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KEYNOTE ~ "RADAR ANTENNA TECHNOLOGY"

1982 Antenna Application Symposium
University of Illinois
22 Sept 1982

To tell you the truth I don't recall exactly how I got to be your keynoter
this morning. In my government career in Radar, 1've been to many conferences
such as this, and generally the keynoter is some very senior official from DOD
who cen talk of money to be devoted to certain research - very impressive -
whereas I am buried so far duwn in the trenches of NAVSEA that it was hard just
to climb out to get to Illinois, let alone say anything profound. I'm just an
ordinary "user'", 1 guess, who can share with you some thoughts on antenna technology.
Actually, thies conference reminds me a bit of the power tube conference held every
two years out at Monterey where that commun’ ¢y deliberately tries to compare notes
with its "user-community" -~ and they ask e..chusiastically for system people to
attend and participate - and I think it's quite to everyone's advantage.

My own background is indeed radar systems for the Navy, a considerable phased
array emphasis over the last twenty years - I'll try aot to favor that point too
much as we proceed.

It might be well to reflect upon the nature of antennas - their "character"
so to speak - from an applications point of view - then we'll talk about problems
and challenges in both antenna design and use, field use, for both "conventional” '
antennas (we've got to find another adjective for non phased arrays) and phased
arrays.

The anteiana - I do considerable teaching in radar and I point out to students
how the antenna, more vividly than any other of the subsystems, displays its .
purpose and a gcod deal of that of the radar. The very term has a biologic ring
to it so apt - it is our probe of our surroundings, very visible - exposed (some-
thing more, ahout that later), has a wavelength depencence usually quite visible,
beam shape, beam and scan dimensions usually estimable by inspection, feed de-
tails reveal even a second level of design detail about monopulse or pattern
sophistication - the antepaa, then, speaks loudly of its own purpose.

Not, again, unlike in the power tube and transmitter design areas, has the
antenna in the last twenty years come to be recognized for the signal processing
element it is. Now, certainly, it samples space and we'd like that "spatial re-
sponse function" (or "sampling window'" or pattern fo us) to be .n impulse - but
we do know that our limited aperture, true to sampling theory, results in certain
aliasing of spatial data - because of multiple target and clutter and jamming
or interference concerns, one wants low sidelobes or as "unfolded" an estimate
of the nature of our surroundings as possible - this prevails in even rather
static system operatioms, fixed installations. But then we move the earth as a
parallel sheet under, say, a high preformancc APY-1 (AWACS) radar, expecting to P
look down on it (the earth) and discern by doppler discrimination targets moving S
even at a tank's pace over its surface! Doesn't take much geometric imagimatiom
to see the relationships among sidelobes, ground clutter, and doppler processing
in the design of this important antenna.




So we see the antenua as an element of the signal processing - the "spatial
transfer function" which is of much more interest to us than is its pattern
alone or even the simple containment of its input iwmpedance near the center of
a Smith chart.’

The character of &n antenna - it speaks vividly of the functions of the radar;
it is our space probe and a true element of the signal and target detection pro-
cesses.

I mentioned problems and challeriges in antenna design, fundamental design
toward an impulse-like spatial sensitivity - I believe we've gone through a reriod
c¢f fascination (that's perhaps too harsh a term - I mean it very kindly) wich
adaptive processes in the form of the coherent sidelobe canceller lcops - a
step toward completely adaptive spertures growing naturally out of the Syracuse
(GE and University of) work of Sid Applebaum and others - and are settling into
a proper emphasis upon low sidelobe design in the "main" sutenna itself with
cancellers as needed - again the earlier mentioned APY-1 work at Westinghouse
involved some of the real dedication to low sidelcbe design - the use of cancel-
lers as a supplement only was exemplified in the British work on their shipboard
"STIR" (Surveillance and Target Indication Radar) wherein the horizontal line
feed and horizontally disposed precision cylindrical reflector attested to the
low sidelobe design and a rather directive auxiliary was used with a canceller
‘loop to treat just the nearest-in first sidelobe, nc*® quite as low as the rest
in their design. The Westinghouse motivation - doppler processing in a look-down
airborne radar; the British motivation - to effect automated detection in a
truly reliable way.

CSLC itself reminds us of the signal processing nature of such antennas - this '
feature is not so much "side-lobe cancellation", you know, as it is signal cancel-
lation (jamming signal, a composite of several sources perhaps) - extensions go
to other forms of adaptation - the multi path-effect reduction work of Warren
White, the partial adaptive array work of Ross Turner at CRC-Ottawa and the
Aperture Signal Processing of ITT's STL Harlowe division in England.

Incidentally, the precision feed an¢d reflector design of the British STIR
made it quite heavy in its early versiun, particularly with its shipboard stabiliz-
ing apparatus included - one needs tu keep up with what the newer materials, the
composites and matrix materials cau offer in lighter weight desigmns, structurally
as rigid and precise.

A further discomfort with these extraordinary low sidelobe designs is the
senaitivity to siting, to nearby objects - several have found that objects near-
by can cause a pattern degradation that is more severe over, also, a wider angle
than the degradation similarly induced tc an antenna of less ambitious excitation
control. This concern of the user‘in siting makes one wonder if a localized
parameter stere wouldn't be desirable, a sort of burned-in weighting or auxiliary
control specifically tailored to the site. The term "parameter store" conjures
the memory of the measured pattern stnre used in the SPG-59 experimental phased
array (spherical) radar of the later aborted Typhon weapon system of the early
1960's in the Navy - occupied two semi-trailers or some such on the deck of the
demonstration ship - scaring us all away from radar processes that would require
"parameter storage' - but we should be alert to the fact that today, such storage
would require nothing of the sort and might be quiteattractive indeed - technclogy
has, perhaps, made it so. ’

y—
o
wﬂi&i ki il

1
¥
i,
o
L4
%
&
B
LY _J!_...,...y., e e
-

L

|
!
|
|
|
R




"

1 said I'd return to the matter of antennas being (obviously) exposed - we've
been concerned over their inherent survivability. As this subject is treated,
from time to time one encounters a "there's obviously nothing we can do about
the an' ernas™ corment - a first blush - that's just not so. Some imagination
in survivable antennas, new materials again, buc also new forms - the feed kept
in a well armored mount (peda2stal) with the reflector extended (easily replace-
able?) makes more sense perhaps than-the common extension of a waveguide run and
feed horn in front of s centered reflector which I sssume was an earlier cg-over-
the-axis desire perhaps not so necessary today.

Vhile still on the reflectors or '"comveational" antennas, I want to give
some credit to those pursuing the "mirror scan” techniques - some qualification,
however. When couched in terms of a regular, continuous, say 360°, scanning
antenna for air or surface search I feil to see much appeal - BUT - when the low
inertia mirror above is caused to flit rapidly about (without, you see, moving
the feed at all - and withits reflective 2:1 angie advantage, beam position per
unit mirror pusition) then I believe we're on the right track for something con-
tributive, something more coward dwell matching to our heterogeneocus surroundings.
All the difference ir the world to me between those two kinds of applications.

Our mentioning adaptive processing of one type or another brings to mind one
other variable that remains basically under antenna contrcl and which one wonders
»f we're exploiting to full advantage - I'm refering tc polarization - we do very
little with it as a controllable characteristic in Navy radars, yet there must
be strategies to employ gainfuily. The paper by Gary Evans and Hoover of Westing-
house in 1980 (this conference) attests to method, that in admittedly a phased
array context, and to method being a bit complex. Polarization control, adaptivity
- not well exploited,.I think, in fielded systems of either simple or array antenn

4s long as I've mentioned phased arrays, perhars we'd better move right in
to that subject.

Little has changed the field of autenna design so profoundly as has the ad~-
vent of the pliased array - think of it: determined illuminaticn function, adapta-
tion possibilities in elemental control, inevcialess beam positiocning, data
dependent jmmediate operations - and indeed it has been so, witness the SPY-1 of
AEGIS smong others. Match with this antenna to the heterogeneous surroundings.
Finally, how like the antenna operation in nature, in insects responsive to that
being sensed and rovaly if ever scanning in some orderly left-to-right for-want-
of-better—-strategy manner. And, by its nature, we antenna engineers have been
brought back into che factory, piecepart deeign and construction much more com-
plex than that involved in other antenna ("conventional") production. Now therein
lies a problem - coet. Those of us users happiest with the system behavior phased
arrays have brought us, shculd be as unhappy at the price that must be paid to
purchase them - millions of dollars per iace iu practice - not a proud scene.
Sbviously the community must "R&D the cost dowr' to stretch for a verb (nardon) -
not indict phased array use to the degree some do, but to help reduce coit.

This "factory process' was in the development at RCA of the SPY-1 arrays quite

an awakening for me - went from exhaustive trade offs on piper comparing the cost
of ferrite and of garnet material weighing same against certain thermal characteri
tics, to a realization within a year that if the materials had been free the array
would still have cost millions - soon we were legitimately into vendor defaults,
factory work-around plans, incoming inspection and chancey sampling, test with
statistical foundation and so on. In addition to this RCA experience, we've
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tried to sustain an interest and some investment in alternatives - the micro-
wave group at Hughes Fullerton has always been helpful, a good mix of pure micro-
wave theory and manufacture. The thick film on alumina circuitry for phased
arrays, possible after they solved the conductor edhesion problem in one cnm-
pound a few years ago, is an example. Also, I was there receatly, being shown
some diodes suitable for the phase shift function in a module -~ but which "diodes"
were of considerable dimension, little rectangular prisms, not at all the fly

spec more commonly seen. ''Oh,” it was explained to me, "that's the way we've
ordered them from the supplier, in an encapsulation such that the robot can grab
them in the manufacture of the mcdules.”" A small matter, but impressed me well.

I might state that here is a role of engineering not very well represented
in the symposium or in others like it, I suppose - easily could a session here
have been justified, a session in "antenna manufacture" - it's go important, so
much a part of '"complete'" engineering that I would encourage such consideration
next time. Probably difficult to get too far into what industry may regard as
proprietary, but nonetheless I thiank ycu should try to treat the subject. We
should all try to dramatize, lend some excitement to this important part of
engineering! :

A few things that have a cost reduction potential (but precious few) have
caught my eye in the last decade. While we may legitimately include amplifiers
in arrays for certain whole-system advantages, that isn't going to do much to
reduce array cosc. If anything, cost will remain somewhere around the sum of
the costs of an array and a transmitter; this is expected since an amplifying
array will still be element emphatic. There's another branch of pursuit, however,
in which fixed aperture operation is achieved with more "amorphous" structures,
perhaps not arrays in the piece part design and construction at all. The RADANT
approach of AMP in Paris was of some interest to me several years ago largely
because it was different, a break away from building and stacking phase shifers.
This control of the permitivity of large dielectric sheets in which varactor diodes
are strung on thin control wires (tape-like) in a grid is not without design
problems and limitations - and perhaps fine granularity and excitation control __
will be forever difficult - but it was imaginative and for some radar applications
perhaps suitable now. While hardly "amorphous", there surely is siwmplicity to
some of the micro-strip approaches such as the Ball Aerospace conformal array
matters presented here in 1980. For just plain being different, I've got to
cite the "array" described as the "crow's nest" by Wilder of FFM in Germany
(1980 IEEE International Radar Conference).

Still with regard to cost, one needs to cite the 1970's successful develop-
ments in the testing of phased arrays - whether you're thinking of proof of develop-
ment and design verification, or of acceptance testing for arrays in prcduction,
or of diagnostics at a nearly per-element level, the comparison between what we
did on a multi-axis step rotation mount big enough to take patterns in the con-
ventional way on the 16,000-1bs original SPY-l antenna (including the torment
we went through to determine what sampling of patterns to do in the first place)
and what can be ¢one at the near-field test facility now at RCA brings credit
indeed to what in wy experience were the efforts of Georgia Tech, the National
Bureau of Standards (Boulder), Jan Snieder in the Netherlands, Bill Patton at
RCA and others (Hughes in Firefinder testing, for example) comtributing to this

technique. I unote that several papers concerning this subject are to be given
here on Friday.
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Finally, another word on phased arrays, on fieldiny them (a word good for any
antenna, actualiy, - ary piece of military equipment) — we must expect the unex-
pected. I'm -eminded of our early 1960's experiences at NRL with the Blass re-
flect-array (diode controlled short circuit for reflective position in the necks
of waveguide horns constituting each element) when Keith Meads called me at BuShips
to indicate we had a problem, a noise source "jauming" in effect radar reception -
the source appeared to be in the array itself and, curiously, active in the re-
ceive neriod to be sure, but only after transmissions - couldr't be duplicated
or caused in receive-only operation of the array. Seems one phase shifter - one
diode - had developed a bit of an ionized or carbonized path around the junction
such that the several hundred volts of back bias (if that were the state involved)
was not enough to cause conduction to initiate, but was enough to sustain the break-
down if the added r.f., field during transmit were enough to trigger conduction -
and it was. Here, then an example of one phase shifter, among over 2000, causing
complete array failure - yet how often have we all used the old refrain "of course,
the array's performance is not apprecisably degraded with even 10X of the elements
failed". Of course, we mean passive benign failures in that claim - yet that
isn't necessarily how they fail, or can fail, evidenced the Blass experience; one
more "active" failure or, similarly, less than 10% in some orderly way (a regionm,

a periodic structure, a row) can be a more serious matter, perhaps induced by a
control or feed failure with localized, not rcndom, consequences.

Oh - but in general we've come a long way, haven't we, from the time just
twelve or so years ago when the assertion of phased array suitability was met
with the user comment "but how will I know it's forming a beam?" - no reflector
to look at!

Now to wrap up - I've keynoted, so I guess I should rattle off the key notes
I've scunded, key words from this address:

Mntenna's nature - element of signal processing whose spatial -
transfer function is of interest

low sidelobe design, precision, heavy, new materials, site sensitivity,
can be adapted out? aided by use of "parameter store'?

mirror scen use: irregular scan

polarization control well exploited?

arrays - cost, the factory process, RAD the cost down, the factory
process as crucial and exciting engineering, dsre to be
different in research - like RADANT, Crow's Nesu, huzzah
- for near field testing;careful of the 10% rule, that's

not what's going to happen

My thanks to those who invited me to speak to you and to you kind enough to
listen.. Good luck in what promises to be a splendid conference.
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AN AIRBORNE ROTMAN LENS PHASED ARRAY

Kenneth Ewen and Gary D. Brunner
Goodyear Aerospace Corporation
Arizona Division

Litchfield Park, Arizona 85340

(/ ABSTRACT

K'Y
An airborne single axis phased array has been designed using a folded

Rotman Lens as a cost and performance effective alternative to a phase

shifter steered array.

