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MILLIMETER WAVE INTEGRATED
CIRCUITS AND SYSTEMS

Naresh Deo and Raj Mittra

Epsilon Lambda Electronics Corporation
Geneva, IL
and
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ABSTRACT

The last decade has seen significant advances in the
area of millimeter wave integrated circuits and this frequency
band has emerged as a serious contender for use in commmunica-
tion radar, missile guidance and other systems. In this paper
we emphasize the integration aspects of millimeter wave sys-
tems and begin by discussing dielectric waveguide structures
which form the building block for circuit integration. This
is followed by a description of different integration schemes
and a discussion of a number of problems in the desizn and
fabrication of mm-ICs that must be resolved in the future.
Finally, illustrative examples based on some existing inte-
grated components and systems are given, and a prognosis for
future trends in the millimeter wave integrated circuits is
included.

INTRODUCTION

Recent advances in the field of millimeter-waves have
opened up exciting new possibilities, but have also created
novel challenges for the circuit and system designer. Milli-
meter-wave integrated systems, after being fully developed,
are expected to perform many of the same functions as conven-
tional microwave and optical systems, such as communication,
radar, remote sensing, radiometry and weapon guidance. How-
ever, since millimeter-waves fall approximately midway be-
tween microwave and optical spectra, the design methods and
technologies of both are often applicable to this intermediate
frequency range, and hence the term 'quasi-optical'. In addi-
tion, millimeter-wave systems can potentially combine the ad-
vantageous features of microwaves and optical systems while
eliminating some of their major drawbacks, which result in
systems that are superior in performance to both.

In comparison to conventional microwave systems, the
millimeter-wave conterparts offer smaller size, and hence re-
duced weight, improved angular resolution or tracking accuracy,
resistance to jamming and lower clutter. At the same time,
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compared to optical or infrared systems, they provide better
penetration in adverse weather conditions, and lesser vulnera-
bility to smoke, dust and rocket plumes. In addition, due to
the presence of narrow bands of high and low atmospheric ab-
sorption (windows) in their propagation characteristics, some
unique applications, such as covert operation and secure com-
munication are possible.

From the viewpoint of space and airborne applications,
millimeter waves are extremely attractive, as they offer sig-
nificantly reduced size and weight. Although the standard or
integrated millimeter-wave systems today are very expensive,
it is predicted that the emerging integration techniques will
permit cost reduction to a point where they become competitive
with microwave systems having comparable performance. 1In fact
the viability of many of these systems relies heavily upon
achieving the reduced weight and lower cost afforded by inte-
grated circuit techniques. In spite of the fact that research
in this direction was initiated several decades ago, certain
technological barriers have inhibited their progress. The
development of high-power, high-frequency solid state sources
and other active devices during the last few years has removed
one critical barrier, and the evolution of dielectric-based
integration leading to low-cost mass-production has brightened
the future prospects. Millimeter-wave and quasi-optical inte-
grated circuits are expected to attain a mature state and eco-
nomic viability in the not too distant future. Consequently,
dramatic changes in the world of communication and defense
electronics are anticipated within this decade.

MILLIMETER-WAVE TRANSMISSION MEDIA AND SYSTEMS

Having established the usefulness and potential of milli-
meter waves, we turn our attention to a comparison of various
conventional and integrated systems. Conventional millimeter-
wave systems utilize standard rectangular metal waveguides and
components much like the microwaves, except for a dimensional
scaling in proportion to the decrease in wavelength. On the
other hand, newly emerging millimeter-wave and quasi-optical
integrated circuits generally employ a dielectric-based wave-
guide or transmission line (including the printed circuit
types), and the entire circuit is built in an integrated fa-
shion by appropriate manipulations of this basic guiding struc-
ture .—_ the planar dielectric waveguide.

Since conventional metal waveguides have dimensions only
on the order of a few millimeters, extremely tight dimensional
and surface tolerance requirements must be imposed in machining
and other manufacturing processes. In addition, the standard




components are not very amenable to integration and mass pro-
duction techniques, since they have to be individually fabri-
cated, assembled and implemented in a complete system. Both
of these factors significantly contribute to the high cost of
conventional millimeter-wave systems, which tend to be sub-
stantially larger and heavier in comparison to dielectric-
based systems. A strong trend away from conventional systems
and toward dielectric-based circuits is primarily prompted by
these considerations. However, in some applications, a sacri=~
fice in performance may have to be tolerated with the use of
dielectric-based systems. Consequently, at the present time,
when extremely high performance is essential, standard metal
waveguide implementation is reverted to.

INTEGRATION SCHEMES FOR MILLIMETER WAVE CIRCUITS

Essential tc any successful integration is the development
of a transmission medium from which most of the active and
passive elements are derived by appropriate modifications. The
guiding structure thus serves as the basic building block for
all the circuit components. Considerable research interest
has been generated in the development of new transmiision me-
dia suitable for circuit integration. Some of the basic con-
siderations and problem area in the selection of guiding struc-
tures and integration techniques are:

(a) Transmission losses

(b) Compatibility with solid-state devices
(packaged, chip, beam-lead or whisker-

contacked)

(c) Dispersion and multimoding :ffects

(d) Adaptability to fabricate ferrite and other
non-reciprocal devices

(e) Radiation losses

(£) Fabricational ease; suitability for mass
production

(g) Frequency range of interest, complexity
of the circuit

(h) Availability of design data and theoretical
formulations and results

(i) Desired performance characteristics

(j) Cost, size, weight, and environmental
requirements

An evaluation of the existing and proposed guides must be
made on the basis of these considerations. Table 1 shows the
comparison of various popular waveguides along these lines.

We next describe some of the proposed schemes of integrating
millimeter-wave circuits.
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1. Totally integrated monolithic circuits: The ideal
goal for millimeter-wave and quasi-optical IC's is a compiete-
ly monolithic design using Si, GaAs or some other substrate.
In such a scheme, all the components, active or passive, as
well as the interconnections are fabricated by diffusion, ion
implantation, metallization and other processing steps simi-
lar to low frequency IC technology. The rapid development
of Molecular Beam Epitaxy (MBE) and other techniques is likely
to accelerate the progress of this scheme. Use of concepts
from the fast growing area of intecrated optics is made in
implementation usiug this design technique. Monolithic GaAs
integrated circuits have recently been developed for micro-
wave frequencies (up to about 10 GHz), attaining Medium Scale
Integration complexity. In the very near future, complete
receivers and some digital circuits on a single chip will be
available for microwave frequencies. Even though consider-
able research efforts have been expended, no complete advanced
millimeter-wave ICs of this type are expected to merge in the
near future. However, in the far infrared, progress has been
made to a point when prototypes will soon appear on the scene.

2. Dielectric waveguide integrated circuits (DWICs):
These employ a dielectric-based waveguide, such as an image
or insular guide as the primary building block for the circuit.
Discrete active devices are individually mounted in the prefab-
ricated circuit block, which is backed by a metallic ground
plane to provide heat-sink and d.c.bias ground. Fabrication
of such circuit can be done by one or more of the available
techniques, e.g., injection molding, precision milling, laser
cutting, etc. At the present time this scheme seems to enjoy
considerable popularity,?-* particularly those using image
guides. A number of critical problems associated with integra-
tion in a dielectric environment remain to be solved. These
will be discussed later together with some existing systems of
this kind.

3. Combinational techniques: By far the most prevalent,
these techniques combine or hybridize standard waveguide met-
hods and printed circuit technology, According to some resear-
chers® circuits constructed by using a combination of various
guides such as microscrip, suspended stripline, fin-line and
dielectric waveguides will be the most cost-effective solution
to the design of advanced millimeter-wave systems. Several
existing systems use standard metal waveguide-type modules or
components to perform certain functions. These and other di-
electric-based modules are then interconnected by open dielec-
tric guides. This is obviously a compromise between the stand-
ard implementation and an all-dielectric realization. On the
other hand, the well established waveguide integrated package
(WIP) techniques® utilizes standard waveguides for providing




interconnections while the actual functions are generated by
means of dielectric guide-based modules, which typically em-
ploy suspended striplines. In the lower millimeter-wave bands
the most common design technique is still a microstrip or
stripline circuit with standard rectangular metal waveguides
for input-output and selected processing.

CURRENT PROBLEMS IN MMIC DESIGN

Millimeter-wave ICs have not reached a technologically
mature state yet, and many problems still remain to be solved.
Some of the problems in the design and fabrication of both
active and passive components are:

(a) Active components

Radiation from discontinuities near

active devices

Complexity of mounting active devices

in a compatible fashion

Lack of proper matching and biasing networks
Highly diminished device size

Increased parasitics and attenustion

Lack of adequate thecry and decign data

(b) assive components (in addition to some of
he above)

Dispersion and multimoding

Radiation from bends, etc.

Absence of ferrite and other non-
reciprocal devices
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It has been demonstrated that open dielectric guides
suffer from radiation losses. Substantial loss occurs in the
vicinity of active components, sources and other discontinui-
ties. Shielding, use of properly designed transitions, and
avoidance of abrupt discontinuities are helpful in minimizing
radiation losses. Also, certain configurations are more likely
to radiate than others. One additional problem created by ra-
diation is that of cross-talk in a compact circuit.

Complexity of mounting solid state active devices in an
integrated circuit depends a great deal on the package of the
device, and on the guiding medium. Planar technology, which
often utilizes a suspended stripline or microstrip, is very
suitable for mou..ting planar devices, e.g., beam-lead diodes.
Whisker contacted diodes are considered labor intensive and
hard to mount. Availability of a ground plane/heat sink for
mounting solid state sources is essential. In addition, the
circuit configuration must accommodate biasing networks and
filters as an integral part of the active component. Even to-
day, one oi the major problems in fabricating dielectric-based




integrated circuits is the difficulty of mounting active de-
vices in a compatible manner.

Design and construction of matching network or shorts,
particularly the movable type, present considerable difficulty
at these wavelengths in an open waveguide environment. The
lack of a good theory to account for parasitic and other
effects forces one to design on a cut-and-trial basis. Sub-
stantial analytic as well as emperical work is needed before
design algorithms for such circuits become available.

As the frequency of operation goes up, the active and
passive component size goes down proportionately. The design
process increases in its complexity, and fabrication becomes
more difficult with increasing frequency. For example, above
130 GHz, beam-lead diodes are not usable; hence, whisker-con-
tacted mixer wafers must be used. Apart from being extremely
difficult to mount and unsuitable for assembly-line-type pro-
duction, they are somewhat unreliable in a rugged environment.
Specialized equipment and expert handling are essential for
most circuits designed to operate above 130 GHz.

Accurate design computations are not possible due to the
absence of adequate models and characterization of circuit
elements associated with active components. Cavities, posts,
transitions, and actual solid-state devices must all be accu-
rately characterized in terms of impedance and frequency-de-
pendent parameters to facilitate design of high-performance
components in accordance with specifications. This problem
is particularly complicated in an open dielectric environ-
ment for which few analytic results exist.

Most dielectric-based waveguides and components exhibit
Liigher attenuation than their standard metal waveguide counter-
parts. Also, as the frequency of operation increases, para-
sitic effects begin to have pronounced influence on the per-
formance of active components. Severe degradation can result
from these factors.

The problems of multimoding and radiation from bends are
encountered frequently in the design of some passive components.
In general, any attempt to solve these problems results in
complicating the design and fabrication procedure, which even-
tually makes mass production less attractive. In case of many
dielectric waveguides, the dimensions become prohibitively
small to achieve single-mode operation. The radiation from
bends and transitions can and must be minimized by proper
shielding and design modifications. Small and yet low-loss
transitions between various components and their interconnec-
tions are being studied extensively. Most advanced millimeter
wave integrated systems require high performance dielectric-
based ferrite devices, such as isolators, circulators and modu-




lators. At the present time, there just are not any high-
performance integrable ferrite components in the upper milli-
meter-wave bands.

EXAMPLES OF DIELECTRIC BASED INTEGRATEL SYSTEMS

We now describe briefly some existing millimeterwave
components and the integrated systems in which they have been
used. We begin by describing *he active circuits, such as
oscillators and mixers, and then continue with passive compo-
nents, e.g., filters, couplers and antennas.

