower
with the sapphire element. Both of these conditions are direct-
4?
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ly attributable to the element characteristics.  The more d rec-
tive teflon-fiberglass element radiates more energy .U broad,ide
than the sapphire element independent of drray scan angle.

The conclusion, then, is that elements on high diclectric con-

stant materials will improve phased array pertormance.

1.5 Phase Shifter Consideratiuns

[n conformal microstrip phased arrays, phase shifter tradeofts
involve physical size, performance, prime power requirements and
cost. For those designs which intersperse the phase shitiers
between the radiating elements, the surface area requirv-oaents
are of primary importance, and often  oat  rank  performdance.
Since the objective of this proyram was tu funitionally 1uple-
ment the optimum array design, only conventional phase shifter
circuits were investigated, The appraach was to select dat-
ferent configurations of 180°, 907 and 457 phase Hits Lo et
the specific requirements. For designs with severe space by -
tations, minimum area configurations were evaphasized, whenever
a surplus of area was available, low loss designs were enployed
in as many bits as practical. The results of this procedure are

summarized in Table 1,

A common concern involving all phase bit designs at 1y GHz s
the availability of semiconductor control devices. The choice
is limited to either PIN dirodes or GaAs FLET switches. Tuning
diodes were dismissed due to poor performance in an identical
application described in reference 5. The device selection 13
easy to make on the basts of cost. GaAs FET transistors 1or
15 GHz are ruughly $100 4 piece even when purchased das unpack-
aged chips. On the other hand the most expensive beam ledad PIN
dindes were only $15 each. Although the field effect transis-
tors will offer o performance advantage in the application, the

seven to one cost factor was not | <tified.
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1.6 Array Performance Estimates

A Toss badget ton™ath- of- the _design concepts s presented i
Table 2. This data 15 based on the individual component evalua-

tions developed 1a the previous seclion,,

The 23 JdBi1 directivity figure s calculated for a 3 <« 43 ~lement
array with half-wavelength element spacing. Again, the valae
applies to all of the design concepts since Lhe apevture size 15
rdentical with respect to xo. The gain 15 derived for each de-
51gn concept by subtracting the projected systen losses from the

directivity.

The 95% element efficiency is implied for all of Lhe dosigns by
the 0.3 4B loss term. As mentioned 1n section 1.3 thrs perfor-
mance level is achieved on the three bhasic substrate male-
rials. Phase shifter losses vary slightly primarily due to the

difference in transmission line loss per unit length.

This sane factor explains the significant ditferences ia the
feed network loss figure. Higher current Jdensities, hence high-
er losses, dre associated with the thinner conductor wiilhs on
the high dielectric substrates. At the same Lime the feed net-

work becomes longer in terms of Ad for higner K substrates.

For the monolithic and monolithic/hybrid designs, an avray mi,-
match loss of 0.5 dB was assumed to correspond to a4 i rnput
VS5WR level. This value was increased slightly to 0.6 Jdii tHr the
multi-layer and modu'ar designs to account for the verthical an-

terconnections between the two boards.

The total system lowses range between 3.5 and 4.3 dB for the

monolithic/hybrid design on teflon-fiberglass and sapphive res-

pectively. The corresponding gains and efticiencies are 19,5
dBir, » = 44.7% and 13.72 dBi, 33% tor 8 x B clement sub-
arrays.

1
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1.7 Array Mechanical Dotarls

Although RF performance is of primary ieporbance in owvalaat ing
the candidate desians, the mechanical charvactoriatics are oy, 0n-
tial coasiderations for a thorough tradeat anslyais. (PRI EVREN

Sions concerning sz and weight Tor cach design concept foap the

basic 8x? sularray building block are summiriszo4 tn Tahle

Since fthe aperture size is dictated by Vys the olanar sarfoce
areca is the same for all desiqgns at 1l squaare iaches, Thore -
fore, the weights arce dotermined by matorial fhicrness.c,  dand

densitins.