Significant aircraft space and weight restrictions were met by use of
a folded parallel plate lens for power division and beam steering in the
azimuth plane and air stripline for power division in the eievation plane.
Mechanical design of the antenna emphasized producibility of the compo-

nents using numerically-controlled milling machines and repetitive assem-

/o

bly techniques.
1. INTRODUCTION

Airborne radars in reconnaissance, guidance, and weapon delivery
modes are placing increasingly severe requirements on antennas, including
wide instantaneous and total bandwidths, wide angie beam scan, seiectable
beamwidths, and sidelobe control. These rejuirements must be met in the

face of aircraft volume, weight, and environmental restrictions that call

for unique solutions.
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In particular, synthetic aperture radar (SAR), which has been used in
Goodyear Aerospace Corporation-produced operational reconnaissance ra-
dars such as the AN/UPD-§& since the mid 1960s, will be used in fire con-
trol, weapon delivery, and higher performance reconnaissance radars. In-
stantaneous bandwidths in excess of 100 megahertz (MHz) will be required
for range resolution; wide angle scan will provide aircraft motion compen-
sation, target acquisition, tracking and identification; and sidelobe control
will be necessary for aircraft survivability.

The next generation reconnaissance aircraft will have interchange-

able pods hoiding a variety of sensors. Antennas must be compatible with

pod diameters, compete with other electronics for area and location, and

operate in a nonpressurized environment over temperature extremes.

Phased arrays have promised o satisfy many cf the requirements, but
have been plagued by cost, weight, environmental, power, and performance
problems.

This paper will describe a Goodyear Aerospace-sponsored Roiman
lens phased array suitable as a prototype for an antenna for a pod-mounted
reconnaissance radar. This single axis scanned array offers a cost-
effactive alternative to a phased array, and for wideband systems can
provide superior performance.

2. PERIFORMANCE REQUIREMENTS
On the basis of assumptions made regarding the performance require-

ments of future reconnaissance radars a set of wminimum antenna
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performance requirements was generated which are representative of the
requirements for an advanced pod-mounted system operating in X-band.
The results are presented in Table 1. Also considered were the physical
and environmental constraints imposed by a pod installation which are pre-
sented in Table 2,

3. CONCEPTUAL DESIGN

3.1 General - In anticipation of the operational needs of next generation
reconnaissance radars (ioodyear Aerospace sponsored a study to define an

TABLE 1 -~ MINIMUM ANTENNA REQUIREMENTS
S ———— L

Gain =334B
Azimuth beamwidth =1.8 deg
Azimuth sidelobes =-18dB

Azimuth beam pointing $+20 deg both sides of aircraft

levation beamwidth Shaped or selectable

Elevation sidelobes =-13 4B

Elevation beam pointing *25 deg both sides of aircraft

Instantaneous bandiwidth =120 MHz

TABLE 2 — PHYSICAL ANTENNA CONSTRAINTS

Velume 27-in.~dia x 72~in.~long cylinder
Weight = 250 pounds (1b)
Altitude = 40,000 feet (ft)

Temperature | -65 deg Centigrade (C) minimum, +125 deg C maximum
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optimum antenna approach for these applications. Tradeoffs were per-
formed among various antenna types including mechanically steered reflac-
tors and arrays and electronically scanned arrays (ESAs). The outcome of
this effort was a concept for a lens-fed planar array which achieved azi-
muth scanning thrcugh the motion of a small feed norn within the antenna
envelope. By realizing beam scanning withcut physically steering the &n-
tenna, the swept volume demands of the antenna were minimized and the
available aperture was maximized. By relying on a mechanical approach
the cost/complexity penalties of elecu"onic scanning wcre avoided. The
true time dday nature of the scanning produced in this manner and reli- ,
ance on TEM propagation paths throughout the lens rezults in an inherently '
wide bandwidth.

Elevation beam steering would be accomplished by conventioral roll
axis control and elevation beam selection is employed in preference to
beam shaping because of the left/right look direction requirement. The
advantages offered by this concept were sufficiently compelling to warrant
development of a prototype model with the antenna performance require-
ments set forth earlier serving as performance o'jectives. A drawing of
the px;ototype concept illustrating the key development arcas is shown in
Figure 1.

3.2 Lens Concept - The backbone of the candidate approach is the wide
angle constrained microwave lens used to feed the planar array., Con-
strained microwave lensas are characterized by the fact that they do not

obey Snell's Law, the feature which results in their wide angle scanning

18
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FEED HORN POSITIONING
MECHANISM NOT SHOWN

20027-1 (S1010-082) FOLDED PARALLEL PLATES
Figure ! — Rotman Lens Phased Array
properties. Snell's Law is circumented l;y establishing fi~ed path lengths
(transmission line connections) between corresponding points on the two
surfaces (or contours) of the lens. Under these conditions lens performance
becomes dependent on specification of the inner and outer lens contours,
the path length variation and position within the lens, and the foc'd path.
Ruzel studied constrained lenses having collinear constant electrical
length paths between inner and outer lens faces which produced a lens
design having two points of perfect focus located symmetrically with
respect to the axis. A lens configuration offering performanc: advantages
over the Ruze type was investigated by Rotmaz ard Turner?. Figure 2
depicts the Rotman lens configuration schematically using his notatiom.

The optimum focal path for the Rotman lens is a circular arc, R, passing

through the three perfect focal pniats, Fl, G, and Fz
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D = 54 IN. F, IS AN OFF-AXIS e ] oy i
F = D16 =33.75 IN. PERFEC\ FOCUS ,

POINT ,
G = 1.00F = 3898 N, !

WITH NEAR
THE POD APPL
1027-2 IOV

Figure 2 — Rotman Lens Concept

1. IMPLEMENTATION

4.1 Block Diagramr - A functional description of the main developmeantal

areas associated with implementation of the Rotman lens phased array is
presented here, with a more detailed discussion of design considerations
foliowing.
The radiating aperture is a 54~in. long by 18-in. high assembly of
80 vertical radiators. Zach vertical radiator consists of 20 contiguous :

open-ended waveguide elements joined on their narrow walls and is con-

nected to a power divider assembly containing one l6-way and one four-

way corporate power divider network, and a three-way switch, The 20

outputs of the power divider network transition to the 20 waveguide

v
i
1
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elements of the vertical radiator. The three-way switch permits selection
of either 4, 16~, or 20-elernent vertical apertures.

The input of each vertical power divider assembly connects to the
output of a "bootlace" lens element, & length of semirigid coaxial cable cut
to a dimension determined from the lens design equations based on its posi-
tion witnin the aperture. The input end of the bootlace lens is in turn con-
nected to the output of the parallel plate region through an array of
E-field probes extenling into the parallel plate region along a contour, and
at intervals, specified by the lens design. The parallel plate region is ter-
minated by a reflecting surface behind the probe array which corresponds
td the inner 1ans contour.

To accommouate the 37-in, focal length of the lens within the 27—£n.
dia aliocatcd o the antenna, the parallel plates are folded. The input end
of the parallel plate »egion is open to permit traversal by the feed horn
which illlminates the lens. The H-nlane {2ed horn extends into the parallel
plate region and travels on a track mounted to an outer surface of the
parallel plates with a contour corresponding to the focal arc of the lens
system. The feed horn is driven by a direct current (DC) torque motor
through a steel band drive. Position is controlled by a feedback loop and
position sensing is accomplished by means of a linear sensor mounted
directly to the drive track, Connection of the microwave signal to the
moving feed horn is through an articulating waveguide assembly comprised
of three rotary joints and interconnenting waveguide. A stationary wave-

guide run connects the articulating waveguide assembly with the antenna
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input through a roll axis ro:ary joint in the rear mounting plate. A DC
torque motcr provides the roll axis drive. Mounting of the antenna is by
means of forward and aft mounting plates. The antenna is enclosed in a
thir-walled composite cylinder for pressurized operation in a nonpressur-
ized pod.

Overall antenna length including the fore and aft mounting plates is
68 in. The maximum diameter is 25 in. at the rear plate. The microwave
section is 13.5~in. deep including feed waveguide and will roll within a
10.7-in. radius.

Front and rear views of the antenna are shown in Figure 3. The front
view shows the radiating array and the vertical power dividers, while the
rear view is of the complete antenna less the pressure cylinder and forward
mounting plate. Figure + is a section through the vertical midplane of tiae
antenna showing the foided lens, bootlace cables, and vertical assembly
relationships.

4.2 Lens System Design -

4.2.1 Lens Parameters - The choice of lens parameters will depend upon

the design scan angles, maximum desired scan angle, lens depth, and
nuincer of radiators and can be established by analysisz. In addition, the
aperture ililumination as a function of the feed acrn, iens output curve, and
scan angle must alsv ke considered.

The antenna azimuth dinension had been fixed at 54 in. by available
mechaaical space, with a total of 80 radiators from radiator voltage stand-

in; wave ratic (VSWR) calculatious. Additional tradeoffs established that
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Figure 3 — Rotman Lens Phased Array Antenna
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Figure 4 — Antenna Cross Section
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G = 36.956 in., F = 33.75 in,, ard « = 30 degrees would provide acceptable
aperture phase errors for all scan angles over a 0 to $38-deg region and a
mechanical geometry suitable for folding.

Additional calculations were made of sidelobes, beamwidth, and gain
loss expected for various scan angles and feed horn aperture. Typical data
is shown ia Figure 5 and the expected antenna performance for the selec-
ted horn dimensions is given in Figure 6. Performance obtained with the 2-
in. aperture horn was comsidered a best compromise between beamwidth,
sidelobe, and relative gain loss, based upon expected overall radar
porf&mance.

Calculations were also performed to establish feaaibility of a low
sidelobe (=40 dB) antenna, and while the data indicated that this level was

achievable, a low sidelobe design was not pursued on this effort.
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Figure 5 —~ Computed Lens Performance for Horn Feed
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Figure 6 — Expected Performance for Sele~tud Feed

4.2.2 Lens Qutput Probes and Cables - The cutput probes in a Rotran lens

are not uniformly spaced, b-it rather are a function of radiator location
fromn the centerline. The spaciﬁgs for this desiyn are shown in Figure 7.
Large spacings on the edge probes can lead to 1 grating lobe being
generated internally in the parallel plate region which would degrade the
radiated pattern and gain data. The incilence angle at which the grating

lobe will enter visibile space is
1

- ant AL ]
ei = sin 3 1 , ' (1)
where S is the average spacing to the adjacent probes.

Incidence angles between each probe and the horn are shown in

Figure 8 for four scan angles. The use of this data and Equation (1) estab-

lished that no more than four probes up to a scan angle of 30 deg and six
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Figure 7 ~ Probe Spacings
probes at 40 deg could establish a grating lobe and that only 1 to 2 percent
of the total energy would be incident on those probes. Moreovar, Figure 8
shows that the spacing of the edge probes is rapidly varying, and the
periodicity of the spacing is nonexistent. This led to the conclusion that
any grati;:g lobe effects would be negligible.

A waveguide simulater was used to match the probes in an array
environment. Inspection cf Figure 8 will show that a probe matched over a
range of incidence aagles of 0 to 35 deg would cover virtually all probes of
a $30-dey scan region. Thke waveguide simulator ia Gustincic3 simulates
the operation of a prcbe in an infir‘ie array by consideration of the TEL(

mode in waveguide as composed ot two plane waves with incidence angle §

given by

26



.

s,

{2
PROBE
INCIDENCE: ANGLE
i SCAN ANGLE
+40 DEG !
o, /

\~u\ |

i +30 DEG

I
\
Y

+15 PEG
P T~
".
10 / . &
[ 0 DEG ’
\ ‘/r/,/
1 10 20 30 40 50 80 70 80
240279 PROBE NUMBER

Figure 8 — Probe Incidence Angle from Horn

: = A
sin 8 = 50 ! (2)

where a is tne guide width. In theory any angle of incidence can be
simulated, provided higher order mnodes are suppressed and the probe spac-
ing being simulated is maintained by use of multiple probes when required.

The probe was matched to a VSWR of under 1.10 at an incidence
angle of 31 deg by adjustment of the distance between the probe and the
end short plate, and by addition of a capacitive button to the probe tip.
Incidence angles less than 31 deg were expected to also have an acceptable
VSWR.

The bootlace cables are standard UT-141 semirigid with solid dielec-
tric. A number of alternates were considered, but all were either too ex~-

pensive to offset any performance improvemants, were supplied only in
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precut lengths with connectors attached, or Jdid not exhibit good phase
stability during environmental testing.

Good phase stability in the selected cable was achieved by an initial

heating of the cables to an elevated temperaure, trimming off the extruded
teflon, and attachment of the SMA connectors. Additional tests over a
wide range of temperatures demonstrated that the cable phase could be
controlled to better than 3 deg using this,technique.
4.2.3 Lens Folding - A major obstacle to be overcome in the implementa-
tion of the lens fed array was accommodation of the parallel plate propa-
gation region within the antenna envelope. For acceptable phase deviation
and scan angle results, a lens F/D = 0.7 was required; which posed a space
factor problem. The most acceptable solution to this p\mblem was to fold
the parallel plates. However, the bend introduced by folding creates a
phase shift which will be dependent on the angle of incidence, Oi, at the
bend. Because ei will be both probe number and scan angle dependent,
compensation will be difficult. Calculations showed that, for a $30-deg
scan, ei will vary from 0 tc 30 deg for probes near the lens center, and
from 30 to 70 deg for edge probes. The largest differential changa is on
the order of 40 deg.

Computation of the phase shift was made by two methods. The first
used equations in Maro:uvitz4 for an E-plane waveguide bend, with changes
in ei made by adjustment of the waveguide width. The second method

(Babar”) required solving the wave equation in cylindrical coordinates.
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Because the bend angle can assume any angle, the solution requires Hankel
functions of real, non-integer order.

The twe solutions are compared in Figure 9 for a 180-deg E-bend
with a 1-in. centerline bend radius and 0.5-in. plate separation. The agree-
ment is well within acceptable tolerances, and Max-cuvitz4 equations were
subsequently incorporated into the lens design computer program.