The dramatic improvements in the past decade in solid-
state sources and other devices have significantly enhanced
their performance capabilities. In fact, millimeter-wave
integrated systems heavily capitalize on the advantages of
the recently developed solid-state devices. Significant prog-
ress in the output power and efficiency has been made with
Impatt diodes in the 30-300 GHz range. This is true for both
CW and pulsed mode of operation.® Mixers have undergone a
similar advancement in their performance at the high-frequency
end. Beam-lead diodes that are very suitable for planar cir-
cuit integration have only recently been made commercially
available for frequencies in excess of 30 GHz, with cut-off
frequencies higher than 1000GHz, Beam-lead diodes eliminate
the costly and labor intensive whisker contacting procedures
used so far, and yet provide performance comparable to stand-
ard implementation. These advances have been critical for
the progress and survival of millimeter-wave ICs.

Integration involving the use of image guides is very
popular primarily because they are easy to fabricate. Figure
1 shows the schematic of a dielectric-based, integrated re-
ceiver developed at the University of Illinois. It comprises
an Impatt local oscillator and a beam-lead diode mixer. The
Impatt diode is mounted in the ground plane, which also serves
as a heat sink. A cylindrical pin attached to a metal plate
on top of the dielectric guide contacts the diode to provide
the dc bias. For the mixer, a metal post attached to the
ground plane passes through a hole drilled in the dielectric
waveguide. Next, a diamond-shaped metal plane is deposited
around the post on the top surface of the dielectric such that
the metal post is electrically isolated from it. A GaAs beam-
lead diode is mounted in the small airgap between the post and
the deposited plate, which serves as the common terminal for
bias and IF output. Mechanical tuning for the Impatt oscilla-
tor as well as the mixer is provided by movable metal shorts.
This scheme works very satisfactorily and shows potential for
successful integration of large systems.
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Figure 1. Dielectric-based integrated receiver developed
at the University of Illinois.
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Figure 2. Bo.on Nitride Image Guide Oscillator developed by
Hughes Aircraft Company.
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Figure 2 shows a view of the Boron Nitrade image guide
oscillator developed at Hughes Aircraft Company.® A metal
cavity is employed around the diode, but the generated power
is fed into an image guide with a metal strap employed as a
transition. Bias is provided by means of an insulated wire
that passes through the cavity wall. Complete enclosure is
achieved by the use of a top plate. Many modifications of
this basic type are possible. Hughes (using identical con-
struction) has developed detectors and balanced mixers at
70 GHz and beyond. One advantage of this scheme is the ob-
vious reduction of radiation losses near the impatt which
occur in an open dielectric waveguide realization. High per-
formance of this type of device can be attributed to metal
cavity use. Another example of a prototype transceiver cir-
cuit’ constructed by ERA Technology, UK is shown in Figure 3
Notice the twopole band pass ring filter and the balanced
mixer configuration. Another very popular class of integrated
circuits uses the printed circuit technology by combining a
variety of transmission lines which are integrated on a single
substrate suspended in the E-plane of a split rectangular me-
tal waveguide housing. An example of such an integrated re-
ceiver is seen in Figure 4. Here the filters and the matching
networks are realized using fin-lines, coplanar lines and
microstrips - all produced by standard printed circuit tech-
niques. This type of design is well-suited for frequencies
up to 100 Ghz, beyond which printed circuits are considered
inappropriate. Balanced mixers at 94 GHz have been built with
a typical noise figure of 8 dB, which includes the IF amplifier
contributions. At Bell Laboratories a similar technique has
been used® with standard waveguides providing the inputs
through transitions. This is well-integrated, easy to imple-
ment, relatively inexpensive, and has adequate design informa-
tion (or theoretical results).

Passive devices for the integrated circuits have to be
compatible with the rest of the circuit elements. In general,
they are made by modifying or manipulating dielectric trans-
mission lines which provide the interconnections. Once again,
image guides are most popular at higher frequencies, viz., 60
GHz and above, and striplines (printed circuits) in the lower
frequency range. Although the performance of these components
is certainly inferior to their metal waveguide counterparts,
the other advantages compensate for the deficit.

Finally, a very essential part of many systems is the
antenna. From an integrability standpoint, dielectric or
Dicrostrip antennas are ideal for mosiL applications and can
be built as an integral part of the system. The usefulness
of antennas in millimeter-wave and FIR stems from the fact
that optical techniques can be combined with conventional
circuit techniques. However, if verv high gain or extreme-
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ERA Technology, England.
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Figure 5. Examples of Dielectric Antennas.




13

ly narrow beamwidths are required, use of conventional parabe-
lic or other reflectors is still the best choice. Dielectric
antennas (including the printed-circuit type) at millimeter
wavelengths are sometimes classified into two groups, viz.,
surface-wave and leaky-wave types, although strictly speaking
both of them continuously leak energy as a mechanism for
radiation. The surface-wave types, which are usually uniform
or tapered rods, are usually end-fire, while the leaky-wave
antennas radiate off broadside and are frequency scannable.
Figure 5 depicts some of the typical antennas. Two subjects
of current interest are phased arrays and feeds using dielec-
tric-type antenna elements.

CONCLUSIONS

It is fairly evident at this time that in spite of a
slow and somewhat problematic start, millimeter-wave technolo-
gy and, in particular, the mmICs and QOICs have begun to find
a multitude of important applications. The many advantages
offered by them over conventional microwaves or optical sy-
stems will ensure their continued development and use. It is
projected that combinational methods of integration will con-
tinue to prevail for some time. They are commercially avail-
able today. Fully integrated monolithic far infrared and some
microwave circuits are expected to emerge into production stage
during this decade, while mmICs will slowly head in that direc-
tion. Dielectric-based integration techniques have already
established their feasibility though further work on some as-
pects, such as non-reciprocal devices, is needed. A quest for
better, low-loss dielectric materials also continues. At the
present stage, mmICs have not attained the state of maturity
and economic viability that microwave systems have reached.
However, as research activities throughout the industry progress
new technologies and schemes of integration are expected to
emerge. There is little doubt about their cost-effectiveness,
and according to most experts in the area, the 1980's will see
mmICs go through a phase of strong challenges, critical tests,
and tremendous advancements.
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RITTIAT DIVILOPMENTS IV MILLIAETSR-WAVE ANTENYAS

o~

3. Ray, R. Aittra, T. Trina, and R. Palsta
Jniversity of Illinois
Jrbana, Illinois

A3STRACT

Several typas of antsnnas for use at twillizmetar-gave frequenciag are

o

fon

T . ™2 first is a leaky-wave 3structure gnonsisting »2f 2 rectangular

D
[¢)]

n

D
>
~

s
1

[N

i ctrizs 71 with metallic strips on one s3ide. This structiare raliatas

(Y]
1

£l
fan-shar2d beam in the near-brnadsiie rang=s and zan be frequency scannel. A
zolificatison of this an%t2nna is the horn-image zuiie ant2nna. Tals antanna
2onsists 92f a1 leaky-wave structurs, as isscribed 2hove, tha*t i3 Tount21 in 2
Tetal “rough. A metal flars is 2ided along the trough far increas2i bsanwiith
control and 1irectivity. This ant2nna produces 32 bear which is narrow ia both
vlan=2s and 1as substantially hizher zaia %han $he leaky-vave an%21ni alone. A
varticular aivantaze of both %hese typas of antznnas is their 1iasagrability

dith 2 1i2laciric waveguile intsgratad circuit.

I. INTRODUCTIONV

Currzantly, 2 great deal of intar2st as been placzi in the deavelspment »f
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int2grated circuits for millimeter-wave frequancies. Dialactri
rectangular cross-seciion trovile sne »f the wost attractive 4achnnlngias for

lizatian »f this objective. Dialactrizc waveguiles =xhidbit tany
itportant characiaristizs ia this frequency range incluling low 1oss, 1ow cost
a1l relatively 1low manufacturiag tolzrannes. For  t1is r=a3on, J2 nava
investizata2t 31 number »f anftanna stricitures whish 2onsist 27 avororriataly
1oiified r2ctaagular gzguiles. These antannas woulil b2 r2aiily int=2grabla vith

1 iiz2lzctriz wavaguiie bas2i system.




The 4antennas discussei are of +tha l2aky-vave variaty. M2 Ddasi:
structure consists 2f a2 vperiodically vuverturbel r2cftangular  waveguiie.
Porturbatisns commonly usel are notches ar m2t2lliz strips. As me%alli:z
strips have been shown %9 be supsrior rlT, this report as=2s metallis strivs
2xzlusively. This ant2ana  railiates =2ss2ntially  broaisiie. 3ince  the
propagation cnnstant alosng the structure is frequsancy l=2penient, fthe bear is

frequancy scannable,

(]
(8

. JNTFORM 3TRI? ¥WIDTH ANTENVAS - THEORY

The lsaky-vave antemna (LYA) «ith unifort metallic strivs 4vas been
. . . . - - -
studiai extansively by sesveral invesitizators ;21,;7]. TM2s2 ant=2nnas are

strictly perindiz. The 1istance betwean the sirips and the sizz »f ths sirips

are coanstants. A typizal antenna »f this styve i3 shown in

rz2lat21 coordiinats systam. Tor experitental purpnsa2s tvz antanna 1as been fai
i

¥ith 3 rectangular metal waveguile fitt2d with an Hptimally iesizne
1

4. Thus, the f2el =nd »f the iiz2lactric waveguile is tapsrel for raizhing
turtos2s. The teiallic strivs of wiithr ¥ z2re zlac2i zlong one broai-wall. D,

%n2 s3spacing bdetween elements is chosen 40 be 921 th2 ardar 2f 31 zuiied

vl

vavelangth., This allows *the s3tructures 45 suppart 2 siow traveling wirse,
?9;k31 > x,»  This wave attsmuates alonz the guidie duz %o snergy "l2aking
avay frow the ant2nna in the form »f raliatisn. As i3 %yvrizal »f %raveling
¥172 aat2nnas, this antsnna i3 many wvavelangsis louz in the wave vroragationm

ot 2 direction. Du2 to tha nign frequancy emrloyzei, She ant2qna is caysizally

Tor moderatz strip size, this ant

W

n3 zan be 1iescribel in *t2rms »f 3izrl=

n
linear arrvay thenry. 3y ignaoring such 2% cts a3 zutua

Lo T S
w
W

reflactinns at iiscontinuitias, and intaractisn vith the
be zonsiierel as thz elexents »f 2 linea 1
m3ve constant 3paciag 2, and ars =xcit2d by 2 fraveling wave with a3 zomrlex

prop23ation coanstant «

A
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3iven X,, the array factor, AF, is given by

AF = A° SN N?h—ﬁ 1)
s\\ W /2

W#n2ra N is the aumber »f =2lsments, 4, is 1 zonstan®, ani '“’ is the complex

juantity

’\'P: k.Dcobe —kaD 2)

Tae  20miitisn fHr a3 fi2ld maxima posi%isn 2f a1 =zain bear) is  %had

Rer_‘{’]ﬁ?rﬂr, (n=2,+1,+2,...
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rilly designai %2 12ve nsnly one xzaia b2am in Sme visidls
rezisn. Ia a suastended zuidls mode af 9p2ratinn, this Teins 2me bH2axr ia the
agrer 2alf space, 130 > B> ), and its mirror imagze i-

ol
75 iasurs <he 2xist2nce »f only nsne maia bear, 2ars must b2 takaa %o iasure

[}
v

tnat th2 argurent »2f the inverss 3in anc4iosn in Tyuation (3 nav2 absnlubz2

valie l2ss than unity ©or only one intager value »f n.