The monolithic and monolithic/hybrid Jdesiqgne are Sinagle sub-
strate structures of the thickness indicat od, T the winltilayer

and modular desiqns, however, the thicknes, represents the ovoer-

all dimension of the two substratoes, The mudti-laver deign i
consists of an element layer on a 4,031 inch board and o foed
network /phase shifter layer on a4 0,070 dinch auhsireat.o, Path ;
Tayers are Duroid 5880 teflon-fiberglass material, ]
:
In the wmodular design the elements and foed netwrrch gre on 00031 ;
inch teflon fiberqgiass, but tho phase shifter nmodules are (ahrit- ¥
cated on alunina substrates 0.015 dinch thick. Althonah  (he k
total suarface arca of the four high diclecbric module, 4 Hnly |

404 of the aperture areac the overaell thickness is the Lum of

thoe two Tavers or 0,046 inch.

It should He noted that the thickness dimension inr hath the

A T T e ——

rmulti-layer and modular designs does not iacluds Lhe air qap or
standoff Jdipension. This spacing s required since the lower
Tayers in hnth desiqns have the circuitry on the hottan o wmen-

tioned in scectinn 1.7, This spacing rceqaivenent b5 tynieally

four siubstrate thicknesses.,
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The array weights presented in Table 3 range between 6.5 and 20
grams per Subarray. Compared to conventional antennas at lower
frequencies this weight seems almost negligible.  An arvay which
would have a broadside gain of approximately 36 dB+r and which
would consist of 64 of the heaviest subarrays (20 gm cach) would
weigh less than 5 kg. Of this total maximum wetght, the nd sub-
arrays only comprise 1.28 kg. The remaining 3.7 kg 1s array
structure, fairing, radome dand electronics. If mounolithic sub-
arrays were used with integrated electronics, 4 realistic over-

all weight of less than 3 kg is expected.

1.8 Cost Comparisons

A comparison of direct manufacturing costs for prototype aganti-
ties was also included as part of the analysis effort. Althougn
the results presented in Tabie 4 are cost estimaten, they are
believed to be quite accurate.

Concurrent with this program, BASD was fabricating an 38x38 wulti-
layer array on teflon-fiberglass material at 7.5 GHz. Since thu
hardware fabrication was for another RAUDC program, 1t provided 4
timely basis for the cost analysis in this study effort. These
costs are summarized in the column labeled multi-layer, 058384/
05880. Except for two modifications these dollar values repre-
sent actual costs. First, the antenna material c¢osts whicgh
include board material and PIN diodes were scaled to reflect the
one-fourth suhstrate area regquirement associated with the fre-
quen~ty doubling. Second, the assembly labor for PIN diode in-
stallation was recomputed using the fastest production rates to

eliminate "learning curve" inefficiencies.

In Table 4 the antenna materials category includes the substrate
material, PIN diodes and blocking capacitors., The costs assaoct-

at2d with the six fabrication te ''nijues primarily retlect the
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difference between the 10 diode and 6 diode phase shifler c¢ir-

cuits. This difference is also apparent in the digital cir-
cuitry material costs which include all of the clectronic con-
trol circuitry for the phase shifters. These components are
essential for an operating system and the cost is basically the
same whether the digital hardware is located at the antenna or

external to it.

For the monolithic design, however, the total materials cost is
$200 for the system. RF and digital components will be fabri-
cated in-situ and therefore cannot be costed as discrete compo-
nents. Instead, the Ffabrication cost includes 2all the proces-
sing steps to create the radiating elements, feed nctwork,
transmission lines, phase shifter components, digital integrated
circuits and dc distribution network. In gencral the capacity
of the semiconductor processing equipment 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 unit is

roughly 50 dollars.