Several approaches tc fabricating the folded parallel plates were
investigated. The apprcach which best met the requirements of low
weight, low propagation loss, structural integrity and intraplate alignment
without intraplate support, was a precision assembly of !0 aluminum nu-

merically-controlled machinings. Alignment is controlled through the inner

o l
101‘ CENTERLINE RADIUS = 1.0 IN. —]

9 PLATE ser.,qumnl = o.ln N ]

»

B T e MARCUVITZ: WAVEGINDE ™|
2, |__HANDBOOK (PP 333-334)
= % COMPLETE MODAL SOLUTION
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Figure 9 — Phase Shift Difference Between Unfolded and
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and outer bend sections and the end caps which tie them togﬂether. The flat
plate sections bolt to the bends with close tolerance tongue a'.‘r'\d groove
joints ensuring alignment. An optimum balance between weight' and struc-
tural integrity was achieved by machining a quilted patterx; on the outer
surfaces, thereby incorporating integral structural stiffeners. Plate thick-~
ness between the structural stiffeners was reduced to 0.020 to 0.030 in.

4.2.4 Feed Forn - A conventional H-plane flared horn with a 2- by 0.4-in.
aperture was used as the lens feed. Quarter-wave chokes were used to
reduce radio frequency (RF) breakdown potential between the horn and the
parallel plates. Teflon buttons on both top and bottom of the horn worked
as a low~friction contact and centering mechanism between the plates.

Initial lens calculations used a theoretical H-plane horn pattern.
After selection of the 2-in. aperture was made, a number of horn patterns
were measuz.-ed in a parallel plate and used to further refine the calculated
Performance.

Feed horn positioning required special attention. A search for a suit-
able means of position sensing led to a device known as the Inductosyn,
manufactured by Farrand Controls. The Inductosyn provides highly precise
linear position sensing and permits the position sensing to be accomplished
directly at the feed horn. The Inductosyn consists of a stationary printed
circuit approximately 0.5-in. wide extending the length of the feed horn
track, a sensing element which mounts to the feed horn, and remote
electronics. The overall closed iocop horn positioning accuracy is on the

order of £0.C04 in., which is equivalent to a worst-case angular uncertainty
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of 1 arc minute (0.017 deg). The Inductosyn was chosen over comparable
optical sensors because of its tolerance to accumulated surface contami-
nants as well as its tolerance to wide temperature excursicns.

Another aspect of the feed horn positioning problem is the design of a
transmission line connection between the roll axis rotary joint (the antenna
system input) and the feed horn which is capable of accommodating the
wide range of feed horn motion. High power handling capability, low loss,
and reliability were the governing design considerations. The approach
followed which produced excellent results was an articulating waveguide
assembly made up of two movable waveguide sections connected to each
other and to the horn and stationary input waveguide ﬁy three rotary joints.

The feed horn mounts tc a hardened V-groove track via rollers. The
feed horn track is concentric with the focal arc and is positioned so that
the feed horn phase center falls on the focal arc. The feed horn is
positioned by a servoloop consisting of a steel tape drive band connected to
aDC torque motor with the Inductosyn providing the loop error signal. The
loop electronics are contained in a separate antenna control unit located
remote from the antenna.

4.3 Array Design -
4.3.1 Waveguide Radiator - The radiator is an open-ended waveguide. The

dimensions are shown in Figure 10 and were analyzed using Diamond'36
infinite array analysis. The computed E-plane scan admittance normalized

to the waveguide is also shown in Figure 10,
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(A} SINGLE CELL DIMENSIONS (8) WAVEGUIDE INPUT ADMITTANCE

’ | 0.478

“=iIN."™

| 0.678 ..
! IN.

Figurs 10 — Waveguide Infinite Array Admittance

4.3.2 Vertical Radiating Assembly - Selection and design of the vertical

radiating assemoly involved a significant part of the total antenna design
=ffcrt. Because the antenna contained 80 of the assemblies, weight and
total cost of the design would be critical to overall antenna success. In
additicn, total insertion loss must also be minimized.

Each vertical assembly contained 20 open-ended waveguide radiators,
an airstrip power divider with an integral stripline to waveguide transition,
a three-way stripline mechanical switch, and the coax to stripline input
connector. The assembly is shown in exploded form, minus the airstrip-to-
switch card finger contacts, in Figure 11.

Mechanical design of the array addressed several objectives. It was
desired that the array have inherent structural integrity and that it con-

tribute io the basic structural stiffness cf tiie entire antenna assembly with
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Figure 11 — Vertical Power Divider Assembly

a minimum of additional structure. Assembly of the array should be
straightforward with a minimum of fixturing or specialized alignment and
fitting techniques. Weight and cost were to be minimized.

The answer to these objectives was found to lie ix; the design of a
three-sided, thin-walled aluminum extrusion with an interlocking edge
design. The open-ended waveguide elements are formed by dip brazing
aluminum partitions into the extrusion at appropfiate intervals to provide a
single vertical element of the array. The interlocking edge feature satis-
fies the ease of assembly criterion gnd contributes to the goal of inherent
structural integrity. Low cost} and weight are inherent in the use of an
extrusion.

A waveguide assembly, including partitions and holes drilled for
alignment, assembly, and the waveguide-to-stripline transition is shown in
Figure 12. Mechanical relationship of adjoining extrusions, waveguide-to-

stripline transition, and spacer is shown in Figure 13.
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Figure 13 — Waveguide to Power Divider Assembly

4.3.3 Elevation Power Divider - The elevation power divider is balanced

stripline with air dielectric. Ground plane cpacing is 0.200 in. and the rec-
tangular center conductor is 0,.05C-in. thick.

Design of the T-junctions was largely empirical, as published data is

not accurate for cases where the center conductor width and thickness
becomes an appreciabie fraction of a wavelength. The use of high quality

test fixtures and an automated network analyzer for removal of test set :

34

S emim e s




errors was found to be essential. In addition, all dimensions established in
the laboratory had to be checked using end mills and cuttars representative
of those to be used in production, to optimize performance on a umit-to-
unit baasis.

The center conductor is supported by nylon spacers with a small pin
through the center conductor. The capacitive effect of the pin was com-
pensated for by a reduction in the conductor width over a total length of
approrimately A/4. The number and location of the standoffs was based
upon a vibration analysis and an allowable deviation of the center conduc-
tor from a centered location between the ground planes.

The stripline to waveguide transition is an integral part of the strip-
line. After machining, the T-shaped adapter is bent at a right ang.e and ’
ingerted through & hole in the waveguide wall. A spacer bar both spaces
the ground planes and provides a square coax section in the vicinity of the
transition to suppress higher order modes.

Measured VSWR of a 16-port power divider, including the stripline to
waveguide transition, is shown in Figure 14, Similar data was obtained on
the fcur-port divider,

4.3.4 Elevation Beam Switch - A mechanically movable stripline card is

e ¥

used to select one of three elevation beams. Contact between the card and

the power divider center conductor is through beryllium copper fingers. § ;
%
A torque motor and shaft is used to actuate the switches. A lever §
arm connects each card to the shaft, and the card is constrained in lateral § !
movement by nylon rollers located between the ground planes. ¥
) i
i
!
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Figure 14 — Sixteen-Port Power Divider Admittance

The beryllium copper fingers represented a significant experimental
design eifort to realize a design capable of maintaining contact over board
variations in thickness, warpage, and deflections, while at the same time
providing acceptavie VSWR aud insertion loss at an acceptable manufactur-
ing price.

Measured VSWR of the switch card, including fingers and airstrip
support posts located next to the card, was under 1.13 in all positions.

An additional factor was the angular positional accuracy of the card
relative to the fingers. Tests showed that misalignment of $0.020 in. was

acceptable.
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To date the switches have been actuasted several hundred times with
no evidence of degradation. This has included operation during an environ-

mental test simulating a typical aircraft pod.

4.3.5 Pressure Cylinder - A requirement for pressurization is imposed by

transmitter peak power levels and operation in an unpressurized pod at high
altitudes. The impracticality of pressurizing the basic antenna is evident
when the problem of sealing the feed horn access to the parallel plate
region is addressed. Pressure containment was achieved by enclosing the
antenna in a thin-wall composite cylinder having good microwave transmis-
sion as well as excellent structural and temperature properties.

5. ANTENNA PERFORMANCE

This antenna was tested on a 2250-ft range. Both transmit and test
antennas are about 35 £t above flat terrain. The range has been used for
production X-band antenna testing for about eight years, and has measured
amplitude ripples over a 4-ft-high by 8-ft-wide aperture of 0.5dB
maximum.

Peak azimuth sidelobes for three frequencics and a scan angle of +38
to -30 deg are shown in Figure 15 for the 2U-port switch position. Very
similar data was measured for the 16-port and four-port positions.

Antenna gain loss, measured at the feed horm for zero-deg scan,
ranged from -2.4 to -3.0 dB, relative to the theoretical aperture gain. An
additional 0.9 dB of loss occurred in three azimuth and one roll axis rotary
joints, and over 5 ft of connecting waveguide. Typically, scanning to

30 deg introduced an additional 0.5 dB of loss, with 0.7 dB at 38 deg.

37

A M AT Y S




(d®)
S 2 8 3
el
SHE N A

rg
AN

| Lo
.

H ]

e - 4 L i 1

-3 -20 -0 0 W 20 w0

AZIMUTH SCAN ANGLE (DEG)
- Fo+ 60 MHZ = Fa -~ 00 MM2 1
8 T .l & EFT 5|
; 20 J\\ L g 20{—+ { /
| | W = %
o 24 ' 2¢ NMGHT
AR o *
-30 -20-10 0 110 2 30 -30-20-10 0 10 20 %
AZIMUTH SCAN ANGLE (DEG) AZWMUTH SCAN ANGLE (DEG)
2042718

Figure 15 — Peak Azimuth Sidelobes

Typical azimuth and elevation patterns are shown in Figures {6
through 22. A full $90~deg azimuth"cut is shown in Figure 22. Overall
falloff of the lobes is excellent out to about 45 deg, but relatively high
lobes are present in the 45- to 70-deg region. These lobes vary in ampli-
tude, but in general are present for all scan angles measured. Their czuse
was not established, but could be due to an illumination error over the lens
probes or {o reflections caused by extraneous structure around the antenna
niount.

Because a Rotman lens is a widetand device, data was measured at a
frequency 10 percent above the center design frequency. Despite known
mismatches in the clevation power divider, the beam switch, and the lens,
no azimuth or elevation pattern degradations were measured. More
importantly, little or no change in beam position was measuvred, further

confirming the suitability of a lens as a wideband, widescan antenna.
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o. PRODUCIBILITY

A majcr concern throughout the development effort was producibility
of the antenna on a moderate to rge scale as well as the immediate single
unit fabrication. This concern is reflected in several aspects of the me-
chanical design. In particular, components of the vertical radiators and
power dividers were designed with production quantities in mind. Both the
ground planes and the circuits of the power divider networks are capable of
being fabricated by precision stamping although quantities involved in the
prototyps did not warrant the expenditure for tooling. The extrusion ap-
proach to the vertical radiators is another example of a manufacturing
technique suitable for volume production.

Assembly was addrzssed again in the area of the multi~element array.

The interlocking edge feature of the vertical radiators and the repeating
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planar nature of the power dividers both contributed to a simple stacking
assembly procedure which did not rely on complex fixturing or highly
skilled personnel.
7. SUMMARY

This paper has described a wideband, wide scan antenna with applica~
tion to pod~mounted reconnaissance radars. A folded lens as a perfoem-
ance effective alternate to a phase shifter scanned array has been demon-
strated. A key to the overall success of the antenna was a philosophy
which emphasized minimal weight, producibility, and suitability for produc-
tion daring all stages of development. The design is expected to be readily
adaptable to specific program requirements.
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‘ ABSTRACT
Y Ao RAb:

A large, electronically scanned array antenna has
been developed to meet the requirements of thg‘airborne
radar senscr for the PAVE MOVER system. ' nis antenné
is capable of performing in three modes; £full aperture
transmit and receive, twe section elevation
interferometer on receive, and three section space
diverse azimuth interferometer on receive. Dual feeds
provide illuminations for low azimuth sidelobes in all
mcdes, and ferrite phase shifters are used tc scan the
beams and effectively select the mode of coperation, ﬁL

Design, construction and performance detalls are
presented.
1.  Intreducticn

The TAWDS Airborne Radar Antenna scans
electronically over 120° in azimuth and mechanically
over 190° in rell, It consists of a 134" wide by 11"

high slctted waveguide aperture at X-band, 432 ferrite

phase shifters, a beam-steering computer and a dual
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mcde feed. It performs in three modes: full aperture
transmit, twe-section elevation interferometer receive,
and three section space diverse azimuth interferometer
receive.

2. Mcde Switching

For the transmit and elevatiocn interferomater
modes a monotonically tapered amplitude distributien
across the entire azimuth aperture is excited by the
front set of series feeds and the 3-way corporate feed
shown in Figures 1 and 2. Monoteonically tapered
amplitude distributions are alsc excited across each
partial . :rture, for the azimuth interferometer mcde,
by the rear sets of series feeds and elevation
combiners, Ferrite phase shifts are then used to
select either of the two orthogonal phase functions in
each of the six array sections ﬁo form the appropriate
beams, thus achi-ring leow azimuth sidelcbes in all
modes. '

3. Slotted Array -

To achieve ."7\ spacing in azimuth for grating
lobe free scann.:y to +60°, 432 single ridge waveguide
arrays with cffset shunt slots in the brecad wall, were
used. Each ridge guide array is center-fed by a double

ridge waveguide, interfacing with its ferrite phase
shifter.
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Figure 2. Multiaperture (Schematic)

4. Ferrite Phase Shifters

Nen-reciprocal latching ferrite phase shifters
(MFR-E.M,S.) are used tc achieve the advantages of low
insertion loss (0.8 dB), small size, low power
dissipation and rapid phase switching (10 usec). They
are reset each PRI for transmit and the selected
receive mcde. Two phase shifters and drivers are
packaged inte a unit with provision for 6-BIT phase
data linearization to +2° over two temperature ranges,
TTL inputs select transmit/receive ferrite current

peclarity and the high/low temperature calibration.

5. Beam Steering Computer

The digital beam steering computer converts AZ and
EL scan angle, frequency, beam broadening, full or 1/3

aperture, broadside calibration for twoe modes and four
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frequencies, and temperature input data intc a binary

digital data stream for lcading the storage registers

in each ferrite driver. The computer further contains
PROMS, burned with antenna broadside phase calibraticn
values.