Datarminatinn of the 2lsment pattarn requires vreciss <owliaize =f the
12 z2iven strip. As %his 1is unknowm, a2 =271l

iz2azriction »f the radiation pattern i3 izrossidvla. Convenieatly, the =2l2mant
vattarn i3 3 slowly varying functisn of angla +w12reas the array Tacisr is
rapiily 7arying. Thus the T-rlane [th2 plan2 #1izh coatains 45712 zaide axis)
far-fi2l1 vpattera i3 given azzurataly by <he array  factor. ™Me 3 13
nearwiitas are zivan by solving 33natinn (1) fr £12 1alf vover woiands. 3iace
M2 proragaticgn 2sastant is complex, %12 deamwiith depands crivizally on ths

iTaginary porsion of %,, inst221 7f i2vaniing simplv 21 %12 autbar 2 ssrics.
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The above 1iscussion presuproses inowledge »f ths propagision iastant.

N)
3

s . - ‘ \ . :
fittra and {astner ;)], hava racently 1=avelopai 2 speciral Iomain 3»lutiam

th

<,. 1 Tore convenient =method i3 t» assume that +the real worsisn »f

ot

n

D

b

oropalation constant  is  ilentizal  to  the  ypropagation coastant »f
unp2arturded guile. This can be founl via She Zffective Dizl2sftriz Tonstant
mathol {3.. Although *his methni gzives 2o iafoyrmation 22 512 imazianary
portion »f %, ani hence the beamwilth, this assumrtinn has besn frunl o be

ugefal and wvalil fMr stries »f 3m3ll %5 zolerats size, Ixraritan

ot
W
o

2chnigues can thea be asel <o let2rrine %he Dbearwiith, 33ia, ni *ha
charactaristizs in zhe H-gplane, +%he vplane Lransversas 59 %he zuile axis.
3iie anl 22nifire raiiasion lavels also i2p2n0l1 o1 f221 ani c2rminatinon
affacts. Th2s2 are unazcount2l for in sur siztlz linear array <h2ory aand rust

“1as D2 Tessurel.

TTI. TIEFORM O3TRIP WIOTH ANTEZTIAS-T@3IRTIENT

"misz seztion discuss2z the valilizy »f ¢the adove azeraxiwmation and
3tulizs =h2 r2latisnship bstw2en varisus saramaisrcs, %he comrplav uropazatiom
on3sant, and <he
ant2nn1s  v¥2r2 2omstracial rarying only She 3sriv-viith, 9. Thase an%23nnas

y27r2 i3ttty 2f woly2shelyme, €& = 2,33 ant i 27ris83-s3e2tional

jizensions Hf 3.2 x 1.5 mm.  3ach anteane a3l 15 sirips Hf 2onsitant wiilth

32rar1t2l by D = 3.0 mm o= D032 A,. The firgt osirin vas locassl aterocitataly
3 <

2% am from e f221 4o Tiaixn €324 in%23ractisn. FroT ant23111 57 ans2nal She

ratins W/D ragzei fror J.112 45 3,733, Tarnuzasut  Shis r2oovth,  the Tixel

i measuraments w2re maila Hm 21:n 1F Y5e 3ntannas.

1
Tron this  1ata the  z2omplax oropazatiosn sonstant far 22271 aate2anl 9aa3

12752rminsi. Tigure 2 3n9WS =32 %! a3z a4 fun2ticn 9f e ratin N0,
- S

iz252rmined fror far and near-fi211 {3%a. 39ta 12913 show 11t T5r tolarase

strit 3sizes, , Toemaing virtually ii2ntizal <o Sa2 uaarsrsiarded yavezaiils

3
2132, 3 .= 2.3 mm. The2 far-fi2ll {273 shows St fhe 2l oortion of X,




n2ar-i211 13%1a.

3xarinastion 2f the far-fi2li radiatinn vattarns shows siznifizant pastarm
j2graiatioan for strips larger +han d/2 > D.3, i.2., siielabe ani =nifire
raliatiosn l2vels are gzgreatly increassi. This is most licely 1us 35 mab
conpling and watching effects. TJadoudt24ly zhe transitinn from op2n zuils 4o
l2aky-4ave structur2 is Tore severe whan %h2 3%trip gsizs iz larze, resuliing in

increasel railiatisa. Hznce w2 sez2 %that aprroximating

#1th *the praopagatinn constant of an unperturbaei zuide is valil sver She ranze

Figurs 5 300WS & ,= Ix'k,| as a funstina of ¥/). The iraginary portion
2% %, is 3221 %5 dsreni sirongly on this ratin. ™2 Yearwiitas 1lisplay
3iziliar  henavior,. int2nnas with narrow  3sirips nave swall X ,7s  and
zorrestonlingly narrow bzams.  The drawback »f thes2 antannas is %hat a larze
numder 2f 3trips are required *o raiiate all *the inciiant powsr in  the
ornaisiis 1iractinn. An insuffiziant numbar »f strips #ill r23117% substansial
2nifirs raiiation. This was a2viiencai {n $hesz 2xperizeass. Th2 anteann
sh2 aarrawest shrivs (W/D = 2.112) nal eaifire raiiatian vmisn 2xcesdiel ihe
T1ln d2am vowaer l2vel, in spite »f haviag 15 strips. Zuiliing

increas2s manuficturiag solarances ani are thus mors 1iffizult to r2alize.

%)

igure 3 3h2ws that an optimal radiator e=xists for ¥/D ~ 0.5 . Jsa2 »°F
tals strip-wilsth shouli allow cons tina of %th2 shortast possibla antanna.
"ais n*t2na woull 1139 a2ve the wilest beam. is discussel above 4hnuazh,

ant2nnas wi¥th larze strip-yiiths ars not practizcal., Jdptirization in %12 samsa2
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ing 2nifire anil sidelnb2 radiatisn la2vels anil in raxizizinzg gain

n
szzurs Sor WD o~ J.1 .

Figure ! 3hows 1 Sypizal Z-zlane raiiatinn pattara a7 an 1nftz2naa vish

. . D
7D = .33, dere w2 322  Sh2  sharaztaristis aarrow b2ams a2t +3) .

r1st2rn i3 zirzen i TFigure 5. {2r2 ta2 beams arz 7juise broail. Tha * i3
> ° . . . .
p2atyiisths ars 33 ani 1729 on %12 nonmeotallized and metiallized siiles
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35 34z. The scaaning charactaristics closely f31law the results preiiz<zl via

the disversion relatisn of ths anrerturded zuiis. Th2 T2in beaxr szannzi

aprroximataly 37 over this range »f frequenciss with 1itile dagraiating in
3

rqiiation characiaristizs. Th2 use 2f aizhar 1i=21l2
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vider scanning ranges

7. TAPSRED STRI?P-WIDT AMTEINVAS

T2 preovious seciion 1iscussed an antz2nna vhizh was 3strizily warindic.

37%7 D ani ¥ wer=2 constants. In this s=2cticn the z2oniitinsn %ha% ¥ he ~2onsftant

o2
[{}]

2n  shown that varying 4 w#ithin a rather larze range aff=ct3s »nly the

imaginary wor+tisn of X, and no%t the r2al part. This 2llows the d2sign »f an

1n%2n1a vich varyiag strip-widths.

Aotirzation for this agpprnazh i3 the sraienff “Hhund ia %h2 last sectionm

pz%w2en D2atwilta and antenna langth.  With she rressnt schem2, narrow strivs
231 D2 us21 3t the ianitial roriinn »f %ae antzanna whar2 She dulk »f She power
1

-4
[{}]

3
. Tmis insuras 21 a3arrow beam. The laft2r strips 2an Shen D2 viisr

A1d21 ovenefits 2f this design scheme arse reduc2i1 tutaal z2surling and fa21

. o an L . ot . . i .
1a%2ractinn 2772243 sincz the iaitial sfrips are smail. Alsn, $a2 f-an

s
Irom anpariuarb2l zuiie 55 leakv-yave striachtir2 i3 zraiual, ri2liing a4 hastaw

3av2ral stricv-widsh wrariatisg schames have baen investizatai. 43 i3 59
b2 2¢rach2i Trom th2 abore iiszussinn, fthe best antanna vatiarcas var2 trolusa2i
taveral %Sh2 s3trip-wilth as 3

1
st 3=riv was zhesz2a 7 b2 2xiramaly aarrow.  3ach 200
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rteasuramaats show this to bz the zasz.

Tapering the 1l2ngth »f the sStrips n3as a1 similiar 2ff2ct »
propagation constant. This 2ffact is sorewhat w2aksr than the 2ff2ct »f wiith
tareriag. Clorbining both strip-wiith and strip-length taparing gires greater
control over the aparture distribution. A longer 2ff2qctiv2 aperturz is more

eagily producadi.

3uch an antsnna vas built a4 tested wita very good results. Tis
ant2nna 1as cross-3ectional diwensions of 3.15 x 1.52 mm, an overall leagth »F
151 ==, and {1 strips whizh span the last 130 mr of the antsnna. Tas sirip

sracing is one guiied wavslength, D = A = 3,95 wm. Tae shortar 3trips are
>

placei symzetrizally along the guile axis. The width, V., and the langth, L,
2f the nth sirip are ziven by:
175+.%5n  (mm) 1 <n<?23
i, = (32)
1.475 (mz) 25 < a < U
1.0+,11n {zm) I <n<?M
T = 18-
L, = /3b)
3.2 (zm) ) <2

~

The far-fi211 radiatisn of this ant2nna is given in Figurs 5. TMis

W

} o . e
ant2nna has main beams a3t +307. T™e bears are very narroy wyith 3 413

peamwiiths o5f 3.3% and 5.7® on the gzetallizei ant nonme
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respectively. Tomparad with an antenna vith constant ¥ {s22 Figur2 1), *his
an%t2nna  3hows Tarked improvezent.,  Ths  improvement i3 nnt only i3 she
beamwiith, wnizh was expectad, but also i enifire suveressinm, silzlabse
lavels, and roll-off past ths 3 13 point. The 20 43 Yreamwiish i3 »2aly
siizhtly wider than *he 17 4B beamwiith. Th2 highest siielnbes are l233 <than

5f 25 43 belnw the zmaia bear power lavel. The main 19be3
oly free from shouldars and nther pariurdatisns. Dirsstive zain of

-

this antznna i3 17.5 43, areroxirataly 3.5 43 aizhzr than the anifarn 2a3e.
Lx Y 2

ot

43 axre~*21, %he scanning zharac

2

3

izti73 andl th2 H-zlane cvasitarn ars rary




siriliar to those of antsnnas with constant .

V. HORY IMAGEZ-ZUIDE LBAKY-YAVS ANTIVVA

The previsusly described antsnnas opsrate in 2 suspended zuidle wode T
opzration. The 2xtension to image guide is straight faorwardi. Th2 antanna i3
simply =mount2d in a2 ground plane. This has the =2ffsct »f substanti 1ly
inzcreasing ‘the antenna gain by 2lirinazting the bhact lobe and subsequently
increasing the power in the front lobe. Por many arrliczations thnuga, this
antzana has the irawback of producing a very wile beam in the plans transverse

t2 the zuiie axis.

To reduce *the beamwidith in the transverss plans an antanna vas built

wMizh consista2d of an an%t2nna as descrived in se2ction IV, 2mbaedied in a
N . . Iy 1 .

r2ctangular frough with a metal flare atfached on the siie '71, Thuis antanna

is shown in Figur=s 7. Wita *hls arrangement, th2 antsnna behavas 1iX

W

1
linsar array ia *he lonzituiinal (or 2) plane whila <th2 raliatisn patitzrn

rasarblas that of 2 horn ia the transvarse {or 1) tlans.

N

Thz diz2lz2ctriz »o5d used in *this ant2nna haid cross-ssc<isnal dizansisas »f
3.4 x 1.4 mm. The ant2ana nal 32 ftatered strips 32paratel by 2 zuiiad
#avalangth., Th2 £frough 1epth was chossn arbitrarily %5 b2 3.4 zm. Tha flars
langth was chosen to b2 10 mm. 3y modeling the HY-rlans charactaristics vit
d-tlanz secésral aorn, 2an optizur £lars angls of ¢ =1} was chosen. This
a

g
11312 was =2xrerimentally observed to maximize the gai:

The far-fieli © 2nl1 H-rlane raiiatinn pattarns are given in Fizure 3.
Tm2 3 43 beamwilths in the B-glane is io, gimiliar to that 2% the tapersi
strip LY¥A. The H-tlane 1alf power beanwiish is 13%  Tis i3 significa

221 l2aky-v¥av2 antsnnas vithout the flare. The zain o€ this ant2nna
is 25 43. Tz aiielobz 1lavals are 2% least 23 43 helaw %12 1aia baam.