The fabrication costs for the other design concepts refer to
processing of the circuit boards. The monolithic/hyhrid designs
on gquartz and sapphire arc lowest since one photolithographic
procedure is required. Both the multi-layer and wmodular ap-
proaches involve more than one photoectch process with extra
punched or drilled holes between the various layers which sub-
stantially increases the cost. The monolithic/hybrid avpproach
on Duroid is equally expensive due to plated through hole re-

quirements for each elcment.

The assembly costs are indicative of the degree of difficulty

involved. The modular approach is most complex because of the

vertical interconnects between the clement feed network layer




and the 16 phase shifter modules. These are also required in
the multi-layer design but the cost is somewhdat Yower since only

one phase shifter substrate is required.

The monolithic/hybrid designs are least expensive since only PIN
diode and blocking capacitor installations are required. These
designs do not require multiple layer interconnects. The mono-
lithic/hybrid design on sapphire is less cxpensive due to the 6
diode phase shifter.

The total cas! for each design is tabulated at the bottom of the
table. For comparison the relative costs are computed by nor-
malizing each total with respect to the minimum which is the
monolithic design at $250 per subarray. The next lowest cost
design is the monolithic/hybrid on sapphire which is 34 times
morce expensive. Although the all monolithic design is not prac-
tical at the present time, the cost differeniial is pointed out
to show the tremendous potential of monolithic microwave inte-

grated antonnas (MMIA's) in reducing production costs.

1.9 Recommendatifons

Pased on the dnvestigation summarized in the previous scctions,
Fhe vonnlithic desiqgn offers potentially significant repeat-
ability, roltiabiltity and cost advantages over the other candi-
date rechniques, In terms of performance it is rcasonable to
as5une that at worsl the array efficiency will be comparable to
the other design approaches, but with the added benefit of broad
beamwidth and wide bandwidlh element characteristics associated

witn high dielectric constant materials.,

Although pursuait of this technolngy is consistent with our in-
terprebation of the program objective, functional hardware can-

nol he dmpltenentod in this program in view of the extensive

nrocess deyvelopment offort required, Therefore, we recommend
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that monolithic microwave integrated antenna tochnolouqgy be de-
veloped on future programs both at 15 GH, and higher midlimetoer

frequencies. i

In order to fulfill the immediate requivenents of this progeam,
however, we have selected Lhe wmonolithic/hybrid approach on g

high dielectric constant material, specifically sappihire. This

choice takes advantage of the simple fabrication and assembly
procedur:s while maintaining the benefits of the microstrip ra-
diator on a high K material. Such a design concept is also 2
Togical precursor in the evolution of MMIA's since bhoth silicon-
on-sapphire and Galliun Arsenide-on-sapphire are established so-
miconductor technologies. Although the lossos aro higher with
the selncted design, we feel that this 1s only a temporary
shortcoming. The ultimate successor to this desiqgn, MMIAs, will
reduce losses by employing more cfficient phase shifters with
the added feature of including distributed amplifiers o conpen-

sate for Yosses or provide gain.
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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 wusing monocrystalline sapphire
substrates hecause the material is uniaxially anisotropic.
However, using substrates cut 1n a particular orientation causes
a material permittivity that is counstant everywhere in thegp!ane
of the material. Microstrip theory can then be applied pro-
viding the relative permittivity is replaced with an isotropic-
substrate relative permittivity which is a function of w/h of

the microstrip lines. (7]

The general direction of the experimental work was tg investi-
gate wvarious circuit contigurations that would ultimately lead
ty a teervable, hybrid antenna arrvay. Thus, the first step was
ty fabricate a4 1x4 broadside drrdy and to eviluate its perfor-
nane .o Subsequent  steps anvolved optimizing tne microstrip

CAlrougr ey

Resodee, e array fabrication, work wdas done to o create 4 pre-
Pttt vy paase shift network. This involved the design 0f 2
J-db b line coupler which would operate at the high design
broquent y, The «conupler was chosen as a viable phase snift
met g e aane, as aentioned previously, less diodes were in-

vodve ! than oo owore conventional methods.