6. Dual Mcde Feed

The cascaded 36 element directicnal coupler feeds,
employing the principle of a Blass-Type dual beam feed
form the dual mcde feeds in each of the six aperture
' sections,

The feed schematic, as shown in Figure 1, shows
the couplers, terminations, and compensating delay
lines. Ncot shown are additicnal 180° delay secticns
between the two cascaded sets of 36 couplers required
to make the full aperture feed orthogonal te the 1/3
aperture feed,

The feed assembly consists of two rows of
cross-guide couplers interconnected by semi-rigid
ccaxial cables, as shown in Figure 3,

7. Per formance

The assembled antenna, as shown in Figure 4, has

the performance shown in Table 1.
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Table 1. TAWDS Antenna Performance

Frequency: 3.58 in X-band
RF Power: Peak, Avg. 8 Kw, 1.6 Kw
Net Brcadside Gain: Full, 1/3 35 4B, 31 4B
Gain Loss at 60° Scan: 4 4B
Electronic Scan Range: AZ, EL 120°, 8°
Beamwidth: AZ Full, AZ 1/3, EL 0.7°, 2°, 8°
Pclarization Horizontal
Beam Positioning Time: 10 usec.

Figure 4. Array Assembly
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LOW-COST 1-D ELECTRONICALLY SCANNED DIPOLE ARRAY

D. E. BOSTROM, R. E. HODGES, C. QUAN
ANTENNA DEPARTMENT
RADAR SYSTEMS GROUP.”
HUGHES AIRCRAFT COMPANY
EL SEGUNDO, CA 90009

l; } ABSTRACT

This paper describes a 2 x 12 element linear array that is
electronically scanned with 4-bit diode phase shiftefs:-‘;ié'
antenna is cantilever mounted at one end to a trunnion assembly
with the array axis oblique to the horizontal roll axis. In oper-
ation the fan-shaped beam generated by the linear array provides
280 degree azimuthal scan envelope as station mounted in an

aircraft.

This antenna design is based on a modular design concept for
optimum array performance and reliability at minimum cost. The
radiating elements consist of printed circuit dipoles with an
integrated microstrip balun and feed assembly. The dipole feeds

are excited from miniature coaxial lines which, in turn, are

routed from the ground plane to the PIN diode phase shifters. e?>~—ﬁ~~ '

The phase shifters are fed by means of a stripline/coax corporate
feed assembly. This corporate feed structure is a matched feed
which employs hybrid couplers to minimize the formation of reflec-

tion lobes. The amplitude distribution obtained from this feed is
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a 20 dB Taylor, selected to produce the requisite sidelobe level.
The phase of the output ports is equalized by adjusting the coax
cable lengths which feed the phase shifters.

The data and results presented include gain, radiation pat-

terns, details of the components utilized, and cost.

1. INTRODUCTION |

The antenna system described in this paper is designed to
operate as an airborne tracking antenna in an L-band data Tink
system used for accurate weapon delivery. A typical mission sce-
.,pgrio is shown in Figure 1. The antenna is pod mounted in the aft
sta£{6h‘to prongg data communication folicwing the weapon deli-
very and target lock-oh"phase. It is an obliquely oriented array
of dipole radiating elements which forms a fanned beam that may be
pointed anywhere in its 280 degree azimuthal scan éh&eiope.w-ﬂlﬂk_
diode phase shifters associated with each azimuth array element
pair provide interelement phase shifts which electronically scan
the- beam relative to the direction of flight. The array assembly
is rotated about the direction of flight on a trunnion to select

the orientation of the electronic scan plane, port or starboard.

The rotating electronic scanned array has the advantage of
providing the needed gain, sidelobe performance, and scan rate at
a relatively modest cost per unit. It is one of the first elec-

tronic scanned arrays to complete the pilot production phase.
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Figure 1. Typical Mission Scenario

The system has proven to be a durable and reliable design over
several years of testing and field use on a variety of aircraft.
In addition, thé modular design concept allows the units to be
quickly mass-produced and easily repaired in the event of damage

or component failure.

2. GENERAL DESIGN DESCRIPTION

A photograph of the array aperture appears in Figure 2 and a
photograph showiny the rear of the antenna with radome and mount-
ing sleeve appears in Figure 3. Figure 4 presents a partially
exploded view of the array assembly to assist in identifying the

subassemblies and to illustrate the packaging concept. As can be
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Figure 2. Array During Range Testing

seen, the antenna comprises three major subassemblies: (1) the
array, (2) the microwave feed circuit and phase shifters, and

(3) the scan electronics. These subassenblies are mounted to a
central frame and chassis as separate modules. This proceduie
allows more flexibility in the design of individual components,
simplifies procurement, and has obvious advantages in the mainte-

nance and repair cycle of units in the field.
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Figure 4. Partially Exploded View of Antenna

Figure S shows a functional isometric diagram of the array.
The radiating portion of the system consists of a lirear array of
12 dipole pairs. Each dipole pair is spaced at approximately one-
half wavelength to obviate grating lobes. Beam scanning is accom-
plished by means of 12 4-bit diode phase shifters, which are
interposed between the output of the array feed network and the
array elements. The feed network is designed to produce a 20 dB
Taylor amplitude distribution to achieve the required sidelobe

Tevel. ,
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3. DETAILED DESIGN DESCRIPTION Z

3.1 Array Elements é

The dipole assemblies shown in Figure 6 consist of a pair of ?
half-wavelength resonant dipoles matched to a microstrip feed line 'f 5 N

RS TR TR R O

- I e A S e w6,

Figure 6. Dipole Assemblies
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using a Bauer and Wolfe balun and fed by an SMA coaxial launcher.
These units are designed to achieve a maximum input VSWR of 2:1 in
the array over the scan angle and bandwidth. The elements are
located one-quarter wavelength above the ground plane to maximize
the element factor gain in the array. Spacing between elements
was selected to achieve the correct beamwidth in the elevation

plane.

The units are produced by printed circuit board photo-etching
techniques on copper clad G-10 fiberglass boards. The mounting
rail is an aluminum extrusion, and the launcher fitting is a SMA
connector mounted to the rail and board. Thus, the units are

lightweight, inexpensive, and readily mass-produced.

3.2 Phase Shifters

Beam steering is achieved by using 4-bit PIN diode phase
shifters as shown in Figure 7. The circuit that contains the 180°
and 90° bits employs two reflection-type phase shifters, each with
a 180° hybrid coupler, while the 45° and 22.5° bits utilize two
loaded line phase shifters. Capacitors are included to isolate
the DC bias current of each bit. The circuit also incorporates a
reactive 3 dB power divider to feed the signal into the pair of

dipoles. Two development models are shown in Figure 8.

Thick film technology is well known as a low-cost manufactur-

ing process of hybrid circuits; thus it is utilized to fabricate
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Figure 7. Phase Shifter Circuits

the microstrip circuitry onto two alumina boards. In this process,
the conductor initially comes in the form of a paste or "ink."

With this ink, the circuit pattern is screen printed onto bare
alumina substrates. The printed materials are then fired in an
oven to temperatures over 900°C. This firing causes the metal to
fuse to the substrate and removes impurities from the metal. The
process can then be repeated to print the ground plane onto the
opposite side of the substrate. Similarly, additional components
such as the capacitors and protective glass cover coat may be

fabricated onto the substrate using multilayer printing, as shown
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Figure 8. Two Phase Shifter Development Models

in Figure 9. Hermetically sealed diodes and glass coated
substrates obviate the need to seal the entire phase shifter.
Extensive screening is performed on each phase shifter to assure
its performunce and reliability. This thick film technology pro-
vides for the ready manufacture of iow-cost, reliable microstrip

¢ircuits.

Typical production units exhibit a maximum input VSWR of

1.6:1 over the band for all biuv states. The phase conmand
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Figure 9. Thick Film Capacitor Cross Section

/

accuracy is less than $6°. Insertion loss for the units is

typically 2.0 dB.

3.3 Microwave Feed Circuit

The microwave Teed circuit, which can be seen in Figures 3
through 5, consists of one three-way and three four-way power
dividers. These units are all stripline designs constructed on
fiberglass reinforced teflon substrate. The power splits are
selected to form the required 20 dB Taylor distribution. To do
this, the three-way power divider is constructed from a pair of
3 dB proximity counlers. The center four-way divider uses a
standard "rat race" hybrid feeding two Parad and Moynihan hybrids,
while the outboard four-ways are designed with three of the lat-
ter two hybrids each. Each unit has a maximum VSWR of about

1.20:1 over the required band. The total power divider insertion

63

A 0 ) R 00 T v at




loss of 0.60 dB combines with a to.al coax cable loss of 0.76 dB
to yield 1.36 dB in feed losses for the array. The assembly is
phase trimmed by adjusting the coax cable length at the feed out-
put to produce the required phase at all 12 output ports.

3.4 Scan Electronics

The scan electronics provide the bias signals to tie PIN
diodes in the phase shifters, which select the desired beam posi-
tion. A total of 31 beam positions are commanded by a TTL paral-

lel input to the array.

The elevation scan step size is determined by the gain
degradation allowable at the crossover point of any two adjacent
beams, and by the requirement that no “"peak" quantization lobes
occur with quantized beam steering. The beam positions were
selected so that the crossover levels between adjacent Leam posi-
tions are no more than 1 dB below the beam peak. Because the
beamwidth varies as a function of scan angle, a curve for beam-
width versus scan angle was generated and used to calculate the
scan siep sizes for each of the 30 beam positions off broadside.
The resulting scan step sizes change with scan angle in a non-

linear fashion, while the crossover gain remains nearly constant.

The phase data for each beam position are stored in program-

mable read-only memories. The desired beam position is designated
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by means of a 5-bit paralle]l word. The total phase loading delay
and beam switching time is less than 15 us. The circuits of the
scan electronics are in TTL, constructed with dual in-line pack-
ages on standard PC board. After assembly, the board is conformal

coated.

3.5 Physical Design Features

Mounting the array in a pod allows the system to be used on a
variety of aircraft. Thus, the system must be capable of operating
in temperatures ranging from -65°F at 60,000 feet to +160°F at sea
level and a multivehicle mechanical environment. Analysis and
testing to meet these requirements is first performed on the indi-
vidual components. These components are then mounted to the frame
assembly. Following assembly, the array is phase trimmed, temper-
ature cycled, and electrical tested. Again, Figure 4 portrays the
modularity. Note the handles on the rear which allow the unit to
be set on jts back. Normal handling is done with a secondary
frame which replaces the pod mount and allows the unit to set face
down with the dipoles clear. All assembly is done with hex head
stainless steel screws into inserts. The frame contains

125 inserts for mounting.

With the frame containing the majority of the mounting
inserts, the other pieces simply use clearance holes for mounting,

simplifying their tolerances.
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Weight of the array was not a prime requirement, however,
the environment analysis study sized the unit's construction,

resulting in a weight of 29 pounds.

3.6 Reliability Testing

3.6.1 Temperature Cycling
Following final assembly and prior to range testing, the com-

plete array is subjected to a thermal‘qycl1ng acceptance test.
This test involves two cycles. In each cycle the array is raised
from ambient temperature to iGO’F at a rate of 7°F/minute where it
endures a 60 minute soak, then cooled at the same rate to -70°F
for another 60 minute soak, and finally returned to ambient tem-
perature. Since field testing has shown that the connections
between the phase shifter substrate and its SMA connector tabs
were subject to thermal cycling failures, and to substantiate the
reliability of bonding alumina substrates to their cast housings,
these units were subjected to a more extensive thermal test prior
to assembly. It was found that the bonding procedure and a rede-

signed connector tab survived 300 cycles.

3.6.2 High Power Testing

The only candidate for high power failure is the stripline
corporate feed, and the loads associated with jts hybrids. These
units were high power tested by applying an appropriate amount of

pewer to the input ports and alternately terminating the outputs
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in effective open and short circuits to focus this power on the

loads. No failures have occurred in these tests.

3.6.3 Field Tests of Array

Over the past 7 years, seven original engineering units have
been in continuous field testing, serving to prove the system per-
formance. In these tests, the principal source of faiiure has
been the connector tabs on the phase shifters, mentioned above.

It is worth noting that, generally, several of these tabs fail
before unacceptable system performance results. In one case, a
connector tab on a dipole failed, but it is possible that this
was damaged in handling the unit. Nevertheless, these results
indicate that the units tend to "fail gracefully" rather than

catastrophically.

4. SYSTEM PERFORMANCE

4.1 Performance Summary

The electrical performance oY the array is summarized in
Table 1. Note that the polarization of the array is linear verti-
cal. Figure 10 shows the measured gain envelope for a typical
array. The result of the beam position selection (discussed in

the driver electronics section) is to “pair" the beam positions

L A I

#bout the ideal locations available in a 4-bit phase shifter

design. This is the source of quantization error mentioned below,
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TABLE 1. ARRAY DESIGN AND PERFORMANCE SUMMARY

Number of elements Two rows by 12 columns = 24
Polarization Linear vertical

Electronic beam steering 170° in azimuth

Number of beam positions 31

Frequency L-band

Bandwidth 8 percent

Broadside beam gain 15.3 dB at broadside
Sidelobe level 17.5 dB maximum at broadside
Input VSWR 2.0:1

Power handling 50 W
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Figure 10. Typical Measured Array Gain Envelope

and results in sidelobe degradation. Figure 11 shows a typical
Smith Chart plot of the array input impedance for all beam posi-

tions superimposed.
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Figure 11. Input VSWR for A1l Beam Positions

4.2 Antenna Patterns

The antenna patterns shown in Figures 12a, 12b, and 12¢ pre-
sent the measured performance in the azimuth plane at broadside,
32.0° and 63.0° respectively. These typical patterns show that

the 3 dB beamwidth varies inversely as the cosine of scan angle.
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The array sidelobe performance degrades with increasing scan angle
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Furthermore, inevi-

table errors in the amplitude and phase distribution which occur

due to phase quantization and mutual coupling.

in the manufacturing process result in an occasional discrete side-

lobe exceeding a peak sidelobe specification for some particular

This raises the problem

beam position and frequency combinations.
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Azimuth Radiation Pattern with Beam Steered to 32°

Figure 12b.