37anning charactaristics ware similiar %5 %tha ctrevisus 2as2s.




-

3

VI. CZONCLISION

of antesanas with <$apersd strip-wilths 5 battaer czontrnl  the

sii2lobes. Drawbacks of this antsnna are its relasively low z2ain,

and the broad beamwiith ian the plans <“ransverse %5 %he zuids axis.

Tillizetzr-vavelangths. Ths ralationship betwe2n varisus vparazetars
raiiation characiaristics warz investigated. This stuly motivatad the
iistribution. 3trip-langth variations ware also stulisd. A combinatin
=2

thase 4wo methnds yizlded an antsnna +«with very narmaw bears andi

lielaestric wavezuide and sevaral »f i%s variants have been stuiied
ani
2

140er

5

norn-image guidle antenana overccmes these two diffizultiss by Tounting

l2aky-4ave structurs iz a tetal +trough and by using a3 =z2%tal

iacrzasei beam 2ontrol.

4]

ct

A leaky-wave ant=suna consisting of a parisdizally p2riurbedi rectangular
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A Beam Waveguide Linearly Polarized
KU Band Feed System

John. B. Flannery

Sylvania Systems Group
Communication Systems Division
GTE Products Corporation
77 A Street
Needham Heights, Mass. 02194

Introduction

This paper provides a description and theory of operation for the GTE linearly polarized KU
band Beam Waveguide Feed System. The feed is designed for use with large Cassegrain
antennas typical of those associated with satellite communications earth stations. The beam
waveguide technique permits fixed ground installations of the transmitters and low noise
receivers and eliminates the large equipment room usually mounted behind the reflector

vertex.

The feed was originally developed for the INTELSAT Standard “C” ground terminal antenna.
Though not originally designed for frequency reuse applications, its cross-polarization per-
formance is compatible with this requirement. Therefore, with the simple addition of filters
to provide two orthogonal ports in both receive and transmit, the design also satisfies the
frequency reuse requirements of the EUTELSAT (European Telecommunications Satellite)

programs.

The feed system shown in Figure 1 consists of a tapered corrugated wall horn, a matching
network, a TE21 mode coupler, three differential phase shifters, a choke coupled rotatable,
motor driven orthogonal mode transducer (OMT), a transmit rotary joint, a receive rotary
joint, a drive motor and a servo amplifier system incorporated in the control panel subassembly.
The rotary joints and the choke coupled orthogonal mode transducer allow the feed polarization

to be aligned with any orientation of the satellite antenna system.

The basic KU band feed has provision for automatic closed loop tracking by means of a TE21
mode coupler shown in Figure 2. This TE21 Difference Mode Coupler provides the required
linearly polarized tracking capability in the 11 GHz band. To do this, two orthogonal TE21

difference modes, excited by the coupler, are combined in a quadrature hybrid, the outputs
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Figure 1. Photo Of Feed Assembly

Figure 2. TE21 Difference Mode Coupler




of which are left- and right-hand circularly polarized difference signals. As a circularly po-
larized tracking device, it will receive a linearly polarized tracking signal of any polarization

orientation.

For simplicity, the operation is described as though the coupler were operating in the transmit
mode. However, by reciprocity the same field configuration exists in receive. The device shown
is actually two TE21 mode couplers interlaced around the circumference of the centrally

located circular waveguide.

Coupler No. 1 excites the TE21 mode field configuration shown in Figure 3. By inspection, it
is apparent that this mode radiates a horizontally polarized elevation plane difference pattern,
and a vertically polarized azimuth difference pattern. On the other hand, coupler no. 2 which
is rotated 45° relative to No. 1, radiates a vertically polarized elevation plane difference
pattern, and a horizontally polarized azimuth difference pattern. Since the two field patterns
are in space quadrature, exciting them simultaneously through a quadrature hybrid results
in circularly polarized tracking difference patterns. We next address the basic design of the

tracking system which employs this type of higher order mode tracking coupler.

COUPLER *1 COUPLER #2

+ TE21

(a) VERT.POL.=AZ. A (b) VERT.POL.=ELEV. & (c) CP TRACKING
HOR.POL. = ELEV. 2 HOR.POL.=AZ. A DIFFERENCE MODE
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Figure 3. TE21 Mode Coupler Operation




Tracking System Theory of Operation

Consider the system in receive. If a linearly polarized signal is received directly on the RF
bore sight axis of the antenna, only the TE|; mode is excited in the feed horn. Figure 4 shows
the decoupling of the TE11 mode to the output terminal, so there is no effective sigr.al to the

tracking receiver.
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Figure 4. Mode Coupler TE11 Coupling and Directivity

If now, the received signal is off axis a TE21 mode is excited in the horn. Figure 5 shows the
effective coupling of the TE21 energy to the receive terminal. The magnitude of this TE21
mode is proportional to the angle off axis within a restricted segment; its phase, for any given

polarization orientation, is determined by the direction off axis.

Assume the receive signal arrives off axis only in elevation. Assume further that it is above
the bore sight axis of the antenna. The excited TE21 mode will be coupled out of the tracking
mode coupler and processed to the input of the tracking receiver. At this point, its phase is

adjusted to be the same as that of the sum channel signal at the tracking frequency.
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Figure 5. TE21 Mode Coupling and Directivity

If now, the signal is received from some other direction, its phase at the receiver input will
vary accordingly. Thus, from the magnitude and phase of the difference signal arriving at the
tracking receiver, error signals are generated to bring the RF axis of the antenna in line with
the source. Figure 6 is a dual antenna pattern showing a sum pattern at the receive beacon

frequency and a difference TE21 mode at the output of the quadrature hybrid port No. 1.

Horn Description

The feed horn transmits at power levels up to 2.5 KW CW in the 14 to 14.5 GHz frequency
band and simultaneously receives in the 10.95 to 11.7 GHz band. The design consists of a
conical horn with its wall corrugated by chokes, resulting in equal tapers in the E&H planes.
The choke depth is selected to be between one quarter and one half over the receiver bands.
The choke spacing, while not critical, requires a uniform periodicity. The resultant p npogating
mode in both the 14 GHz and 11 GHz frequency bands is equivalent to the sum of the TE11
and TM11 modes. Combining the dominant and higher order modes results in field radiation

patterns with extremely low side lobes and near perfect symmetry about the horn axis.
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Figure 6. Antenna Pattern Receive and Port #1
(Mode Coupler) E-Plane and Difference f=11.20 GHz
The horn length and aperture size are selected to minimize beam width variations with
frequency across both bands by incorporating a phase error of 90° to 100° at 11.5 GHz in the
horn aperture. As frequency is increased, the phase error increases, thereby broadening the
beam in a manner to partially compensate for the electrically larger aperture. Typically the

beam width remains constant over the 11.5 to 14 GHz bands to within 10 percent.

Beam Waveguide Description

As pointed out previously, the beam waveguide mirror system as shown in Figure 7 directs
the energy to and from the feed horn and the Cassegrain antenna subreflector. The configu-
ration utilized is based on optical techniques, though corrected for diffraction effects by using
slightly elliptical curved mirrors. It refocuses the energy for proper shaping and positioning
of the waveguide mirrors. The configuration consists of two flat mirrors and two curved
mirrors, the size and shape of which are designed to reduce spillover and increase efficiency.
Reflectors B&C are approximately 83 feet from each other. Thus, the energy travelling from
mirror B to mirror C, for example, initially converges toward that focus point, as suggested

in Figure 7. This is the correction for diffraction effects mentioned previously. These effects
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Figure 7. Optical Ray Path of Beam Waveguide Feed

cause the energy to spread as it approaches mirror B, as shown in Figure 7. A similar situation
exists for energy travelling from mirror C to B in receive. Reflectors A&D are planar. In
operation, reflectors A, B, C, and D move as a unit where the azimuth platform rotates.
Reflector D is on the elevation axis and rotates also when the disk is steered in elevation. In
this way the energy from the beam waveguide is always directed through the hole in the main

reflector vertex.

As part of our system, GTE supplies the subreflector. This unit is shaped in such a way as to
optimize the power illumination of the main reflector. Since this results in distortion of phase,
shaping coordinates of the main reflector are supplied to the customer. The shaping program

contributes approximately .5 dB of system gain.

The corrugated horn generates a spherical wave front at reflector B, the apparent center of
radiation being near the throat of the horn, and almost frequency independent. Reflector A
serves as a right-angle bend between the horn and shaped reflector B. Reflector C focuses the
incident planar wave front to a point which, when imaged by reflector D, appears near the

vertex of the large dish.
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Polarization Control

In a linearly polarized satellite communications system, it is necessary to align the polarization
of the ground station antenna with that of the received satellite signal. This capability must

be provided in the feed.

To provide this capability, it is necessary to rotate the orthomode transducer which is used
to combine the receive and transmit rectangular waveguides into the circular waveguide of
the feed proper. The two outputs of the OMT are connected to the low, noise, amplifiers and
high power combining network by means of waveguide rotary joints. The circular output of
the OMT is connected to the field proper by means of a choke coupled rotary section. This
operation is automated and controlled by an operator from a control panel.

When these components are assembled and measured as a unit the first test is swept VSWR
in both the receive and transmit bands. Figures 8 & 9 show good compliance with specifications
in both bands. The multiple traces are for different polarization orientations as represented

by different settings of the rotary joints and the OMT.
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Figure 9. VSWR Transmit

To meet the requirements of axial ratio it is necessary to tune three different A phi sections.
The application of these differential phase shifters compensates for elepticities in the horn

matching section and TE21 mode coupler. Figures 10 & 11 show the final tuned results.
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Figure 11. Axial Ratio Transmit

This configuration works very well for linear polarized transmit and

tions. To modify for frequency reuse it is necessary to add a diplexing filter and broadband

OMT as shown in Figure 12. Because of the waveguide size we are

diameter), a multiplicity of modes can propogate with a deleterious effect on VSWR. To help

compensate a symmetrical excitation at the ortho port is used.
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Figures 13, 14, 15 & 16 show the excellent isolation characteristics between ports.
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1.0 INTRODUCTION

The frequency selective surface (FSS) described herein reflects radio waves within a
small frequency band, but it is nearly transparent to radio waves outside this band.
This ellipsoidal FSS is an ordered arrangement of dipole - like elements on an elliptical

surface. The design and testing of an elliptical FSS requiring a highly curved geometry
to be taken into account during the design process, is the topic of this paper.

The basic requirements of this ellipsoidal FSS are to be reflective in a band centered
at roughly 9 GHz and to be relatively transparent at frequencies above 10.5 GHz and
below 7.5 GHz. More specific requirements are given in a companion paper by D.
Killion to be presented at this symposium. That paper describes the use intended for
the ellipsoidal FSS in the APS-80 radar.

A literature search revealed that most of the previous FSS work involved surfaces
much less curved than the surface required for this project. Nevertheless, Sc:henum'sl
presentation of the effects of element length and element separation on FSS

performance provided excellent starting point dimensions for the experimental design.
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2.0 THEORY

A radio wave of any wavelength striking a reflector causes surface currents to flow in

that reflector. These surface currents re-radiate the wave.

A polarized radio wave of wavelength A striking a sheet of elements of length A/2
excites these elements as if they were resonant dipoles (Figure 1). These dipoles, if
they are oriented parallel to the E field, re-radiate the wave.

Should the length of the elements be much different from A/2, the elements will not be
strongly excited and these dipole elements will be more nearly transparent to the radio
wave. Similarly, if the dipole elements are not nearly parallel to the polarization of
the incident wave, the surface becomes more transparent.

A current element can be considered as an infinitesimal dipole. The composition of a
current can be considered to be a combination of current elements of any length.
Therefore, a solid reflector, being equivalently composed of dipoles of any length, will
"reflect" any wavelength radio wave. Whereas a sheet of dipoles of length \/2
oriented parallel to the E field will reflect only wavelengths in the neighborhood of
A/2(or n\/2, n=1, 2, 3, ...).