Carveart tabracataon technigues paralleled those Lechnigues used
toe cagatal Lono tabercation except  that only single layer
desagns anstead oot nalta-layver desagns were oreated. The de-
sived o amiterostrap o carc vt o was dosigned to o fito oonto erther a1
square  ronck oor A4 squar o anch o substrate, then digitized into

rectangular courdinat e A paper tape containing the informa-

)




tion was then punched and fed 1nto a4 Gyrex pattern generator

which created a photographic plate of the microstrap circuit.
The precision glass plates were necessdry to drnisure consistent
widths in the high impedance lines and clean, clearly defined
junctions and corners. With conventional filwm negatives, very
thin feedlines tend to vary in width due to lower resolution,
warpage and imperfect contactl with the subslrate. In additicn,
the film negative will only be as accurate as Lhe <awera that
created 1it. However, the plates maintained the agocurdcy of the
pattern generatur which was apgroximately one-tentn of a3 mil.
After etching, the completed substrate was soldered onty a
copper bluock which acted as an extended ground plane tor the
circuit and end launch connectors werc dattached which served as

the interface between the circult and the bLest eguipment.,

2.1 The Antenna Array

2.1.1 First Iteration of the 4x4 Array

The first 4xd garray comprised a relatively straightforward lay-
out design, Each antenna was placed such that its upper left

corner was D.48x from the upper left corner of any of 1ts imme-

d1ate neighbors. The antenna patch 1tself was one previously
designed. A computer plot and a photograph of this 4x4 array
appear in Figures 23 and 24. fpon inspection of the plot, it

can be seen that mitered courners were not emplaoyed for the de-

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

After fabrication of the above design, the VSWR and the radia-
tion patterns of Lhe arrvray were recorded. What was construed
from the resulting VSWR wdas that elewment and transformer mis-
matches had occurred and had caused an unfavorable VSWR at the
design frequency of 15 GHz. Mismatch and transmission line

losses were dlso indicated by the radration patterns taken,
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Although the patterns for the £ and H-plane po.arizations seemed
to exhibit a good deal of directivity (approximate beamwidths of
35° and 50°, respectively, across the measured freguency 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 1loss 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

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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2.1.3 Second lteration of the 2«7 Array

Jsing the results of the Lests wmade on Lhe originagl 7x72 array,
several design changes were aade and incorvporated 3n the need

generation Z2x?7 darvay.

The first change nvolved the redesign of the antenna patoh.
Because the antenna design chosen tur the arvay had been de-
signed for use on a slightly thinner substrate, the size of tne
patch was reduced by 6.0%, 6.5%, and /.0U% tu provide Lhree naw
antennas to be tested on the slightly thicker substrate. Sub -
sequent VSWR measurements revealed the 6.5% =maller antenna tc
be the optimal design of the three; 1ts measurcd VSWR was within
2:1 for frequencies ranging from 14.49 GHz to 14%.24 GHz. The

VSWR of this antenna patch is shown in figure 27.

Anotner change involved the layout of the orvay. ‘noorder  to
tvoid as mucn coupling ds poussible, the bransfarmer asced tao feadd
the 2x2 sections was moved from its close proximity Lo Lhe bot-
Eaom two antennas of the section (see Filgure 73) to a new oo a-
tion in the center of the 2x2 section. feedline paths were Luon
altzred to preserve the equal phasing of antenna patohes, Thos

naw layout of the 2x2 array is shown 1n Figure 78,

A third change to the original array wdas to use aiterod, ar
anyled, curners instead of the 90° curners first used, In order
to accomplish this, these diagonal seclions consistiod uﬂ ST
rectangalar boxes centered about the desired diagonal 1Tines bo-
cause the pattern generator used to create the masks of the de-
stgns cogld move anly in x-direction or y-divection dodirements,
Thus, divect diagonal lines were not possible. A cection of tne
?2x2 array coumputer plaot was magnified Lo shaow the detarls ot tnge
dragonal corners and s shown in Fagure U9 This tiguare aisy

)

shows the detatls of Lhe 4:1 power divider used Lo teed the Z2x,

arrdy.
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Figure 26, Computer Graphics Plo! O “ocond Teration 2y Array
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The 4:1 power divider was 4 redesign of  the power divider
originally used. The change anvolved cleaner intersections
between the transformer and 1ts tour branches of Lransmissiaon

line.