Ideally, one

of how best to define the sidelobe specification.

would specify a maximum RMS sidelobe level over all beam positions

the cost of implementing such a mea-

However,

and frequencies.

surement procedure in a manufacturing environment is clearly pro-

Therefore, a method of defining the sidelobe perfor-

mance was adopted to serve as a relative indicator of the

hibitive.
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5. COSTS
This antenna represents a portion cf an 8 year development

program with the goal of providing a competitive, cost effective

system. The antenna has progressed from a custom engineering

item to a production item in which components are procured in a

competitive bidding process. Currently, assembly and test are

being moved out of engineering to make this antenna a true pro-
é o N duction line item. Table 2 shows some of the approximate costs

now being realized for a manufactured quantity of 40. This total

TABLE 2. MANUFACTURING COSTS (40)

e e o o 1 e e e e e o

J I T

Item Cost
!i Frame $ 1,210
! Handles (2) 42
% Heat sinks (2 different) 485
Dipole assemblies (12) 1,800
. Phase shifters (12) 4,800
{a Power dividers (4) 1,258
' Scan electronics 2,500
)} Coax cables (39) 423
Wire harness 818
Miscellaneous hardware 120
$13,456
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has been reduced by a factor of five over the last 8 years despite

the industry inflation.

6. CONCLUSIONS j
The feasibility and producibility of the rotating electroni-

cally scanned array has been demonstrated and substantiated

through a preproduction contract for 10 antennas._tThe antenna
has been shown to provide coverage at intermediafé gain levels
over a 78 percent spherical scan envelope. In addition, it has % ;

been shown that this design allows for low cost mass production.
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MONOPUL.SE RADAR

RANDY L. HAUPT
Electromagnetic Sciences Diviaion
Rome Air Development Center
Hanscom AFB, MA 01731

75

% - — . - ey




;'l
/

\

Abstract

~——

\\{§ Adaptive nulling in a monopulse antenna requires consideration
e
&

ot both the sum and difference channels, This paper describes a

T
phase only nulling technique which simultaneously places nulls in ...

the far field sum and difference patterns using one set of phase xwm-

shifters. a%_-xwm~ }f P

’

Foiia'
e

1. Introduction ¢
—_— AN

In the past few years, considerable research and development o
has been done in the field ot adaptive antennas. Communicaiion a
and sonar systems have reaped some of the benefi*~ of adaptive
antenna technology, while radars lag behind. Some of the reasons
for this dichotomy are adaptive techniques are not well suited tor
microwave frequencies; radars have large antennas, hence more adaptive
loops; and a radar has tight time constraints due to target searching.
As a result, only a handfull of radars incorporating sidelobe
cancelling ctechniques exist today. Fully adaptive radar antennas
with many degrees of freedom are not practical to implement at
this time.

Monopulse radars present an even more ditticult adaptive
antenna problem., A monopulse antenna uses two antenna patterns
simultaneously: 1) a sum pattern to detect and range a target
and 2) a difference pattern to determine the angular location of
the target. Most adaptive antenna research has ignored the difference

pattern, even though both patterns must have a null in the direction

of the interference to enhance the radar's pertormance. Placing a
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null in the sum pattern will not automatically place & null in

—

the difference pattern. Consequently, most system requirements have

aaéuned that the sum channel requires separate adaptive weights and

control trom the difference channel. .
This paper has a dual purpose. First, it shows that a null

can theoretically be placed in the sum and difference channels of

a monopulse antenna using one set ot adaptive weights. An adaptive

technique incorporating this theory would greatly reduce the hardware

and sottware requirements tor a monopulse antenna. A second reason

for writing this paper is to emphasize the need for adapting in

the difference channel. I know of monopulse antennas being designed ;

tor adaptive circuitry in the sum channel oniy. In order to maintain

tracking pertormance, the ditterence pattern must be adapted as

well.

2. Nullirig in Antenna Patterns

This section of the paper shows that a null synthesized in
the sum pattern will not necessarily result in a null in the difference
pattern and visa versa. An equally spaced linear array ot isotropic
elements is used in the analysis (Fig. 1). The output of each
element passes through a phase ghitter which steers the mainbeam .f

83 well as provides the adaptive cancellation. Next the signal is

RN

spiit into a sum channel signal and a ditterence channel signal.

Each channel has an amplitude weighting, designed to give a certain
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sidelobe level. All the sum channel signals are added together in
phase and the resultant signal goes to a receiver. One half of
the array's difference channel signlll receive a 180° phase shift
before being added together with the other half of the difference
channel signals. Phase only nulling in the sum channel can be
accomplished using a phase ogly bean space algorithllvz. The
algorithm generates a canceliqtion beam in the direction of inter-
ference, then subtracts the bedm from the quiescent pattern to get
a resultant pattern with a null in the direction of interference.

The phase and amplitude weights for the sum channel are
on
W, - anej (1)

where 6, is the adapted phase setting and a, the amplitude weight.

For low sidelobe antennas W, may be approximated by

Wy = ap (1+16q) (2)

The far field pattern of this weight is

S(u) = T an( l+j Bn)ejkdnu (3)
n=}
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‘,)ﬁhv. Iy

k = propagation constant = 2% /)
A = wavelength
dy = dg
u=sin 6
6 = angle from boresight

N N
=z anejkdn“ +3z Gnanejkdn“ (4)
n=a] n=]

The jammers are known to be at the angles 6, and m ranges from
} to M, the number of jammers.

The first summation in equation 4 is the far field antenna
pattern of the quiescent weights. The second summation 1is the
cancellaticn beams generated by the adaptive weights. At each
jaomer angle 95, the gulescent pattern and cancellation beam

match in amplitude, but are 180° out of phase,

N
Sk a, enejksn“m = -7 anejkdn“m m=!,2,..4,M (5)
n=1 n=]

Use Euler's formula to put the exponent into real and imaginary form

N
I an Hp (cos(kdum)t jsin{Kd, um)) (6)
n=:
N
=3 ap(cosikdpun)+ jsin(kdyug))
n=1
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Next, equate the real and imaginary parts

N N

L a, 6, cos(kdjup)= apsin{kd,u,) (7)
n=} n=1

N N

L a, 0 sin(kd uy)= I apcos(kdjyuy) (8)
n=] n=]

Because a, sin kdjup 1s an odd function, it equals zero when
summed from ! to N. Thus, equation 7 equals zero. The
second equation does not equal zeroc as long as 6, is an odd

function. Equation B can be put into the matrix form

where

-élsin(kdlul) azsin(kdzul)... aysin(kdyuy)

A= aysin(kduy) agsin(kdguy) ... aysin(kdyujy)

. L] .

ajsin(kdjuy) agssin(kdouy) ... aysin(kdpyuy)
- -
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3 9

ancoa(kd“ulf

L ajcos(kd,uy)

This equaticn has more unknowns than equations. It can be solved

using the method of least squares,
x = AT(AAT)"1p 9)

fhe vector x contains the adapted weights 6, that give M nulls
in the direction of the jammers.

Figure 2 shows the far field pattern of a 20 element array
with a 35 dB Taylor distribution i = 6, The next figure shows the
cancellation beams used to place a null in the pattern at 22° and
59°. 1In phase only nulling, a cancelling beam in the 6y direction
has a curresponding beam a. -65. Waen these two patterns

are added together the pattern in Figure 4 is obtained. This
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pattern has nulls in the desired directions. At -6p the
cancellation patterns : 1d quiescent pattern add in phase to raise
the sidelobes of the resultant pattern in those directions.
Applying these phase shifts to the array in Figure 1 puts
nulls in the sum pattern. These phase shifters are shared by both
the sum and difference channels. A 35 dB, f = 6 Baylisa amplitude
distribution on a 20 element array has a far field pattern shown
in Figure 5. The phase shifters, 6,, change this pattern
into the one in Figure 6. Nulls are not formed at the angles 0p.
In fact, the difference pattern has worse characteristics after

the adapting. A similar analysis can be done for the difference

pattern. :
)

Wy = b, el 9 ;i b, = difference amplitude weights (10)

= by (1+i8,) (11)

The difference far field pattern ia given by

DY = T by(1+36,) edkdpy (12) ;

At the angles 6, D(u,) is zero
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N
jI bpbn (cos(kdpug)+ jsin(kdjug))
n=]
N
= I bp(cos(kdyuy)+ jsin(kd,uy)) (13)
u=]

Equating the real and imaginary parts gives

N
z b6, cos(kduy)
a=1
N
= I bpsin(kdjug) (14)
n=l
N N '
by bn6psin(kdpyup)= £ buycos(kdyuy) (15)
n=| n=1

Inlike the sum amplit.ce distribution, the difference amplitude
wafutits are an odd function. Instead of equation 14 going to
ero, equation 15 equals zero. Likewise, this equation may be put
'ato -atrix form and solved for the adaptive weights, 6.
sume cesults are shown in Figures 7 and 8. Figure 9 shows the
differenc- adapted weights applied to the sum pattern. Again, the
desired nulls do not appear.

n order to simultaneously place nulls in the sum and difference
rattacrs, one set of adaptive weiehts could be placed in tue sum

channel, while another 1is placed in the difference channel. This
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method calls for an gxtenoive duplication of hardware. In addition,
phased arrays are no;nally built with one set of phase shifters
that are shared by both channels. This technique could not be
readily implemented on existing antennas. These problems can be
overcome by using a special technique that simultaneously places
nulls in the sum and difference patterns using the oue set of
phase shifters shared by both channels. Such a technique is described

in the following section.

3. Simultaneous Nulliqg;in Sum and Difference Patterns

Equationg 8 and 14 hold true for placing nulls in the sum and
difference patterns. Rather than solving these two syestems of
equations separately, they are combined into one system of equations.

The resulting matrix equation Ax = B has the components

[aysin(kdjuy)eee aysin(kdye;) ]

alsi;(kdnum)... aNsin(deum)

A=
bjcos(kdjup) ... bycos(kdyuy)
Lblcos(kdlum)... bycos (kdpyug)
Del
62.1
X = |
On
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P -
N
ancos(kdyu))
n=} .
N .
X apcos(kdpug)
n=]
B = N
-2 bpsin(kdjuy)
n=1
N
b bpsin(kdjyug)
n=}
L J

The least mean square solution to this equation yields a 6,

which has nulls in both the sum and difference patterns.

The previous cases run for the sum and difference patterns were
trind apain for the new technique. The results appear in Figures
tU 2ad it. These patterns were obtained by placing a phase shift
53¢ oy <0 the phase shiftevs ot the array in Flgure 1.

‘ezoeitusion

Tiie teocbnique described in this paper is only theoretical and not
nant for direct implementacion., However, it does draw attention
to vha ~eed for simultaneous nulling in the sum and difference
chaunels of a monopulse antenna. Nulling only in the sum channel

i3 nnt aiequate. Alzo, the techique developed shows that it is

heocztutoty pentibae o slpuitsnecsly aull Lo both the sum &nd

diffrrerce patterns using one set of adaptive weights. Even though
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this method of nulling is theoretical, it has potential for
practical implementation. PFor instance, an adaptive loop could
be used to adjust the hel‘ght of the cancellation beams for a non

ideal pattern. In this way the nuils are adaptively formed rather

than synthesized.
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FOCUSED LINEAR ARRAY FOR HYPERTHERMIA RESEARCH
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Recent research has shown that treatment of tumors with
localized heat (42 - 45 degrees Celsius) can cause partial or
even complete tumor regression. Heating with microwave energy
may prove to be a viable clinical procedure. A promising
approach to microwave hyperthermia applicator design is to use
phased array antennas to rapidly scan an arbitrary tumor volume

with a minimal diameter beam or heating spot. -7-\-_W“

The d28ign and analysis of a focused linear array at 2450
MHz for microwave hyperthermia research will be described.
Four titanium dioxide loaded horn antennas with apertures of
0.79 x 0.53 inch and a feed network with weighted phase shifts
were used to implement the focusing array for focal Adistances
of 3.0 to 4.0 inches. The array was submerged in deionized
water in order to reduce the array size, and to provide a
better impedance match toc a high dielectric media

representative of the human tissues. Power radiation pattern




measurements were taken at different focal planes in 0.5 inch
increments to determine the focusing characteristics and beam
spot size. Due to the high attenuation of the medium, foc&l
planes beyond 4.0 inches were not taken. ‘The measured haif
power beamwidth (HPBW) was approximately 0.5 inch at the fo¢§1
point. A computer program was developed to predict the array
performance. The theoretical predictions for the artﬁy
patterns are in c _0Se agreenment with the laboratory

measurements.

1. INTRODUCTION

A single dielectric-loaded open-ended waveguide, horn, or
coaxial antenna are generally used by bioengineering
researchers as the principal nicrowave hyperthermia
applicators([l]-[4]. The problem with a 8ingle-element
applicator is that it does not have focusing ability. Thus,
the RF energy cannot be efficiently directed to the intended

tumor, and in fact spills over the adjacent healthy tissue.

One way to solve the focusing problem is to use a phased
array, which is the subject of the present paper. Phased array
techinology of course is well established in radar/communication
systems. However, the phased array used in the present
application is different from a conventional one in the

following two aspects:
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(i) The focal point of the present array beam is only
several inches away from the radiating aperture, in
contrast to the infinite distance for the
conventional array.

(ii) The present array is immersed in a 1lossy medium

(watef) insteud of the unbounded lossgsless free Sspace.

Because of the differences mentioned above, the design of a
phased array applicator for hyperthermia is not at all trivial.
In the present paper, we first develop a theory for analyzing
an arbitrary array designed for a near-field focusing, and then
verify our theory by experiment with a four-element linear

array.

2. THEORETICAL MODEL

A nineteen element hexagonal planar array was chosen as
the candidate for this hyperthermia study. Figure la and 1lb
depicts the geometry of the phased array used in the
mathematical formulation. Two dielectric mediums are
considered, that is, ¢, represents the layer of deionized
water serving as the impedance matching section tetween the
antenna array and the human interface, and €, represents the
human tissue layer. d; is the distance between the plane of
the antenna array and the surface of the human tissue. da is
the distance from the surface of the human tissue to the

desired focal point or depth of the tumor.
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Let 18 consider the field at an cbservation point A with

rectangular coordinates (x, y, z) due to the radiation from a

typical m=-th array element located at (X, 9,..; 5...)- By
geometrical optics, we trace a ray from the m-th element to A.
The incident angle 8,, and the refracted angle 8ag due to the
m-th element can be readily found £from the simultaneous

equations below.

(7‘&" 9»-” -'-'\kx"‘*m)z"'(l;"‘}m),'_ -(;-dl)flnéa»z (1a)

¢

'& (‘41 Sin Qﬂ)
Re V2 ~ (&, ain Om, )2 (14

\ 7‘0’7 &mg =

where

" g—-V n-j€r , n=/2 2)

The time convention used in the present paper is exp(+jw t).
Thus, the negative imaginary part of €, in (2) represents loss
in the medium. 1In the present application, medium ! (water) is
usually denser than medium 2 (tissue) i.e., Re(k;) > Re(kyz).