ELEMENT (_ D)
A2

NOTE: DASHED LINE REPRESENTS CURRENT VS. DISTANCE
ALONG THE ELEMENT. THIS PLOT IS CHARACTER-
ISTIC OF A HALF WAVE DIPOLE.

Figure 1. Excited Element of Length A/2
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3.0 APPROACH

Build an FSS on a simple flat surface.

Experiment with various fabrication techniques such as electrodag

silk screening, electrodag painting, and copper tape.

Experiment with various dimensions on the FSS which deviate from
those used by Schenum. Test to see if the reflective bandwidth

requirements are met.

Project a selected flat FSS design onto the more complex curved
surface (ellipsoid).

Adjust parameters on the curved surface FSS to meet specified
reflective bandwidth requirements, testing after each parametric

adjustment.

Make E and H plane-pattern tests comparing the performance of the
FSS with that of a solid reflector.
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4.0 PROCEDURE

4.1 FLAT SURFACE FSS

Various techniques were examined for fabricating the flat surface FSS. These
techniques placed reflective element strips on thin plastic by either silk screening with
eletrodag, painting with electodag, or using small s‘rips of reflective tape. Silk
screening proved to be a poor technique for fabricating the FSS. The eletrodag did not
easily go through the silk screen. When it did go through, it smeared. Another
material besides eletrodag could have been used for silk screening. However, the
experience with the eletrodag coupled with the projected difficulty of eventually
having to silk screen onto a curved surface (for the final product) led to the

abandonment of the silk screening technique.

The second method (painting with electrodag), was more successful. Masks made of
scotch tape kept the electrodag from smearing. With extreme care, the worker could
round off the ends of the electrodag elements and avoid the high voltage breakdown

expected in pointed tipped elements.

The third method, using reflective tape strips on the thin plastic sheet, also proved to

be practical.

Estimations for good dimensions for the element length, element gap (end to end) and
element separation (broad side) were based on the results of Schenum. The dimensions
(Figure 2) chosen for fabrication appear in the Table below. These FSS's were tested
for frequency dependence of reflection and transmission in the small chamber

illustrated in Figure 3.
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Figure 2. Pictorial Definition of Demensions

#1
#2
#3

ELEMENT
LENGTH
427
527
.62”

GAP

117
117
117

SEPARATION

577
.38”
.38”

Table: Dimensions of Flat Surface FSS’s Fabricated
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4.2 CURVED SURFACE

After a design for the flat FSS was developed, it had to be transferred to the
ellipsoidal curved surface. Designs employing techniques which only slightly modified
broadside element spacing to compensate for the difference between the flat and

curved surface did not yield the required reflection band.

The successful technique was to project a flat FSS vertical spacing onto the curved
elliptical surface in the manner shown in Figure 4, Each row of elements is projected
toward the focus of the ellipse where the transmitting source is to be located. One
could view this design as a point source at the focus transmitting to each row of the
flat surface. Where the lines of transmission intersect the ellipse is the projection of

the flat surface FSS element broadside spacing onto the ellipse.

The successful dimensions in order to obtain a reflective band between approximately
7.5 GHz and 10.5 GHz which is centered near 9 GHz are: flat surface vertical
separation = .75" (this dimension was projected onto ellipse as shown in Figure 4),
element gap = .07", element length = .625" The width of each element was .15"

The semi-major axis of the ellipse used is a = 2.12",

The semi-minor axis of the ellipse used is b = 1.82".

The curved FSS was placed in the chamber (Figure 3) and tested. Element length and
gap parameters were finely adjusted to meet the reflective band requirements. The
band test results of the final design are given in Figure 6 (presented in the results

section of this paper).

E and H Plane tests compared the FSS patterns to those of a solid elliptical reflector.
For both the FSS and the solid reflector, waveguide feed was centered at the focus F1
(Figure 5). Sample E and H plane test results are presented in the results section.




F1

F2

} SEPARATION BETWEEN ROWS

\ «———— FLAT FSS WITH ROWS SPACED
\ EQUIDISTANTLY FROM ONE ANOTHER

WHERE THE LINES FROM THE
MARKS ON THE FLAT SURFACE
! TO F1 INTERSECT THE ELLIPSE
IS WHERE THE ROWS OF
ELEMENTS ARE PLACED ON
THE ELLIPSE

Figure 4. Projecting The Flat Surface FSS Onto The Ellipse




Figure 5. Positioning of Waveguide Feed With Respect To The Ellipse
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5.0 RESULTS

The test results referenced in section 4.0 do indeed indicate the satisfaction of design
requirements alluded to in section 1.0: high reflectivity near 9.0 GHz and relative

transparency above 10.5 GHz and below 7.5 GHz.

The frequency-selective response of the FSS, as tested in the chamber illustrated in
Section 4, is depicted below in Figure 6. This shows the FSS is highly reflective near 9
GHz and is relatively transparent above 1.05 GHz and below 7.5 GHz.

The results of tests comparing the ellipsoidal FSS and a solid perfectly reflecting
ellipse appear in Figure 7. The patterns were made with the waveguide feed centered
at one focus of the reflector (Figure 5).
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6.0 CONCLUDING COMMENTS

Should one desire to build a curved surface FSS with reflective frequency requirements
different from the ones described for this project, the following suggestions should be
helpful.

(1) The element length should be approximately A/2 (A being the wave-
length of the center frequency of the reflected band).

(2) Small consistent deviations in gap length do not seem to affect the
frequency reflective band significantly. In the example described in
this paper, the reflective properties of the FSS met the prescribed
requirements both when all gaps were .07" and when all gaps were
0.

(3) The vertical separation of elements should follow the pattern
depicted in Figure 4. Note that shifting the projected plane surface
either up or down produces an acceptable projection onto the ellipse.
An HP 25 program for producing the projection is printed in the
Appendix.
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FOOTNOTES

1G.H. Schenum, "Frequency Selective Surfaces for Multiple Frequency Antennas,"
Microwave Journal, May 1973, pp. 74-76.
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APPENDIX
HP 25 Program

This program determines the vertical position (y coordinate on the diagram) where

rows of elements should be placed on the FSS ellipsoid.
Variable List
Inputs

m = slope = n (.75) n = z1, £2, +3, ie., m is the slope of the line from
focus F1 to a given marking on the vertical line (from which the
projection is being made)
Q = - focal length (measured from center of ellipse)

az/b2 = (semi-major axis / semi-minor axis)2

a2z (semi-major axis)2
Outputs

x, y (point of intersection of line with the ellipse)
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SHAPED LENS ANTENNAS*
J. J. Lee and R. L. Carlise
Defense Electronics Operations
Rockwell International

Anaheim, CA 92803

INTRODUCTION

As the demand for EHF technology increaszes along with the
recent advances in the development of low loss dielectric materials
and numerically controlled machines, dielectric lenses have become
viable candidates for EHF antennas. For the design of low cost,
light weight and high performance lens antenna systems, lens

shaping is a powerful technique.

Shaping techniques can be applied to design dielectric lenses
for different applications. The constraint of aperture power dis-
tribution can be imposed to control the main beam shape and side-
lobe level. For excellent scanning capabilities the lens can be
designed to be coma free by imposing the Abbe sine condition. For
multibeam systems where low sidelobes and high crossover in gain
between overlapping beams are required, a combination of aperture

control and coma correction can be implemented.

Based on these different requirements, three different lenses
were designed and fabricated. Preliminary test results were
obtained and are reported here.

SPECIAL SHAPED LENS

The first lens designed and fabricated was shaped to trans-

form a standard sin u/u pattern into a Taylor type distribution.

*This work was supported by NAVELEX under contract N00039-79-C-0207.




However this is by no means a limiting case. The transformation
can be applied to any reasonable aperture distribution. As an

example, the lens can be shaped to produce the well known Jl(u)/u
pattern for earth coverage with maximum efficiency, or any other

aperture distribution which meets specific requirements.

The lens was designed to operate at 44 GHz with a Taylor type
aperture distribution achieving both amplitude and phase control.
The computed far field pattern was for a beamwidth of 3.0 degrees
and -40 db first sidelobes. The lens is 43 A in diameter with a
focal length of 46 A and horn aperture of 2.85A. The horn illum-
ination is transformed by both the first and second lens surface
to produce the desired aperture distribution as depicted in Figure
1. The measured far field pattern of this lens at 44 GHz is shown
in Figure 2. The measured gain is 34.5 dbi with a 3 db beamwidth
of 2.9 degrees. Note that the beamwidth for a cosine illuminated
aperture of 43 A would be 1.5 degrees. The first sidelobe is seen
to be on the order of 32 db below the peak while the design goal
was 40 db. This sidelobe degradation is believed to result from
the surface mismatch of the lens. Also it was later found that a
portion of the first sidelobes of the feed horn pattern was inter-
cepted by the lens. It is anticipated that with surface matching
‘and feed control the sidelobes would be well below -32 db as pre-

dicted.

As expected the scanning characteristics of the special shaped
lens were very poor. The adverse effect of cubic phase errors for

off axis beams are manifested by high coma lobes and main beam

small




distortion. As the offset angle increases, the beam deteriorates
even more, making the special shaped lens unacceptable for scan
applications. This requirement led to the development of the

second lens for wide scanning capabilities.

WIDE SCANNING LENS

The second lens was designed and fabricated to meet the Abbe
sine condition for wide angle scans. 1In this case no special
transformation on the aperture distribution can be made. The dis-
tribution was basically the sin u/u hornpattern in amplitude, but
modified in phase by the lens. This means, of course, that the
sidelobe would not be as low as -40 db, but still at an acceptable
level. The configuration of the lens is shown in Figure 3. The
measured patterns are shown in Figure 4. As can be seen, there is
no coma or main beam distortion with scan. The wide angle scanned
beam has almost identical characteristics as the beam on axis.
Again, the lens surfaces are not matched, but it has very little
differential effects on the sidelobes of -23 db as the beam scans.
The mismatch would indeed@ be a critical factor if the sidelobe

were on the order of -40 db.

For multibeam systems, the horn phase centers were displaced
off axisat intervals of one horn width (horns touching each other)
to maintain the desired beam configuration. However the horn
size is usually too small to have a proper lens illumination for
low sidelobes. But if the horn size were increased, the cross-
over level would decrease. These conflicting requirements led to

the development of the third lens configuration, which scans well




and encompasses low sidelobes with good beam crossover levels.

SHAPED MULTIBEAM LENS

The third type of lens is a combination of the special shaped
lens and the wide scanning lens. As well known, the Abbe sine con-
dition basically requires that the lens be spherically concaved
in contour to be coma free. This is the principle used in the
second lens. The first lens has a pronounced convex surface,
therefore, zonning is introduced in N A increment to force an
approximation of the Abbe sine condition. However the highly con-
vex profile of the first surface of the special shaped lens
deviates so much from the circular arc that too many zones would

be required to satisfy this condition of coma correction.

To make the lens profile more practical, a less severe taper
given by E(r) = [l—(r/1.05)2]3 with a uniform phase was specified.
In this case, the lens is shaped for -36 db sidelobes with a 3°
beam width at 44 GHz. For 36 db directivity, this lens is
smaller in diameter, only 30 A , because the aperture efficiency

in this case is higher, about 48 percent.

When coma correction is applied along with shaping, the cross

section of the lens kbecomes zig-zag shaped as shown in Figure 5.

Figure 6 shows the measured patterns of the overlapping beams
at 44 GHz. These results were obtained by o“fsetting the feed horn
from the axis with one horn size each step. As predicted, the lens
collimates very well to form a high quality beam despite the osten-
sibly erratic surface zoned for coma reduction. The first sidelobe
level of the central beam is -30 db, not as low as predicted, yet
considered to be remarkable for an unmatched lens. The sidelobe

level can be anticipated to be well below -30 db when the sur-




faces of the lens are perfectly matched with quarter-wavelength

layers of proper dielectric material.