The last design change was to increase the separation bhetween
the antenna patches from .48x to .50x. This increase of dpprox-
imately 25 mils was done to provide more room between the trans-

mission lines and the patches.

VSWR and radiation patterns were taken for the new array. The
VSWR was measured for a frequency range of 14.0 to 1b.0 GHz.
The VSWR showed considerable improvement over the first array
and is shown in Figure 30.

The radiation patterns had typical beamwidths of 5u” in the H-
plane and 40° in the E-plane. These beamwidths predict just un-
der 10 dB of gain for the array; the measured gain wdas approxi-
mately 9 dB. With intrinsic conductor losses averaging .3 d3/-
inch and approximate transmission line lengths totalling three

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

2.1.4 Second Iteration of the 4x4 Array

The design of a subsequent 4x4 array would have used the 2x/
array das a model for each of the quadrants. The top two qguad-
rants would exactly he the 2x2 and the bottom two quadrants
weuld be the 2x2 varied slightly to accommodate the pousitioning
of the 4:1 puwer divider such that all feedline paths would be
of equal! length. It was felt that the moditications to standard
fabrication techniques discussed above were the steps necessary
to assure that the final 4x4 element array would perform as

expected.

/1
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2.l fhe 3-dB Branch Line Coupler
The three decibel directional coupler was to be the basiec build-
ing block for the 180° and Y0° phase bits in the 3-Dit phase
shifter. Thus, the first step in creating a suitdble switching
natwork involved the development of an adequate 3-dB branch [ine
coupler. An idterative process that allowed Lwo slightly difter-
ent coupler models to be fabricated on a single substrate was

used in the coupler development.

N
N
—

First Iteration of the Coupler

A straightforward design approach was initirally used. Shunt and
series legs of the first model were destgned to be a4 quarter
wavelength in Tlencth as measured from the centers of  each
respective T-junction. A computer plot ot the voupler 15 SHown
in Figure 31. The quarter wavelengths were determined speciti-
cally for the respective rosistances of the shunt  and series

legs.

In the second model, the shunt leys were placed slightly further
apart, resulting in an increase in the length of the series
legs; all else remained unchanyged. 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 idteration indicated that the two
equal amplitude ports tracked each other better when “he 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 hetween the
two matched ports was greater than the desired 90° phase dif.

ference,
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2.2.2 Second I[teration of the Coupler

A new design based on the afuvrementioned resulls was utilized
for the second iteration. Both the series legs and the shunt

legs were shortened sligntly.

The results from this destgn showed g narked dmprovement oy oer
the previous iteration. The two edual amplrtude porls tracked
within oane decibel of each other for frequencies vanging trom
14.50 GHz tv 15.25 GHz; *the isolated port signial was Jus' inder
20 dB down from the input signal. However, the phase Holween

th2 two equal amplitude ports measured only @0°.

Phase medasurements were, perhaps, the wmest sensitive Heasare-
ment techniques since each mil ot length  corresponded Lo

approximately one degree of phase chanye.

There are vdrious methods to verify the wvalidity ot coupler
measurements. One method for veritying the validity of LUhe
amplitude and VSWR measurements is to sum the output powes Of
each port and to compare that number to the JInput power. A
summation of the output powers plus the approximate line losses
for the second 1teration dre shown 1in Tabile 5, Because this
tabulation accounts for 95% of the input power, 1L can be
assumed the measurenents made were valid. To check the validity
of the phase measurements, one can medsure the insertion loass
between the input and isolated ports with the two equal anpli-
tude ports first short circuited then apen circurted. Pt the
approximately correct phase relationship vxists in the coupler
square, then the recults of these two wmeasurements shouid be

nearly equal.