Total reflection occurs if

(Re &) 00r Omi > Re s (3)

The present ray analysis is not capable to describe the total
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reflection phenomenon. Thus, for each O, found from (1), we

must check that it satisrcies v

(Re £,) oim 6mi < Re bs (1o fota! reflechon) )

For all the compuﬁations reported in this paper, (4) is indeed

satisfied. The transmission ccefficientas at the water-tissue _?
interface are denoted by ( Tmiy v Tma) for (parallel, |
perpendicular) components, respectively. These coefficients :

are given by the well-known expression [5]

( 2
Tmn = neC ®

Tmy =

\ e @

where

n =\/.%_ | %)

C: \//"gizSI;qaam, (8)
Cos Omy

The 1incident E-field due to the m-th element at observation

point A can be written as:
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) A A
:ﬂ -—:i—;: 0,“ UOM + ¢m U¢...] (9)

wﬁcre

Uom={ Vim (050)¥cos o + Viym (cosO)Bsing ) 10)

U= {-Vem o8 O Fsimh, + Vym(cos@basd } )

Vim= UON'OQG excitatton Cocﬁflk:ienf for l-}-cmfonenf
V’nﬁ‘ Uo/-/aﬁe QXCI'1Laitlbn doef ﬁcifﬁf -»C)r E,-aompmenf'

¢m=‘7adn 4=4m ) (12)

X=Xm i

In (10), the -element pattern 1is approximated by (casa)s
function in the manner described in [§]. Let us assume that
the array is linearly polarized in the x-direction. Thus, we
set Vi = l.‘ Vym = 0 in (10) and (l1). Then the transmitted
electromagnetic field at the observation point A due to the

m-th element is given by:
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— '.*'d‘ﬂ "*0. ¢ (2-4, 2 =3(2- 2 !
Et = " (G2 )e? A:na- (-6 )70 Bovs =) (3-4: 33k, stn ) -
(el X ~ A
4"(-20?3'-" +%§TM)
4 i;[ua.. Trmn cosOm2 fzﬂ)‘n + ”qum.l. Cbsﬁn:j CIS)
#3 [-Usp T sin6ma ] ae)

The total electric field E at the observation point A due to

the entire array is given by:

Ztn)=2Z Wm Et() G

w/tere

Wm=/Wm/ev'a’m= weighting factor of m-th element (i8)

The phase factor o, in (19) is tc be determined in the manner

described next. In order to focus the array field at a focal

point F, we must have

o(,,,:‘("l){lphase afg,,f(F)-)? j- ¢9)




when (19) is used in (17), all the terms in the summaitions are
added in phase at point F (not at other observation points of
course). PFinally, the total incident power of the array can be |

calculated by superposition of power as follows:

, I {§tga+1) "
Prne = a2 (28'+');28’") 2 {’ W } atk (20)

where

2= Yo /0 Reé, (a1)

And the normalized electric field with respect to a 1.0 watt

incidence can be approximated by:

EL ~__.. S EX W, (22) 1

In:. m

3. EXPERIMENTS AND SIMULATIONS

In order to demonstrate the focusing concept and validate
the theoretical model, a four element 1linenr array was
fabricated and radiation power pattern measurements were

conducted with the array submerged in a tank of deionized water

g VR ST R TR AP

as depicted in Figure 2 to determine the focusing

characteristics.
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Four dielectric (titanium dioxide) loaded horn antennas
were used to form the linear array. The feed network consists
of a four way in-phase power divider and line stretchers which
provide the weighted phases required for focusing the array at
the desired focal point. PFigure 3 depicts the hyperthermia
system block diagram. There are impedance mismatches between
tha antennas and the deionized water layer. PFerrite isolators
were incorporated to prevent RF power from refiecting back into

the power generator.

Figure 4a illustrates the relative power pattern of the
four element linear array with equal phase excitation
(non-£focusing) with element positions { Xm .ym .3 m )
(-2.,0.,0.), (-.67,0.,0.), (.67,0.,0.) and (2.,0.0.) measured
at 3.5 inches cut-plane. Figure 4b depicts the relative power
pattern with the same element position as Figure 4a but phased
for focal plane at 3.5 inches. Similarly, with the array
focused at 3.5 inches as in (4d), relative power patte:rns were
taken at cut-planes 0.5 inch in front and 0.5 inch behind the

focal plane as shown in Figure 4c and Figure 44, respectively.

Next the antenna element spacings (positions) were
brought closer together, that is, (-1.35,0.,0.), (-.45,0.,0.),
(.45,0.,0.) and (1.35,0.,0.). Again, the array was phased to
focus at the focal plane of 3.5 inches and the relative power

patterns were taken at the focal plane and cut-planes 0.5 1inch
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in front and behind the focal plane as shown in Pigures S5a, 5b,

and 5c, respectively.

At this writing, the actual relative Aielectric ccnstant
of the deionized water has not been measured. However, for the
sakd of expediency, the dielectric constant of 76.7-312.04 [7]
was assumed throughout our computer analyses. Attenuation
measuremenis were conducted with two similar antennas in the
water bath and the loss agteed‘ fairly close with the
calculation made with the assumed loss tangent. Figure & snows
the attenuation of the deionized water used in this series of

experiments. For example, the computed loss using the assumed :

loss tangent is shown below:

Since
Epn=76"7 ~-;‘/2.o4
fin=8.76-3.69
and
= i, = ! "= . 9. -
% = -%Eye,« #'-j%"= 4.505- 3640 em!
Fhen

_adt
p=10/ege A3 . _3.0753 48/
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At the same time, the radiation pattern of a single dielectric
loaded horn was taken to determine the exponential Ql and Q2
for the element pattern factor in equations (10) and (1l1l).
?iqure 7 depicts the computed element pattern facter for

various values of exponent Q and the actual measurad Q.

At this point in time, the nineteen element hexagonal
array has not been built; however, computer simulation of
radiation patterns has been carried out in boéh ¢-dimensional
and 3-dimansional graohics for sensitivity studies. For
examples, Figure 8a depicts the relative power pattern of the
nineteen element hexagonal array in a single medium (water)
case focused at 3.5 inches from the plane of the array. PFigure
8b depicts the relative bower pattern of two mediums (water and
muscle tissue) focused at 4.5 inches from the plane of tﬁe
array. Figure 9a and 9b illustrates a 3-dimensional plot of
the ninateen eloment array for single and twe medium ca‘es,

respectively.

4. RESULTS AND CONCLUSIONS

The experiments conducted with the four element 1linear
array has successfully demonstrated that the focusing of an
array in the near field can be accomplish by properly adjusting
the phase orf each antenna element. Computer simulation of the
actual linear array provided relative power patterns in close

agreement with the laboratory measurements. Some slight
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deviation or glitches were notad between the theoretical and
the actual measurements, but they are traced to the
izperfection of the equipment. For 4instance, each antenna
element is not exactly identical and there are certain amount
of accumulated errors in phase matching of the feed network.
However, it is evident that the nineteen element hoxagonai
planar array can offer an improvement in the beam shot size and
suppressing the intermediate sidelobes and at the same time

pushing the grating lobes outside the visible region.

Further studies will be continued, they will include an
optimization routine to find the minimal beam spoi size and
best gecmetry uf the array. Also, the optimal frequency range
will be determined whereby losses can be minimized and at the
same time maintaining the integrity of the focusing capability.
Additiocnal formulation will be made to find the power density
of the spot beam at boresight and throughout the scan region
and at different depth of pentration. PFurthermore, a search
will be conducted for a low loss high dielectric material and

that has the property of a coolant.
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and (2.,0.,0.) measured at cut-plane = 3.5 inches.
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STRUCTURAL STOPBAND ELIMINATION WITH
THE MONOPOLE-SLOT ANTENNA
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ABSTRACT DI

Using unmatched elements in a series~fed, periodic array pro-
duces high input VSWR at frequencies where a structural stopband
occurs. The monopole-slot antenna 13 a two-port element which
can be designed to provide broadband match to a stripline feeder.
Then no additional matching is required to elimivnate a structural
stopband. A frequency Scanning array was designed and tested to
illustrate that monopole-slot elements can be used in a seriee-
fed array without causing an impedance anomaly at broad-side

scan.’
P 5

4

1. INTRODUCTION

When unmatched elements in a series~fed array are located an
integral number of half-wavelengths apart, the reflections add in
phase to create a high VSWR on the feed line. This phenomenon is
called a structural stopband and prohibits the flow of energy
down the feed line to the radiating elements. Two examples of a
structural st&pbhnd are well-kmown: (1) in frequency~scanning
arrays broadside radiation occurs when the elements are an
integral number of wavelengths apart on the feed line, and a

structural gtopband usually reaultsl, and (2) in log-periodic
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antennas where the feed line can not be directly transposed, a
structural stopband usually occurs due to the extra length of
feedline required for phasing between elements?, Other methods
have been used to eliminate the structural stopband effects in
arrays of unmatched zleunta3"5, but the use. of a "matched”
antenna provides an easy solution to the prcblem.

2. DEVELOPMENT OF THE MONOPOLE-SLOT

The monopole-slot antenna, which was developed and first pre-
sented in 19706, is an example of a “"matched” antenﬁ.~ This
antenna consisted of a cavity-backed slot with a wicrostrip feed
to which a monopole was attached. A later version of the
monopole-slot antenna was constructed out of atripline7- This
antenna, shown in Figure 1, consists of a stripline fed slot and
a quarter-wavelength nmonopole attached to the center conductor
through a hole in. the dielectric at the center of the slot.
These antennas maka use of radiating elements with complemencary
impedances. The reflections at the antenna feed due to each ele-
ment tend to cancel, and this results in a "matched" antenna with
an impedance which is very nearly frequency independent.

The monopole-slot is a two-pbrt antenna, and when used as a
single element, the second port is terminated. Since the input
impedance is ne.rly conatant ovef large frequency intervals, the
baé\dwidth is determined by the coupling (the amount of energy

radiated as opposed to being dissipated in the termination).
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Figure 1. Stripline-Fed Monopole-Slot.

127

©3 mn rmra e 14 S AL WYL VS B




g o ac s we R

Figure 2 shows a plot of the coupling or efficiency of a typi-
i cal monopole-gslot versus normalized frequency. When used in .
: series array, the antenna should be operated in regions of
i lower coupling so that energy will be supplied to elements
further down the feed line. By adjusting the size of the
antenna so that it operates in the desired coupling regionm,

almost any type of amplitude distribution can be obtained

across the array.
3. SINGLE ELEMENT DATA
Figure 3 shows the S-parameters for a monopole~slot

designed | for use in a three-element frequency scaaning array.
Tﬂe VSWR is less than 1.3 to 1 over the 222 hband from l.6 to
2.0 GHz. The antenna used an £5-ohm feed line with cascaded
quarter-wavelength transformers to 50 ohms at the ports. Most
of the variation in the input impedance is believed due to the
transformers. The antenna dimensions were:

L = 3.2 inches

W= .4 inclies

H = 1,5 inches

d = 3/32 inches

Cavity size = 3 x 6 inches
b' = 3/8 iaches

er a 2.62

Z,= 85 ohms

128

e g et



|LD TT ITrirrrfrrrrrrerryrsrrrgrryryeoyeqryqvorpvyrmimrryyyd

e e e e

r.GUPL ING I PERCENT)

[

COUPLING VS. NORMAL [ZED FREQUENCY

m- ‘ - '
80 + = j
i
0 r -
- - |
o i

DI .
I 4
o} - |
i | i
2+ . |
| |

10 -

- .

sl it dia st g tict e da v a1t ad g dla a1t a 03t a1 2012019

0
75 .80 .85 .90 95 100 LS L0 LIS L2 L3S
NBRMAL [ZED FREQUENCY

Figure 2. Coupling from Feed Line to the Monopole-Slot Antenna. ,

129




:
o _.
s}
[ ] [ ] q
s ZON AN : |
Y val )
RO I s *
Ny o\ I
5
A Sw?l. .m w
b
r |
[s 9 H
g
3 3
|
Py )




e

OBy R e e

L el SN ML W LI RN T cbmbermARes® o s oy L "o B . . B P

L

Figure 4 shows the radiation patterns in azimuth for this %
antenna. The asymmetries in the patterns are due to an off-
center location in th: ground plane.

4. COUPLING

Because of the “"matched” nature of the monopole-gslot, the
internal scattering can be almost completely eliminated.
However, the external coupling is also an important factor in ’
causing impedance anomalies in arrays. Measurementa were taken
of the coupling between ports of two monopole-slots of the
dimensions shown previously. Figure 5 shows the coupling paths
between two antennas and Figure 6 shows the S-parameters for

antennas which were located 5.4 inches apart. The coupling is

7

significant only for 823 which is the case where the main beaus
are faciug.

3. ARRAY DESIGN
A three-element frequency-scanning array was constructad to fi
verify that che structural stopband had been eliminated. The -éi 3
following values were used in the coustruction of the array: Ch.
A Slot length - 3.2 inches il
Slot width - 0.4 inches
Mounopole height - 1.5 inches ;

Monopole diameter -~ 3/32 inches

Cavity size - 3 x 6 inches

et

Element spacing - 5.4 inches !

|
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Line length between elements - 23.1 inches

Backfire frequency -~ 1.60 GHz

Broadaide frequency - 1.85 GHsz

Dielectric constant - 2.62

Characteristic iampedance - 85 chms
The S—parameters for the three-element frequency scanning array
are shown in Figure 7 and the radiation patterns are showan in
Figure 8.

The absence of an impedance mismatch in § at 1.9) GHz,

11
where vroadside radiation occurs, verifies that the structural
stopband has been eliminated. Due to the spacing chosen so
that the excess feed line could be run in the sides of the ;
cavity, grating lobes appear iu the patterns shown. 1In order
to aliuninate the grating lobes, the array was modified so that
the gside cavity walls are common between elements and the feed
line is fed in through the narrow ends of the cavity as shown
in Figure 9. Figures 10 and 1l show the S—-parameters for the
nev array and the radiation pattsens for the broadside and near
broadside cases to show the elimination of both the structural
stopband and grating lobes.
6. CONCLUSION

The monopole~slot antenna which has an input impedance that : i
is stable over a wide bandwidth has muny advantages for use in

array applications. It can be used in a series array without 1
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Figure 7. S-Parameters for the Three-Element Frequency Scanriing Array |
(Frequencies in GHz) § [
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producing the effects of internal scattering such as structural

stopbands. Also the size can be adjusted to produce the

desired amount of coupling to the feed line so that the desired

amplitude distribution is achieved.