For off axis scans, it can be seen that the coma distortion
of the main beam is almost completely eliminated, and the sidelobe
degradation is correctably small. Again, substantial improvements
can be made by careful surface matching. A smaller step size in
the discontinuity jump of zoning would also lower the sidelobes,
because the scattering loss is expected to be further reduced for
off axis scans. In addition, the intrinsic cubic phase error
would decrease because a better approximation to the Abbe sine

condition is achieved, leading to even lower coma lobes.

Note that the beam crossover level is only 4 db below the
peak, a feature not easily attainable with -30 db sidelobes by
single horn feed. On an expanded scale, the 3 db beamwidth was
measured to be 3.4 degrees, slightly larger than the predicted
value of 3.1 degrees. This discrepancy is possibly due to the
phase errors of the feed pattern and the diffraction of the zone
ridges. It was found that the ratio of scan angle to the incident

offset angle of the feed is very close to one.

The measured peak gain of the prototype multibeam lens
antenna is 33.3 db. The computed directivity is 36.3 db. Thus,
the total loss is about 3 db which accounts for the spillover of
the horn, surface mismatch, diffraction, dielectric loss and
horn copper loss. With surface matching and a smaller step size

in zoning, the loss can be somewhat reduced to about 2 db.

From these preliminary test results, the superior features

of the shaped lens with coma correction are clearly demonstrated.




The experiments also successfully verify the accuracy of the

theoretical analyses and predictions.

SUMMARY

Three different lenses are reviewed, each with its own appli-
cation. Each design can have many configurations, depending on
the requirements of the various systems. A more detailed design
analysis will be the subject of a forthcoming paper; however, it
is hoped that this information will stimulate a renewed interest

in the design of dielectric lenses.
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PHASED ARRAY ALIGNMENT WITH
PLANAR NUAR-FIELD SCANNING
OR
DETERMINING ELEMENT EXCITATION FROM
PLANAR NEAR-FIELD DATA

W, T. Patton

1. INTRODUCTION

The usual function of a near-field antenna test facility is to determine the far-
field pattern of the antenna. The far-field pattern is that part of the angular
spectrum of the antenna which has wave numbers less than the characteristic
wave number of free space corresponding to the operating frequencyv. This
part of the antenna's angular spectrum is frequently called the visible spectrum.
Perhaps a more siguificant use of such a facility is in aligning the antenna., An
example of this is the use of a near-field facility to align the beamformer of a
phased array antenna for a tactical radar system, where the area of the array
controlled by each beamformer port consists of 64 elements, The conditions
and methods required to extend this technique to the alignment of individual
elements of the array will be considered below,

2. SPECTRAL DOMAIN RELATIONSHIPS
Some of the fundamental relationships between the antenna aperture and the far-

field pattern can be illustrated using an array of 9 identical elements such as
that shown in Figure 1,

-

9

L__i\_
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Dy [ ] [ [ J
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D d

fa—_ % —_— X |
A A

Figure 1. Nine Element Array - Aperture Diagram




It is convenient, in the analysis that follows, to represent the array distribution

as a convolution operation between the aperture function of a typical element and

an array of delta distributions with the amplitude and phase imposed on the array
hy the beamforming network., It is just this amplitude and phase information that
we will seek to recover from the far-field spectrum of the array.

The angular spectrum is the Fourier transform of the aperture function. In
this case it will be the product of the spectrum of the element supported on the
rectangular area dx/ A X dy/ A with the spectrum of the array supported at nine
discrete points, This is illustrated in Figure 2,

S SRS

X

Figurc 2. Nine Element Array - Angular Spectra Diagram

Two important features of the angular spectrum are apparent in this figure.
First, to recover the angular spectrum of the array it is necessary to remove
the spectrum of the element. This may be done either by using a priori data on
the element spectrum or by using data gathered by the near-field facility using the
procedure discussed in Section 3 below. Second, the array spectrum is periodic.
In this case it has a period \/Dy in the u direction and A\/D, in the v direction.
Thus all necessary information about the aperture function of the nine point-
source array is contained in a rectangular section of the u-v space of dimension
’\/Dx X A/Dv as illustrated in Figure 3. In fact because of the periodic nature
of this angular spectrum, all the information .bout the angular spectrum of an
array of point-sources with any number of elements having this same inter-
element spacing will be contained within the same region of the u-v space.




° A
X
A UNIT CIRCLE

Figure 3. Angular Spectral Domain of an Array

e
T

The angular spectrum of the nine element array can be written as

D D
1 1 . X v
j2w m-—;\-—u + n—}\-—v
S(u,v) = fe(u,v) E ; E ; am,n e (1)

m=-1 n=-1
where f, is the Fourier transform of the element aperture function,
From this expression and the well-known orthogonality relations of Fourier it is

clear that the array coefficients can be recovered from the angular spectrum by
the operation

A A
D D
D D 2DX ZD,V -j2r (m——x 4 on—— v)
X v / S(u,v) A A dudv
a 2 e——— —_— "1av
m,n N2 fo (u,v)
- A - A
2D 2D
X y

We note that this operation makes use of two elements of special knowledge about
the array and its spectrum: the element spectrum and the interelement spacing.
It can be easily extended to an array with any number of elements merely by ex-
tending the range of the indices m and n.

(
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In applying equation (2) to an array spectrum obtained from a near-field test
facility, we must first properly align our phase centers. Implicit in (1) is the
location of the phase center at the central element of the array. The phase
center used in computing the angular spectrum from a planar near-field meas-
urement plane is typically some distance in front of the array aperture

and also laterally displaced from the array center. Therefore an appropriate2
transformation of the computed angular spectrum must be made to shift the phase
center to one of the elements in the array aperture before (2) is used.

Another important condition that must be considered if we are to recover the
array excitation coefficients is that all the data be accessible in visible space.
This requirement is easily satisfied in the case of a rectangular element grid if

2 2

S WY AR (3)
D “\D <4
X y
In a case where D, = Dy the above condition gives D, > N2,

This restriction is quite innocuous for a non-scanning array. Unfortunately for
a scanning array, it is not compatible with the requirement to prevent grating
lobes of the array from entering visible space for any angle of scan. However,
the fact that the array can be scanned offers a solution to the dilemma. Remem-
bering that a linear phase distribution over the array aperture is equivalent to a
translation of the angular spectrum with respect to the unit circle and the element
pattern, we can determine the entire array spectrum by shifting it so that in two
or more scan positions all parts of the fundamental period of the array spectrum
are brought into visible space. In this way the necessary data for most arrays
of practical interest can be recovered and used to determine the array excitation
function.

3. ELEMENT PATTERN

The angular spectrum of the radiating element can also be determined by scanning
the array, This follows since a linear phase distribution is a translation of the
array spectrum with respect to the element spectrum as noted above, The vari-
ation of the peak spectral value (main beam) with scan is due to, and an indication
of, the element spectrum. In principle then, it is necessary to scan the array to
each point at which the element pattern is to be evaluated and perform a full near-
field scan. This process would be extremely slow and costly if the same number
of data points were taken in each scan as required to determine the array spec-
trum. However, since the elements are small, the element spectrum is gener-
ally slowly varying and therefore can be evaluated with relatively few scanned
sets of data in the measurement planc., Rapidly steering the array during the
measurement will allow many points of the element pattern to be obtained with a
single planar scan,




The density of the points at which the element spectrum must be determined is
controlled by the length "L'" of the effective scanner motion in both the X and Y
directions, The spacing between such points is numerically equal to

Au = ’\/Lx’ and
4)
Av = P\/Ly

respectively, Ly and Ly are generally made enough larger than the array to
insure covering the larger amplitude region in the near-field at the extreme
scan limits. They may even be larger than the physical scanner motion, when
zero padding of the measurement plane is employed. The array should be steered
to each direction formed by all combinations of multiples of Au and Av to evaluate
the element pattern there., The number of scan positions can, however, be re-
duced by a factor of 5 by using knowledge of the array beam shape near its peak
to estimate the value of the element spectrum at positions adjacent to the scan
position. Such techniques to reduce data collection time are important since the
complete element spectrum must be evaluated for each frequency at which the
array is to be aligned.

The amount of data required to evaluate the element spectrum can be further re-
duced by reducing the density of sampling points in the measurement plane asso-
ciated with a particular scan position and frequency. The data-point density must
be large enough to filter out the higher-order array spectra or to prevent it from
folding into the lower-order spectrum contaminating the element spectrum data,
When the array itself has extremely low sidelobe levels, there is little incentive
for making the sample density greater than that required to cover the main beam
of the array out to the first null. This can usually be done satisfactorily with
from four to eight sample points in each direction, depending on the size of the
measurement plane relative to that of the array.

4, DATA PRECISION REQUIREMENTS

An analysis of errors introduced in the measurement process can be performed
in the same manner as an analysis of the effect of array errors themselves. In
the following analysis w. will treat errors as random noise which contaminates
the measurements and therefore the spectrum that we are trying to determine.
We are concerned about the level of the this noise, both with respect to the total
array output or the peak of the spectrum, and with respect to the amplitude of a
single array element or a single near-field measurement. The processing of the
data generally provides some gain in the signal-to-noise ratio of the data, limited
by the extent and coherency of the data. For example, if all measurements taken
in the measurement plane were approximately equal, the gain in signal~to-noise
power ratio would equal the total number of sample points. The actual gain is




less than this to the extent that the amplitude of the measured field decays rapidly
when the probe moves away from the aperture of the antenna under test. A useful
estimate of the gain in signal-to-noise power ratio is transforming between aper-
ture or measurement plane and the angular spectrum is given by

A

. . _€

Forward Processing Gain ~ n, Ne A (5)
s
where

n, = aperture efficiency of the array excitation,
Ny = number of elements in the array,
Ae = area occupies by an element, and
Ag = sample cell area,

An error introduced in the data in the spectral domain due to round-off error will
not be significantly reduced in transforming back to the aperture plane because
most of the spectral data of significant amplitude are restricted to relatively few
spectral points. An estimate of the reverse processing gain is given by

L L
X 'y
n A

a

Reverse Processing Gain=x (6)

where
L Ly is the area of the measurement plane, and

n, A is the effective area of the antenna under test.

We can see from (5) and (6) that, if we are dealing with a small array of a small
number of elements, the forward processing gain can be expected to be small

while the reverse gain is large. The product of forward and reverse processing
gains, however, equals the number of sample points processed. The process of
transforming data from the measurement plane to the aperture plane should have
a gain given by _ ~9

2

2 2 2
- — D
A K +(nDX) +(m y)

n,m

n,zm Jzz+(an)2+ (mDy)2

M-A processing gain=

= (7)
n,m

Z A?+(nD)2+(mD)2
n, m X y




This will usually differ insignificantly from unity.

5. SPECIFIC EXAMPLE

As a specific example, consider a circular array of 4350 elements with an ele-
ment spacing of 1.06X in each row with the adjacent rows displaced 0.53X along
the row and 0,293 vertically. The array has an aperture distribution designed

for peak sidelobe levels of -50 dB with an aperture efficiency of -2.1 dB.

The element configuration and angular spectrum are illustrated in Figure 4.

© (.943, 1.706)

——{mexl-—
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Figure 4. Angular Spectral Domain of & Triangular Grid Array

Here we see a triangular grid in the aperture domain that can be viewed as a rec-
tangular grid 1,06 x 0,586\ with a similar rectangular grid place in the center

of the cell. These transform to the angular spectrum as a rectangular grid of
grating lobes 1/1.06 x 1/0.586 with a similar grid of grating lobes located at the
center of this cell. There are three choices for the shape of the support of the
periodic angular spectrum illustrated in Figure 4. Two of these are rectangular
in shape with different aspect ratios and one is romboidal. None of these shapes
fits entirely within the unit circle. Therefore it will take at least two scans to
cover the entire spectrum. The tall, thin shape is the only one that can be covered




in two scans, This is done by steering the array up and then down by an angle
whose sine is 1.706/2 or 0.853, This will allow half of the spectrum to fit within
the unit circle since 0, 8532 + 0,472% = 0,926 < 1.