A tost of this nature was performed on the coupler. The test

results showed tnat although the data from 4 shorted and open

circuit tracked each other, the’ qcmptitudes, on the average,

o e e s 1 e




were

showed

somewhat

appr

that

oximately 2.5 dB apart. However, other test data
the amplitudes differed by only 1 dB at a frequency
higher than the desian frequency. These results in-

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

data gqathered trom the phase measurements.
TABLE 5
Tatal Power As Measured On Second Iteration
Coupler At Design Frequency

Power As Percentage of
Measured AT Measured Power (dB) Total Power
Input Port (Retlected Pwr) -17.8 dB 2
Tvolated Port -18.0 dB 2

di Port A -3.8 dBb 4?2
3 d0 Port b -5.0 db 32
fotal Powey Measured 78
Fotimated P ogges 0.8 dBb 17
oty Power Accounted tor a5




2.72.3 Third lterdtion of the Coupler

For the third iteration, one of the models was designed using 4
set of equations which took T-junction effects into account .
(8] T-junction discontinuities, which can usudlly be ignored at
lower frequencies, become mare prominent at higher frequencies
because their size is no ltounger negligible as compared Lo wave-

length.

A summary of the results of the equations 1s das follows: 11
high fregquencies the parasitic capacitances caused by Lhe T-
Junction formed between a high impedance Tine and a lower 1mpe-
dance line causes the high i1mpedance line to 4appedr shorter an
length and the lower impeddance line to appear equally loager i
length. Alsn, the effective impedances of series and shuat legs
are affected by the discontinuities. The shunt leg mpedance
appedrs slighly higher while the series leyg impedance appears

Just barely jower than the original value.

Thus, in this iteration model, the shunt legs were decreised 11
length by five deqrees and the series legs were equally -
creased. Also, the shunt impedance was lowered to forty-five

ohms, while the series leg impedance was nut altered.

Test results were encouraging. They showed however, that the
coupler was fairly well matched at a4 higher than design fre-
quency. Thus, the next iteration (had tiwme allowed) would have
had changes that were half the line length changes made from the
second to third 1teration.

2.3 Recommendations for Further Studies

An important area that wdrrants closer study concerns the doe-
velopement of optimal quidelines for designing T-junctions,

corners, transformers, line conne~tions and other such sita lar
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e Standard ltayouts were used an this preject, and vt would
be dnteresting to isolate each of the aforementioned, test 105
YSAR  and modify the design unti! the best wmatched conaition

neecurs.,

Hew testing tecnnigues that would allow for wawure accurate and
repeac thle tost data would also be g desirable path of study.

fne testing technrgue would have to accomplish the following:

L. Toere mast be adeguote contact between the ground
pilane ot the sabstrate and an extended ground plane
notne tora ot a4 copper block.

Lonnecblaors deading Lo bLest equipment unust be firuiy
tttaned oo the input/outpat feedlines of the circuit
to preveal tapedance misaatohes,

-
—

Pop oot o the substrate mast interface dirvectly with

- AT connections anust be consastently wmade.

Altncagn fne Lesting Lechnique used accoaplished the First three
Pocpad i it s sdeguatelyy tmprouvemnent cdan be o made in the area of

gt ooy b cantact hetween caircuit ports and tist equipment.

Aota o ar e brat o sntoutd be under consideration would involve an
Pavoest gatton bt technigues other than the 3 4B coupler Lo ac-
gt sh tae paane Shiitbb o capabariities ot o the array., Une method
gt ue the e ot hackward wave couplers, ihe use of Unis
yie ot auples would avord some of the probplens connecled w-th
Shan P ran compensation,  or o meander-tolded  couplers could be
TRRY tgated a Lhey could represent a gnatacant space Saving

foov b o
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