ACKNOWLEDGEMENT

This work was supported in part by a grant from the Aileen S.

Andrew Foundation.

REFERENCES

ll

3.

Begovich, N. A. (1966) Frequency scanning, Chapter 2,

Microwave Scanning Antennas, Vol. III, R. C. Hansen, Ed.,

Academic Press, New York.

. Ingerson, P. and Mayes, P, (1968) Log-periodic antennas

with modulated impedance feeders, IEEE Trans. Antennas

Propagat. AP-16:663-642.

Renken, G. W. (1971) Minimizing the impedance anomaly at
broadside in a frequency-scanning satripline-fed periodic
slot array, Technical Report No. 71-12, Antenna Laboratory,
University of Illinois, Urbana, IL.

Fritz, W. A. and Mayes, P. E. (1973) A frequency-scanning,

stripline-fed periodic slot array, Technlcal Report

139



B

Ne. 73-17, Electromagnetics Laboratory, Department of Elec~

trical Engineering, Engineering Experiment Station,

University of Illinois, Urbana, IL.
Green, P. B. and Mayes, P. E., (1974) 50 Q log-periodic
monopole array with modulated-impedance microstrip feeder,

IEEE Trans. Antennas Propagat., AP-22:332-334.

Mayes, P. E. and Wiesemmeyer, F. M. (1970) The monopole-

slot - An electrically small DF and communications antenna,
Abstracts of the Twentieth Annual Symposium, USAF Antenna

Research and Development Program, AFAL, Wright-Patterson

AFB, Ohio and Uaiversity of Illinois, Urbana, IL.

See also
Mayes, P, E., Warren, W. T. and Wiesenmeyer (1972) The
monopole-gslot: A sma. broad-band unidirectional antenna,

IEEE Trans. Antennas Propagat., AP-20:489-493,

Pt T Y .

Cwik, T. A. (1981) The hybrid slot antenna, M.S. Thesis,

Department of [Electrical Engineering, University of

Illinois, Urbana, IL.
See also
Mayes, P. E. and Cwik, T. (1980) The hybrid slot, a low

profile energy-density antenna, Abstracts of the

International Conference on Transportatiou Electronics,
Detroit, MI.

and

140

o




g e s e mier e e e L

C Mayes, P. E. and Cwik, T. (1980) The hybrid slot, a ver-

satile low-profile radiator with small reflection coef-
; ficient, Abstracts of the Antenna applications Symwposium,
i Deputy for Electroanic Technology, Rome Air Development
Center, Electronic Systems Division, Air Force Systems
Command, and Electromaguetics Laboratory, Department of

’ Electrical Engineering, University of Illinois, Urbena, IL.

141

i SRR dR . e e ————— Ty S e et S £ e B
. . . N s




| | g
\ AR

P
( L

Computer Aided Analysis bf a Blass Feed
Network for Wide Instantaneous Band
Phased Array Application

J. Wojtowicz, P.S. Hackér, K.G. Ramsey

September 22 - 24, 1982

WP001301

Prepared for

1982 ANTENNA APPLICATIONS SYMPOSIUM
University of lllinois
Urbana, lilinois

By

WESTINGHOUSE ELECTRIC CORPORATION
Systems Development Division
( Baltimore, Maryland

|
|
|
!
|

143




N

PP S U

: ~. INTRODUCTION

3 Emerging and next generation radar system studies have identified a need

for phased array antennas with wide instantaneous bandwidths. Typical phased

array antenna bandwidths which are compatible with these system requirements

are in the range of 5 to 10X,

PERFORMANCE ANALYSIS DESCRIPTION

sy
A straightforward method of approaching this problem is shown in‘ddock

diagram form in figure 1. The antenna feed network of figure 1 effecgg;yide

instantaneous bandwidth by employing switchable time delay networks tg.feed j
each radiating element so that beam scanning capability is achieved.azggiable -
time delay units rather than variable phase shifters are used to scanq&pe
array because of the inherent frequency sensitivity of the antenna be#¥ of a
phase scanned array. This principle is illustvrated in figure 2. In or;:; to

scan the beam of the array in figure 2 to an angle 4, a phase shift: .. [u

a¢

POWER
DIVIDER

RF
INPUT

<2 *s sing

b

A
VARIABLE TIME PHASE
DELAY NETWORKS SHIFTERS
/ / |
TD N ?
N 1
4 f
)
.
'Y i
o O
i
o |
° i
]
[ ]
0 % 1

Figure 1. Con »ntional Wide Instantaneous Bandwidths Feed Network
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Figure 2. Array Scanning Geometry

must be applied to ad jacent radiators. If A® is constant with frequency, as is
the case with most microwave phase shifters, then# varies with frequency.
Under these circumstances, wids instantaneous bandwidth is not obtained. If,
however, interelement phase shift is obtained with TEM air transmission time

delay equal to:

2 xS sin 8 = 2 xa

T== )

where: a = the required difference in length between the feeding
time delay circuits of two adjacent radiating elements.

T is not a function of frequency and the value of #, the scan angle is:
-1
6= sin “(a/s)

which is not a function of frequency.

Continuously variable time delay beam scanning, however desirable, is not

practical, though, since time delay networks are inherently [ixed geometry
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devices. Discrete approximations to the ideal characteristic have significant
complexity in terms of the required numbers of components even for small
numbers of discrete time delay positions per network. A three position time
delay pe*work, used to feed a single phased array radiating element, is shown
in figire 3. Four RF switches and three sections of fixed lemgth TEM
transmission line are required for each three position time delay network.
The block diagram of figure 1, therefore, represents considerable hardware
complexity even for a small number df:discrnte time delay values per network.
An alternate approach to the problem of obtaining wide angle, wide
instantaneous band electronic scanning is to use a Blass feed network with N
outputs and M inputs, as shown in figure 4. I1f M can be made significantly
less than N, then considerable reduction in feed network complexity can be
achieved since the number of switcﬁable time delay networks is equal to M.
The feed network of figure 4 takes a single input, splits it M ways and
.applies voltage weighting factors, which if used to feed an M element array
would n-~duce a low sidelobe pattern. Each of the outputs of the M-way power

divite. is ted through an L-position switchable time delay network to an

RF SWITCH

—

INRUT QE tE ) QUTPUT
—{ b ]
FIXEDTEM
LINELENGTH SECTION
82-2288.v-3

Figure 3. Position Time Delay Network
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Figure 4. Wide Instantaneous Bandwidth Overlapping Subarray Feed Network

N-port series feed power divider. The M series feed power divider are coupled
to the radiating aperture as shown in figure 4. This type of cross coupled
feed network is known as a Blass feed network.

Each of the N-port series feed networks provides a sin (Mx)/sin x voltage
distribution at the radiating aperture as shown in figure 5. Adjacent sin
(Mx)/sin x distributions are offset from each other along the aperture such
that the M sin (Mx)/sin x distributions form an orthogonal set. That is, for
any pair of distributions in the set:

£ By = 0

e
where the Ax's are the aperture voltages from one sin (Mx)/sin x A
distribution and the Bx's are the aperture voltages from any other sin ;
(Mx)/sin x distribution on the aperture.

A qualitative method of predicting the pattern performance from the feed
network of figure 4 is to consider the part of the aperture illuminated by the

mainlobe of a sin (Mx)/sin x distribution to be an element of a M element
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APERTURE D!STRIBUTIONS
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R F
INPUT “ FEED NETWORK

82-2283-v-5

Figure 5. Overlapping Sub—Aperture Voltage Distributious

array. There are M such elements with low sidelobe weights (established by the
input power divider of figure 4) spaced at intervals of approximately(N/M) A\/2
so that an array factor/element factor situation as shown in figure 6 is
produced. An array factor with low sidelobes but many grating lobes is
produced. However, the element pattern associated with the sin (Mx)/sin x
aperture distributions "filters" out all primary responses cxcept one, as
shown.

Using the feed network of figure & for obtaining wide instantaneous, wide
angle scanning, it is found that perfect time delay compersation for the
“"array factor” can be accomplished only at scan angles corresponding to the
L-discrete positions of the switchable time delay circuits which feed the
Blass feed matrix. At scan angles othner than these, some amount of beam shift
versus frequency is encountered.

At the perfect time delay scan angles, which correspond to the discrete
time delay network positions, instantaneous bandwidth is limited to some

extent by the phase versus frequency characteristics of the series ifed
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ELEMENT FACTOR

ARRAY FACTOR \

Iy m

S- INDIVIDUAL RADIATING
ELEMENT SPACING

82.2288.v-6
Figure 6. Overlapping Subarray Feed Network Patterns { = t,

manifolds which comprise the Blass feed network. The phase slope variation of
the individual series feed manifolds results in the relative motion of the
element patterr. with respect to the array factor. This effect is shown in
figure 7.

Computer aided analysis of the antenna and feed network shown in figure 4
was performed in order to quantify instantaneous bandwidth characteristicts.
The series feed power divider assemblies were assumed to be configured with
ldeal directonal couplers having infinite directivity and corgtant coupling
with frequency. This was done in crder to examine first order effects in
detail, with tolerace studies being scheduled for a subsequent time frame.

Figure 8 shows a diagram of the Blass feed network and the way in which
signals from the rear most power dividers fan out to the radiating aperture.
The superposition of signals from the wany coupling paths shown in figure 8§
was the major item of investigation in the analysis of the antenna system
shown in figure 4.
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The configuration parameter which were used for the performance analysis

of the antenna system of figure 4 are shown in table 1.

Table 1. Antenna Configuration Parameters

Parameter (see figure &) Parameter Value
N 108
M 12
L 3
Array Factor Design Sidelobe Level 60 dB Tschebycheff
Array Maximum Scan Angle :95°
Desired Instantaneous Bandwidth 6X
ELEMENT ;
FACTOR ARRAY FACTOR

YN [y

SINE SPACE i

S - INDIVIDUAL RADIATING :
ELEMENT SPACING !

82.2288.v.7 -

Figure 7. Relative Motion of Element Pattern and Array Factor at f = fo + f

G
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For L=3 discrete "ime delay network positions, the region of sine space
between + sin_1 (45°) was broken into 3 regions as shown in figure 9 and
the three exact time delay compensation angles of 0° and :_ain‘l (273 sin
as°] chosen to provide optimum wide instantaneous bandwidth pattern
performance. An additional factor ircluded in the analytical effort was the
use of waveguide time delay sections rather than TEM transmission line time
deiay sections. This was done in order to retain the flexibility of oparating
the modelled antenna system at high power levels. The use of
waveguide in the 3 position time delay networks tended to restrict
instantaneous bandwidth slightly because of waveguide digpersion but this
effect was found to be essentially negligible when a performance comparison
with time delay networks using TEM transmission line delay was made.

Computed patterns for the wide instantaneous band phased array antenza
system shown in figure 4 are shown in figures 10 through 22. Figure 10 shows a
center frequency pattern with perfect time dclay settings. for fo and N°
scan. All patterns in figures 10 through 22 show the array pattern with solid
lines and an individual subaperture patterns with dotted lines for reference.
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SCAN ANGLES WITH
EXACT TIME DELAY
COMPENSAT:ON

;1-— REG!OT\ )F REC\'IONz —0'1—— REG|!ON3 -——-.‘

L 1 1 1 1 1 ]
-45 0° .28.1° 13.8° Q° 13.6° 28.10 45.0°

SCAN ANGLE (DEGREES)
82.2288-V.9 o
Figure 9. Scan Angle Coverage Diagram
Figures 11 through 13 show patterns over a 6X band centered at

t=
delay networks were set for perfect compensation at

f = 0,941 fo for a scan angle of -45°. For the -45° scan angle, time
9 o
~-28.17 as shown in

figure 9.

Comparison of the patterns in figures 12 and 13 show that for scan angles

at maximum distance from the time delay compensated scan angle that sidelobes

are maintained quite well over the required 6% instantaneous bandwidth and that

beam pointing is relatively constant over the instantaneous band of interest.

The remaining patterns show sidelobe and pointing angle performance over the

required 6% instantaneous bandwidth at the other three scan angle/operating ’

band extremes. The operating band for the antenna configuration of figure 4

was 17.6%.,
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SUMMARY
In the course of the analytical effort described above, it was found that

the parameters of table 1 were close to optimum in terms of pattern
performance and minimum antenna system complexity. The number of time delay
network positions, L, and the number of Blass feed network elements (and time
delay elewents), M, were the major controlling factors for array complexity.

Preliminury analysis showed that for M smaller than 12) thg near sidelobes
of the array exceeded desired levels and that for L less than-}, excessive
beam motion is incurred over the required instantaneous baﬁdwidth.

The beam motion versus frequency over the 6% instantaneous bandwidth for
the scan angle and operating band extremes addreseq by the patterns of figures
11 through 22 was less than a beamwidth in all cases, and can be reduced by
increasing the value of L, the number of discrete positions of the switchable

time delay networks.
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OPTIMAL SYNTHESIS OF E-SCAN SPACE-FED ANTENNAS

J. L. Bauck and S. M. Daniel
Motorola Government Electronics Grouo
Radar Operations Systems Office
Systems and Technology Section
Tempe, Arizona 85282

AmP001102

e ABSTRACT

g“A minimum-mean-square (MMS) formulation is employed in the
synfhesis of two space-fed E-scan antenna designs. Based on ray-
tracing, the underlying mathematical model expresses the
illumiration of a primary radiation array as a linear function ot
the complex weights of a secondary radiation array. The MMS
formulation leads to a linear system whose solution is thé desired

excitation weight vector sqution.ﬁ Part I addresses the fivst

design in which the illuminacion is an amplitudé”window over the
radiation array where E-scanning is accompliskad via dedicated
phase shifter control. By contrast, the second design, presented
in Part II, involves a complex illumination which accommodates
FE-scanning without the need for phase shifters at the radiztion
array. Specific numerical examplcs included demonstrate the

validity of the synthesis approach for each design.
1.0 PART I. RADIATION ARRAY PHASE-SHIFTER E-SCAN CONTROL

The design of space-fed antennas has been motivated by the

need to alleviate the practical complexity associated with
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power distribution over large arrays. As such, a small excitation .uw,
array is used"to illuminate the primary array from a certain '
distance with the aim of achieving the desired power distribution Aﬂ“h
otherwise possible with a more compIexicorporate-fed approach. i
Cf course, while circumventing a practical difficulty, the space- |
fed design introduces the analytical problem of determining the

optimal excitation array distribution to achieve the desired
illumination. Following a briaf description of the space-fed

antenna in question, a systematic, numerically-oriented approach

is presented which produces a MMS estimate of the desired

excitation.