If the measurement plane grid is 3 cm x 3 em, or 1.4 square inches, we can esti-
mate the forward processing gain using (5) to be

FPG = 10 log 4350—31'—%6-- 2,1 = 38.3dB

Thus an RMS measurement error of -32 dB is adequate to achieve a spectral error
of less than ~70 dB RMS, which will produce an error of less than 1 dB at the -50
dB sidelobe level with 90% probability, However, when the measurement is being
used to align the array, a measurement error becomes part of the error alloca-
tion of the array, so that even greater precision must be provided.

The allocation of array errors to the measurement process must be shared be-
tween the various error sources. We must distinguish between error sources
that are independent from sample to sample, like roundoff error and receiver
noise, and those that are correlated over large segments of the array, like probe
sway in the scanner due to its alignment, or motion-induced phase variation in the
probe-receiver RF path, To insure that a correlated error will not cause more
than 1 dB increase in the array sidelobe level, its effect must be more than 18 dB
below that level of at -68 dB for a -50 dB design sidelobe level. This is an amp-
litude error of approximately 398 in 108, This error can be produced by a periodic
phase error of 0.8 milliradian or a peak harmonic probe position error (z) of
0.00045 inch.

An important source of error in the spectral domain comes from the process of
removing the probe pattern and the array element pattern. If the total number of
data points processed is 1216, a total processing gain of 48 dB is available, With
38 dB gain expected in the forward direction, we can expect only 10 dB gain in the
reverse direction, Thus probe calibration precision must be better than -20 dB
RMS to achieve a ~30 dB error allocation to the test facility. A precision of -25
dB would consume 1/3 of this allocation. The measurement error in the array
element pattern starts first with the ability to shift phase in the array. Using 6-
bit phase shifters this amounts to -30.8 dB rms error. If we take eight sample
points in each direction or use a measurement grid 48 x 48 cm, our forward gain
is reduced to 38,3-24 = 14,3 dB., This process gives an RMS error of -45 dB in
the spectral representation of the array element pattern, which is independent at
each spectral point (scan angle). Since the array element pattern is slowly vary-
ing, we can expect large processing gain (36 dB) in trr sforming these errors

to the aperture plane, giving a residual effect of -81 dB. This error is

negligible relative to other sources of error.




6. DATA COLLECTION RATES

The total number of data points required to define the element pattern in the area
of the array pattern support can be estimated by

1,706 x 0.943 < 16

N = : 216 _ 0,197 x 216
(2. 857)°

If we can estimate five pattern points for each scan position, then

's 26

12
If there are 16 horizontal moves per data point, then N = 2——, and data collection
time at 2 ms/beam position is sv. 26

-3 12
2x10 x2
Tf = 5 = 0,315 sec

Time to collect data at 10 frequencies is
T = 10 x (0,015 +0,315) = 3.3 sec,
where 15 ms is the time required to change frequency.

If the distance between data points in one data set is 48 cm, the scan velocity can
be as high as 14.5 cm/sec,

Since this rate is near the nominal (15 em/sec) scan rate of the scanner used for
acceptance testing of the array, we can conclude that the entire data set for ele-

ment coverage can be obtained in a single nominal scan of the measurement plane.

The time required to collect data for array alignment can be estimated from the
requirement to obtain two beam positions and 10 frequencies. This time will be

T = 10x(15+2) = 170 ms,
With data required every 3 cm, the scan rate can be
V = 3/0,17 = 18 cm/sec.

This is greater than the nominal scan ratc, indicating that this data also can be
acquired in a single scan,
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ABSTRACT

An iterative procedure is described for determining the discrete
element excitation amplitudes of a small (in-phase) linear array that
will generate a directional beam antenna pattern having a wide null at a
preassigned far-field angle away from the beam peak direction and having
all of its pattern sidelobes at or below a preassigned sidelobe level
envelope. The wide null involved is created by causing two adjacent
single-valued zernes of the directional beam pattern to become coinci-
dent at the desired far-field angle. Antenna patterns of this nature
can be useful in narrowband interference-reduction applications whenever
the angular relationship between the peak direction and the null position
remains constant.

The problem of scanning the double-valued null position throughout
the antenna pattern sidelobe region is evaluated with respect to two types
of feed networks “or the array. One feed network contains variable power
dividing components such that the array element excitation amplitudes can
be adjusted to properly position the double-valued pattern null. The
other network contains an orthogonal multiple-beam-forming device as well
as variable power dividing components such that the beam weighting ampli-
tudes can be adjusted to properly position the pattern null. Patterns
of this nature can be useful in applications where the angular relation-
ship between the beam peak direction and the null position varies in some
predictable manner.
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SMALL ARRAY ILLUMINATIONS
FOR PATTERN NULLING
WITH SIDELOBE LEVEL CONTROL
Charles F. Winter
Microwave/Antenna Department
Radar Systems Laboratory
RAYTHEON COMPANY
Wayland, MA 01778
I. INTRODUCTION

There are applications for directional beam antenna patterns that

have a deep null region occurring in the sidelobe structure at some speci-
fied far-field angle measured away from the pattern main beam peak.
Various objectives for optimizing the properties of a nulled antenna
pattern have been reported [1]-[5]. Tseng [5], in particular, has shown
how the Taylor distribution [6] impressed on a continuous line source or
a large linear array aperture can be generalized such that the resulting
antenna pattern will nave a deep null region centered at a preassigned
angular position. Ffor Tseng's purposes, a large aperture is required in
order that a sufficient number of zeros in the pattern will be available
for controlling (to a large extent) the sidelobe level characteristics

of the complete pattern. Tseng also showed that the null region might be
scanned by varying the relative amplitudes of only the outermost elements
in a large array.

The antenna pattern for a small linear array does not possess a
sufficient number of zeros to permit such a generalized approach toward
establishing a null region. This report is concerned with the specific
problem of positioning a small array pattern double-null at a preassigned
Tocation with respect to the main beam peak while constraining all of the
sidelobes that occur in the far-field pattern to be at least a preassigned
dB Tevel down from the main beam peak. The pattern double-null will be
created by causing two adjacent single-valued zeros of the pattern to be-
come coincident at the desired location. The angular width of the region
in the neighborhood of a double-null position is shown below to be greater
than that of a single-valued null, particularly if the levels at the side-
lobe peaks on each side of a null of each type are essentially equal.

For some narrowband applications, the width of this double-null character-
istic may be satisfactory. The introduction of more than one double-null
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point into the antenna pattern will not be considered in this report, since
the primary intent is to describe a method of controlling the pattern side-
lobe levels when a double-null exists.

Since a pattern double-null as just defined is a sidelobe which has
'disappeared', modification to a previously described technique [7] are
discussed for controlling the remaining sidelobes of the antenna pattern
at desired suppression levels. As in this reference, the antenna pattern
will be approximated by its array factor. The array factor will be re-
stricted to be a real-valued voitage pattern such that its directional
beam peak is broadside to the array axis and its sidelobes are always
formed between two adjacent zero crossings of the voltage pattern ex-
pression.

II. BACKGROUND
Consider a small linear array of N equally-spaced elements having an
illumination An of the form
I N
(1) A, = 150 T1. cos(2mdn)
where the series coefficients Ti are real valued and normalized such that
T =1.0. Let the axial coordinates dn of the array elements be ordered

0
by index n such that

_ 2n-N-1
n 2N

With this symmetry*, the array factor R(z) can be written as

(2) d for 1 <n < N.

N
(3) R(z) = T A cos (2md_z)
n=q " n
where
(4) z = N(§) sin o

* The symmetry of the array factor expression means that, when a double-
null occurs at a positive z-value, one also occurs at the corresponding
negative z-value. When the element spacina is taken larger than 0.5X ,
additional double-null points within the array factor period may appear

in real space. To avoid the former situation, the use of a complex
illumination function in place of (1) would be required. Adapting the
remaining expressions used in this report to handle complex forms appears
to be straightforwa:d provided attention is paid to monitoring the
directional beam pointing direction as non-zero phase terms are introduced.
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relates the array factor variable z to the far-field angle O of real space
depending upon an element-spacing-to-wavelength ratio.**

The array factor (3) is an even function and its absolute value is
periodic in N. When the Ti-coefficients of the aperture illumination (1)
are appropriately selected, the array factor will have N-1 zeros and N-2
sidelobe peaks within one period. Because of the pattern symmetry, however,
both the zeros and the sidelobe peaks within the period must be paired off
(counting away from the directional beam peak) such that the number of in-
dependent positions for either is given by the integer part of the ex-
pression (N-1)/2. Should I in (1) be taken equal to IP [(N-1)/2], any
combination of I zeros and/or sidelobe peaks can be independently manipu-
Tated by the selection of the Ti-coefficients. Note here that an (N =)
even numbered element array will have an array factor with odd symmetry
about the point z = N/2. At least a single-valued zero position must
therefore occur at this point. An odd numbered array has even symmetry
about the point z - N/2 and a slope reversal point (i.e., a pattern mini-
mum or maximum value) will thus exist at this point.

Taylor [6] showed that the Ti-coefficients in (1) for 1 <i <1 (in
the notation used here) are equal to twice the normalized array factor (3)
values at the matching integers for 1 <z < I. Altering any single Ti'
coefficient will change the pattern sidelobe structure somewhat, thereby
causing a movement of a pattern zero. A zero occurs in the array factor,
of course, whenever a value of z (say zd) makes the right-hand side of (3)
equal to zero. For such a zero to be double-valued, the derivative of (3)
with respect to z must also be equal to zero when evaluated at the point

Z'—'Zd.
N
(5) g_R =0= zdA sin (2m z).
z _+ Nn n
n=1
Z=Zd

** While this report employs an aperture normalized variable z in the
discussion, it must be emphasized that the far-field angle © is dependent
upon the free-space wavelength. The frequency bandwidth of the results
presented herein are therefore limited.
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For the array illumination (1) under consideration, it is necessary
to use two of the independent Ti~coefficients in creating a double-null
at a specified pattern point in order to satisfy both (3) and (5) simul-
taneously. The remaining I-2 Ti-coefficients are thus available for con-
trolling pattern sidelobe levels. Noting that both a pattern double-null
and a sidelobe peak are slope reversal points in the voltage array factor,
it is apparent that I-1 conditions might be imposed on (5) and one condi-
tion on (3). The resulting set of I equations could be solved for the
I Ti-coefficients provided an appropriate means of selecting the z-values
for each of the slope reversal points was at hand. One sidelobe level, of
course, would remain uncontrolled under this situation.

This report describes an iterative method for determining both an
appropriate selection of the slope reversal z-values and a suitable
choice of the sideiobe left uncontrolled. Results are presented showing
that an array factor can often be obtained which has a preassigned double-
null position with all of its sidelobes at or below a preassigned envelope
level,

ITI. AN INITIAL PATTERN

In order to evaluate the nulling technique discussed in this report,
comparisons are made with the inicial array factur shown in dB down form
in Figure 1. A small (N=) 20-element linear array where the aperture
illumination uses (I = IP[19/2]=) 9 Ti-coefficients is involved. The Ti'
coefficients Tisted in Figure 1 were derived [7] to meet the arbitrary
20/30 dB down sidelobe envelope shown. The illumination taper across one-
half of the array elements is also plotted. The aperture efficiency for
this excitation (0.314 dB) was calculated using the (power) definition.

N2
(6) [ £ An]
SO -
N
Moz AZ
n=1
The sidelobe behavior of this initial pattern is plotted in voltage form
in Figure 2. Its 9 independent voltage zero-crossings and its 9 sidelobe
peak positions are noted by their z-coordinates. Recall this pattern was
derived by specifying 9 sidelobe levels meeting the 20/30 dB envelope.

The same procedure [7] can be used to create a double-null pattern by

n




114

3d073ANI 38071301IS 8P 0£/02 WILINI 304 YOLIV4 AVYYY

‘T 3¥N9I4

X3ONI IN3W3IT3
0¢ It

1 ¥V T 1T 717 1T 17T

1 1 L1 L1 1§ 1 ]

NOILVLIJX3 JuNLy3dy
§ |

0°0

0°'t

[¥2)
—

3IANLITdWY

1v6vEE "1

[}
b~
- —
b

1214000~
88800°0
698010°0-
L0%210°0
02211070~
£08€00°0
1y6€€0°0
81EvL0°0
0€8LLE°0
000000°1

n o u
<)
) S S ey ey g F

u
P~ s o o
O NMT WO
R RS R

N

34073AN3
38073Q1S

gp 1€°0 =L
6

u"
—

4

"
=

0¢

09

0s

oy

0t

0¢

01

NMOQ 8P




- A
"UOLIYS AVdYY IOVLIOA TVILINI 40 HOIAVHIE 3890713QIS "¢ U914
Z

ot 6 L 9 S £ z

T T I I 1 T T

[19°1
u
™ 3d0T3IAN3 \
38013015 \
f INISSO¥D 0¥3Z LV INTWA - Z
Yyid 38071301
- R / \
6876 159" ¢ 8EY'S 925°¢
= ———— /
656" 1 66 | 286°¢€ Coevte]
T 1] . N 1 T N
ma.m/ b6 9 /\ b6 q< R 8vz'1
: 6519 85t b )
i 69v°8 /
T
g 1£70 = & 1gse
[~ 6 =1
0z = N

- A\

G1°0-

60°0-

8070~

£L0°0~

80°0-

5070~

070~

€0°0-

20°0-

1070~

00°0

10°0

20°0

£€0°0

¥0°0

50°0

80°0

£0°0

I9VLI0A 03Z1TVWYON




-7-

specifying one particular sidelobe at oo dB down (i.e., R(z) = 0) with the
other eight sidelobes at the envelope values. Of course, no control on
the position of the double-null point exists with this technique. That
is, for the 20/30 dB envelope the first sidelobe will disappear at z =
1.708, the second at 2.633, the third at 3.556, the fourth at 4.463, the
fifth at 5.445, the sixth at 6.451, the seventh at 7.472, and the eighth
at 8.511 respectively. The ninth sidelobe will disappear at z = 10.0
where the pattern nuill is actually triple-valued because the number of
array elements happens to be even.

Figure 3 compares array factors of the pattern having a double-null
at z = 3.556 and the initial pattern. As the third and fourth zeros of
the initial pattern moved into coincidence at z = 3.556 in the double-null
pattern, the remaining zeros shift very slightly. Of importance, observe
that the angular width of the double-null region at the 40 dB down level
is at least three times as wide as the region of either nearby single-
valued null in the initial pattern. At the 60 dB level the ratio is approxi-
mately eight to one.*

IV. DOUBLE-NULL POSITION CONTROL
One means of introducing a controlled position double-null into the

array factor (3) generated by the aperture illumination (1) is to alter
the two Ti-coefficients which match up with the integral z-values bounding
the z-value of the desired double-nuil position. That is, by letting

Tj = Tj + Aj’ Tj+1 = Tj+] + Aj+1, and z = zy in (3) and (5) respectively,

two equations in two unknowns result.

+Ci, =0

(7a) C]]Aj + C]2 A. 13

j+1

+C,, =0

(7b) Cipb. + C 341 23

21 ; A

22

* It is recognized that a still wider null region could be obtained if the
two zeros did not actually become coincident but were allowed to remain
separated by an amount such that a sidelobe existed in between the two
zeros having its peak value exactly equal to the dB down level at which
the angular measurement was beina made.
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where
N
(8a) C1] = nfl cos (2ndnzd) cos (2ndnj)
N .
(8b) C.'2 = nfl cos (2ndnzd) cos [2ndn(3+1)]
N
(8c) Ci3 = nE] AL cos(annzd)
N -
(8d) C21 = n51 dn s1n(2ﬂdnzd) COS(ZﬂdnJ)
N -
(8e) C22 = nE] dn s1n(2ndnzd) cos[2ndn(3+1)]
N .
(8f) C23 = nE] dnAn s1n(2ndnzd)

Solving (7) for the Ti-coefficient adjustments Aj and 4j+]’ is straight-
forward using Cramer's rule.

The desirability of having control on the pattern sidelobe behavior
as the position of a double-null point is varied is shown by Figure 4.
Here the voltage array factors of the pattern having a double-null at
z = 3.556 and a pattern having a double-null at z = 3.250 are compared.
The latter pattern was obtained using (7) with j = 3 and the Ti-coeffi-
cients of the former pattern. Note both array factors have the same
R-value at all integral z-points other than z = 3 and z = 4 in agreement
with Taylor's observation relative to the Ti-coefficients.

The sidelobe behavior of the two patterns, however, is quite different.
In shifting the double-null position from z = 3.556 to z = 3.250, the '
first two sidelobes have dropped below the 20/30 dB envelope while the
other six have risen above the envelope. The fourth sidelobe (counting
by slope reversal points) is only 21.734 dB down, i.e., well above the
dasired 30 dB level.

Figure 4 illustrates the modifications that have been made to a least-
squares-error iterative technique [7] for controlling sidelobe leveis wnen
the requirement to also control the position of a double-null point is
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introduced. Ten errors are shown in the figure which may be used to con-
tribute terms to the error function being minimized. Eight of these errors
are the deviations of the sidelobe peaks of an approximating pattern from
the desired sidelobe envelope. The ninth error (i.e., ey here) is the
deviation from zero of the approximating pattern slope reversal point in-
tended to be the double-null point. The tenth error is the deviation from
zero of the approximating pattern value at the desired double-null point.

Obviously, ten errors involving nine variables will generally only
minimize the value of the error function. An example is shown in Figure 5
where the desired double-null point was z = 3.250 and the desired sidelobe
Tevels were the 20/30 dB envelope. Using equal weighting on each of the
ten error terms leaves large errors in the e, and €10 terms (probably
those of the most importance) when the error function reaches its minimum
value. While it is possible that some weighting scheme could be devised
to reduce these important errors, the following alternative was adopted.

Note in both Figures 4 and 5 that at least one of the approximating
pattern sidelobes was at a level lTower than the desired envelope. The
iterative procedure as modified for the purpose of this report does not in-
clude any contribution from the error existing at one of the sidelobes ad-
jacent to the desired double-null position. Thus, the error function sums
nine terms with nine variables and the function value converges to zero
(when it converges). Of course, the uncontrolled sidelobe may have risen
above the desired sidelobe envelope when convergenca occurs.

For the case of a desired double-null point at z = 3.250 leaving the
second sidelobe out of the error function gives the array factor of
Figure 6. The second sidelobe level has dropped to 51.951 dB down, well
below the assigned sidelobe envelope. Thus, the price for meeting the ob-
jective of a desired double-null position having all sidelobes at or below
a preassigned level would seem to be a slight dimunition in the available
antenna gain of the pattern. A possible trade-off situation exists in
that the angular width of this pattern null (at 40 dB down) is quite large.
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V. ITERATIVE CONTROL PROCEDURE
The procedure devised to control the position of a pattera double-null

point and to constrain the pattern sidelobe levels is summarized as follows:

a. Choose the desired sidelobe level envelope Re(z).

b. Select an initial set of I(=IP[(N-1)/2])Ti-coefficients.

c. Caiculate the excitation amplitudes (1) for N elements located
at the aperture points (2).

d. Calculate the voltage array factor (3) at a grid of z-points
suitable for determining each slope reversal point er and each
Zero crossing pointi .k of the pattern.

e. Select the desired double-null point Z4 and its associated
i-index fd based upon the j and k index counts of step d.

f. Adjust the Ti—coefficients by (7) for i = id
obtain an aperture illumination that will generate the double-null

and id + 1 to

point at Zy-
g. Calculate an approximating array factor (3) and determine the
rj) at its slope reversal points and the
array factor value Ra(zd) at the desired double-null point.

array factor values Ra(z

h. Calculate an error function of the form

2

I
(2017 + 3[R (z;) - Ry(2))]

where Re(zi) = Ra(zri) for the index i = 1u of the single sidelobe chosen
to be uncontrolled and Re(zi) = 0 for the index i = 1d of the sidelobe

chosen to 'disappear'.

i. Minimize the error function (9) by the Newton-Raphson method [8]
applied to the I simultaneous equations.

(10) AE(T.)
j. Using the new set of Ti—coefficients from step i, return to

step g until the error function (9) converges to its minimum

value.
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The computer program devised to carry out the iterative procedure is
considered proprietary and is not presented herein. It is noted, however,
that maintaining the proper ordering of all the slope reversal points
Ra(zr) from iteration to iteration is essential for successful use of the
procedure. For this reason it is desirable to return to step f instead
of step g occasionally during the iteration process. That is, continuously
forcing the double-null point to exist tends to prevent the disappearance
of any slope reversal point.

For some of the cases examined, the double-null point turned out to
be essentially a triple-null point. Specifically, the sidelobe chosen to
have its own calculated level replace the envelope level also 'disappeared’
to more than 80 dB down. Figure 7 is a plot of the sidelobe region of the
voltage array factor for a desired double-null position 24 = 6.000 with
the fifth sidelobe uncontrolled. For the scale of this plot, it is im-
possible to determine whether the pattern behavior near z = 6.000 behaves
as an exact triple-null position or as a double-null position with a
single-null close by.

VI. RESULTS

A large number of array factors have been computed for double-null
patterns as zy was varied between 1.708 and 10.000. Three important re-
sults have been extracted from these computations.

Figure 8 shows how the aperture efficiency (6) varies for the range
1.750 <748 10.000 by 0.25 increments in zy- The efficiency degrades
significantly only when a double-null point is positioned such that the
first sidelobe of the pattern turns out to be the sidelobe controlled at
its calculated value instead of the desired envelope value. It is conjec-
tured that the array illuminations derived by this iterative technique will
represent a near-optimum compromise between narrow antenna beamwidth and
sidelobe suppression when a double-null point is required to be present in
the antenna pattern. Note that the minimum loss values occur at the points
where the double-null position was uncontrolled while the maximum losses
are at the points where triple-nulls exist.

Figure 9 shows how the array element excitations vary for the range
1.750 <Z4 < 10.000 by 0.25 increments in z,. The relative amplitudes
plotted here have been normalized to unity power across the array elements

]
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to assist in evaluating the requirements that would be placed on various
feed network configurations for producing double-null patterns. For
example, to scan the position of a double-null point throughout the side-
Tobe region of an antenna pattern by means of a variable power divider
network directly feeding the array elements, it is apparent that all ele-
ments in a small array will probably require amplitude adjustments. The
accuracy required at each power dividing junction of the feed network
appears to be just within the state-of-the-art. Note again the cusp-type
behavior of each curve occurs at the points where the double-null position
was uncontrolled.

Figure 10 shows how the Ti—coefficients vary for the range 1.750 <z4
< 10.000 by 0.25 increments in Z4-
cients have been normalized to unity power in order to investigate the

The relative values of these coeffi-

possibility of desianing a variable power divider feed network capable of
electronically scanning the double-null position across the pattern side-
Tobe region. Here the network would feed the beam ports of an orthogonal
multiple (sin x/x) beam-forming device connected to the array elements.

It is apparent that all ports of the variable power divider will require
substantial output level changes. The change in sign of the Ti-coefficients
for 2 < i <1, of course, means that a 180° phase reversal at that output
port is necessary. The accuracy needed at each power dividing junction of
the feed network, however, may well be somewhat beyond the state-of-the-art
since many of the output values must be more than 40 dB down. Once more
the cusp-type behavior occurs at the uncontrolled double-null positions.

It is worth noting that one additional result was found in using this
iterative procedure. The range of desired double-null positions reported
above was 1.708 <z <10.000. Figure 11 shows now a typical pattern result
when the desired double-null position is taken at a point zq4<2 = 1.708.
For this case the first sidelobe of the initial pattern was selected to
'disappear' with the second sidelobe left uncontrolled. The desired
double-null position was z4 = 1.625. Observe that the uncontrolled side-
Tobe rises higher (to 19.856 dB down) than the desired envelope. Trials
with other choices for the uncontrolled sidelobe behaved similarly. It
is conjectured, therefore, that a desired double-null position cannot be
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