1.1 Statement of the Problem

Consider the dual parallel-plate space-fed antenna shown in
Figure 1. Among its essential parts is a waveguide feedport for
illuminating an excitation array of M transceiver elements having
appropriate complex (amplitude and phase) weighting that gives
rise to a desired illumination at the radiation array of L
transceiver elements equipped with phase shifters for cylindrical
aberration correctior and E-scanning.

The central problemvat hand is that of determining the
complex excitation weighting {am’¢m}m21 which will give rise to a
desired illumination over the radiation array, while simultaneously

compensating for cylindrical attenuation and phase aberrations in

each of the two lenses.
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Figure 1. Space-Fed Antenna Configuration

1.2 Mathematical Formulation
Given a desired amplitude illumination over the radiation

array, the corresponding complex excitation weight vector

- Mo 3oy M
Wz {w oo, = {age’’n} 0 (1)

may be derived by solving a complex linear system resulting from a

MMS formulation of the problem.

169



: 1.2.1 Mathematical Model

% Figure 2 shows the essential geometry of the space-fed

E array in question, where all dimensions are given ir half
wavelengths of some reference frequency. The pertirent parameters

|
é to be noted in the Figure are

2

! 1
. -2 X
’ of 4,2 A
. fal X
! d 2 Ld, 3
i
| LY
| ?
i
1 2 m &x -F )-L°- M
' R T 20y 1 2
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w
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Figure 2. Essential Geometry of Space-Fed Antenna
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X2

X3

Lo

L e e ha s e

number of equispaced radiation array elements
radiation array interelement spacing in units of %—
minimum distance between arrays in units of 329-
number of equispaced excitation array elements
excitation array interelement spacing in units of 52“-
minimum distance between feedport and excitation
array in units of %9-

x-axis displacement of excitation array in units
of 12‘1
%(Ldl‘"dz), if centered with respect to radiation
array

x-axis position of feedport in units of 2‘2“-

%dl, if centered with respect to radiation array
distance between 2-th radiation array element and
reference point, (x2 o,—Fl)-Z‘z"—. on excitation array,

in units of AZ“-

)‘—2" \/(ld:.-x: o) *+F2 (2)

distance between the 2-th radiation array element

and m-th excitation array element, in units of -)lz"-

—~
()
~

2?; \/(x2+md2-2d1)2+Fi
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d_ = distance between m-th element of excitation array

.
N

and feedport in units of %g

b VRt (4)

In view of the above definitions, it is possible to express
the illumination at the f-th radiation element as the superposition

of excitation element contributions

M
92, F) =) wh(m,2.f) (5)

m=1

clearly a function of frequency, f, and the excitation weight

vector, w. HMore specifically,

h(m,2,F) = c, e 327 (Tt Top) (6)
where
T = time delay between feedport and m-th excitation.
array element
= Ao
2c dm
= 1
T 2f, d (7)
Tom = time delay between %-th radiation array element and

m-th excitation array element
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and

with

1
77, Y (8)
%um egm ej (¢m+¢2) (9)

1

relative r * attenuation between the feedport and

the m-th excitation element

Fa
- 0
\/ a (10)

¥

relative r ? attentuation between the m-th and 2-th

excitation and radiation array elements, respectively

F2

v 11
i (11)

2-th radiation array element radiation pattern

.o [nfd 3 *
sin ( f cos em) cos® o, (12)

cylindrical phase error correction at m-th excitation

array element

Yy

* Here, d=0.62 > in accordance with reference 1.
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m(d~F ) (13)

¢2 = cylindrical phase error correction at £-th radiation
array element with respect to excitation array

reference point, (xzo.-Fl)%f
= n(dy -F ) (14)

1.2.2 Minimum Mean Square Synthesis
In view of (5), the illumination of the radiation array

elements may be represented compactly in matrix notation as

g = Hw (15)
where
9 = the L-component illumination vector
SRR XN (16)
H = The M x L transition matrix
M

{h(m,2,§)} .t}

%=1 (17)

m=1
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Given a desired illumination
e = {e(0)},t (18)
= 2=1

we wish to derive an excitation vector w such that g closely

approximates e in some sense. Using a MMS criterion, the weight

vector we seek minimizes a quadratic performance index

J(w) = || g-e [
= || Hw-¢ |I?
= (H!‘_E.)*T(H!-_e_) (19)

whence, the desired solution satisfies the necessary conditions

that
Q= iV!_J(yi)
= W' T (Hu-e)
= Cw-b (20)
where
C = H'TH

M x M complex-valued covariance matrix
*T
H e

o
]

n

M-component complex-valued forcing vector
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Most generally, the desired minimum-norm solution is given bty
w=C'b (21)

where C* stands for the pseudoinverse of C and is identical to the
actual inverse, C'l. if it exists. In the present paper, solution
(21) is obtained by using the complex form of the conjugate

gradients methodz’B.

1.3 Performance Analysis
The mathematical model of the previous section was imple-
mented on a computer, and the results are presented here in

graphical form. The aperture illuminations which were approximated

are those of Taylor4 and Baylisss, the latter of which is

used for "difference" field patterns in monopulse applications.
In all cases, the sidelobe level of the ideal field pattern was
chosen to be -50 dB, relative to the peak of the main lobe, and
the number of approximately equal sidelobes adjacent to the main
beam was chosen to be 12. For comparison with the main results,
these ideal patterns are shown in Figures 3 and 4. These are
array factors only, and dc not include an element factor. Notice
that in Figure 4, the Bayliss pattern has a very deep null at €=0°,
which is obscurred by the ordinate of that graph.

Figures 5 and 6 show results obtained using the MMS

synthesis technique for Taylor and Bayliss patterns, respectively.
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Figure 3. Field Pattern Corresponding to Ideal Taylor
Aperture Distribution.
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Figure 5. Taylor Approximation Example. (a) Antenna Parameters.

(b) Amplitude of Excitation Array Weights. (c) Phase of Excitatiop
Array Weights. (d) Amplitude of Aperture Illumination. (e) Phase
of Aperture Il1lumination. (f) Amplitude of Field Pattern.
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The following comments apply to these and subsequent Figures
which show graphical results:
Part (a) is a list of pertinent antenna and feed structure
parameters.

Part (b) is a plot of the amplitude of the optimum

M
m=1"

Part (c) is a plot of the phase of the optimum excitation

excitation array weights, (am}

array weights, {¢m}m!1’ not including the correction
for a spherical wavefiont in the excitation lens.
Part (d) is a plot of the amplitude of the aperture
illumination; the dotted line is the ideal (desired)
illumination, and the solid line is that illumination
which is actually achieved.
Part (e) is a plot of the achieved phase illumination.
The desired phase illumination is a constant.
| (Absolute phase is unimportant.)
Part (f) is a plot of the amplitude of the resulting field
pattern,
The results, (d) - (f), are those that would be obtained by
operating the antenna at the frequency for which it was optimized.
Phase shifter quantization effects are not included. The element
pattern, cosie, is included, via pattern multiplication, in the
field plots.
Inspection of Figures 5 and 6 shows that the desired )

illumination is approximated quite well, resulting in maximum
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sidelobes around -45 dB. Figure 5(a) shows that only four of the
eight excitation weights differ significantly from zerc. An
example (not shown) was done with M=4, with the result that the
four weights almost exactly replicated the central four weights
of Figure 5(b), in both amplitude and phase. As a final comment,
a defocusing technique was discovered, after these plots were
made, whereby the aperture errors could be reduced even further,
and which gave a final field pattern with sidelobes that were
very close to th: ideal -50 dB level. This comment will be

amplified in Part II.

2.0  PART II. EXCITATION ARRAY COMPLEX WEIGHT E-SCAN CONTROL
By repiacing the cylindrical phase error compensation
{¢2}££1 witi: a true time delay compensation {Tz}ztl' it is
possible to imp-ove the wideband performance uf the spacefed
antenna described in Part I. Focusing the radiation array to a
poirt behind the excitation airay will also improv. ine overall
performance. However, such improvements are of little consolation
when one is faced with the costly prospect of supplying a large
number, L, of }ather expensive high-resolution phase shifters.
It is precisely this economic cons ileration which has motiva#ed
the space-fed design alternitive discussed below; namely, onérin
which the radiation phase shifters are eliminated, transferribg

the purden of E-scanning to the excitation array. ‘

181 !



..

2.1 Statement of the Problem

Figure 7 shows the functional block diagram of a spacefed
antenna subsystem concept involving excitation array E-scan
control. Besides a time delay compensation of the cylindrical
wavefront over the radiaticn array, other more prominent features
include a large concave excitation array of N elements, a small

contiguous number, M, of which is activated with precomputed weight-

ing from a PROM Tookup table via a matrix switch.

Given an azimuth scanning requirement of 80°, (-40° to 40°),
with a desired resolution of 0.05°, the storage capacity of the
PROM table is 3200M words (1600M amplitudes, 1600 phases) for a
single instantaneous frequency band. For M=16, this amount to
51.2k words, certainly a modest amount by modern standards. When
a certain scan angle is desired, the appropriate set of 2M words
is fetched from PROM and applied t> the corresponding set of M
activated excitation array elements.

Figure 8 shows the conceptial structure of the matrix
switch, which routes M amplitude- and phase-weighted feedports
to the a nropriately selected M-subset of the N excitation array
' 1ements. To be noted here is the fact that only N switches are
needed to accomplish a continuous activation of M contiguous
elements over the N-element excitation array.

The problem at hand is the derivation of excitation array
curvature and the solution of M-dimensional complex weight vectors

corresponding to desired scan .3les.
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2.2 Mathematical Formulation
Given a desired illumination over the radiation array,
specified by both an amplitude weighting and a phase shading

associated with a certain scan angle, es' the corresponding

weighting vector
WS - {wS} Mo { Sejd)s} M' (22)
- m°'m=1 e Mine1

may be derived in a similar way as in Part I.

2.2.1 Mathematical Model

The geometry pertinent to the space fed antenna design of
Figure 7 is given in Figure 9. As before, all dimensions are in
units of half wavelengths of some reference frequency. To be noted
here is the focal point (dzL%l.-F1)%f: with respect to which the
delay equalization is set at the radiation array.

Assuming that the k-th M-element excitation subarray is

activated, the resulting illumination at the 2-th element of the

radiation array is given by

M
9(k,2,k,8%) =) Wih(k#m,2.f) ;3 k=0,...,N-M (23)

m=1

where
w; = the m-th complex weight applied to the (k+m)-th

excitation element
185
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and
k -jZHka
h{k+m,%,f) = € omt 2m (24)
Here,
136
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t:; = the time delay between the (k+m)-th excitation element

and the 2-th radiation element

2k ok 2
2nfT
c;; = “z;ezmed HALY (26)

u:; = the relative v~} attenuation between the i-th and
(mtk)-th elements of th2 radiation and excitation

array, respectively
- /_Fi_ | (27)
d
im

T, = the time delay compensation (time advance) at the

2
2-th radiation array element with respect to the focal

point and relative to the central point on the array

e (Ve e e
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and ey is the 2-th element radiation pattern as given by (12).

2.2.2 Minimum Mean Square Synthesis

Given a desired illumination over the radiation. array,

nd L
L -5
e = {ez}z_ = {a eV fo mes}m,,1 (29)
the desired MMS weight vector solution is given by
@ = chp (30)

where, as in Part I, C: is the psendoinverse of the M x M matrix
*T k T k - M

Ck Hk He b H e, and H {{h(k+m [} 1‘)43‘=1 . It should be

noted that es determines k and that this value of k applies for

other values of scan angle in the neighborhood of 6;» although ﬁ?

will be distinct in each case.

2.3 Performance Analysis

Results for the alternate spacefed antenna design are
presented here in the same form as in Part I, and include Figures
10, 11, and 12, in which a Taylor illumination was approximated for
scan angles of 0°, 20°, and 40°, respectively. The maximum sidelobe
performance for these three cases was excellent: -5¢ dB, -49.3 dB,

and -42.6 db, respectively. These results were obtained using an
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omnidirectional element pattern, rather than that of (12); this
change had a negligibly small effect on the final results. In
all cases, the number of active excitation elements, M, was 16.
The distance F, was chosen to be 225 %} in order to get low
sidelobes at a 40° scan angle. If a smaller range of scanning was
required, or if the sidelobe requirement was relaxed, F, could
assume a smaller value. For J° scanning conditions, the front
array is focused at a distance of F,, but for non-zero scan
angles it is conjectured that it may not be well-focused at F, or
possibly even at any distance, due to asymmetrical path lengths
and, therefore, asymmetrical r™% Josses between symmetrically
located elements on the front array and the intended focal point.
Once an acceptable value for F; of 225 %} was established,
an iterative procedure was initiated to simultaneously find the
best values for Fy and d2, which resulted in having Fi less than
F1 for all scan angles, without exception. This was interpretted
as forcing a slight de-focusing of the radiation array, which
would effectively cause more of the centrally located M excitation
elements to become more active, instead of having some turned
almost completely off, as was the case when F; was the same as F,.
With more activity among the M elements, more degrees of freedom
are effectively available for synthesizing a useful aperture
illumination. Although the field pattern showed large variations

in maximum sidelobe level for large changes in these two parameters,
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it was relatively insensitive to variations of roughly 10 percent
of the final values selected for both Fi and da. For 0°, 20°,
and 40° scan angles, the final values for F{, respectively, were
205 38, 190 3%, and 140 3¢, and the final values for d; were
235, 2538, and 2.4 38, respectively. Notice that for the
larger scan angles, the deviation from a globally circular array
is signifizant and favors using a smaller number of excitation
element: chan would a circular arrangement. An approximate
calculation of the number of elements required in the excitation
array (N in Figure 7) based on the above numbers gave a number of
around 10, less than the number of elements in the front array.
A difference (Bay1iss) pattern was approximated for 0°,

20°, and 40° scan angles using exactly the same final values of

Fi, F{, and d2, and with the directional elements cf (12) in place.

Sidelobe levels of -47 dB, -48.4 dB, and -33 dB were achieved,
respectively. The depth of the center null could not be gauged
from these plots, since the 512 point‘FFT program used to compute
the field patterns lacks the resolution necessary to determine
this 1nforhation. The exception is at 0° where the FFT computes
a field pattern point at exactly the center of the null., This
gave a number below -100 dB (the lower limit of the plotting
program) which is of course meaningless in the context of a real
antennz with random error#. but which nonetheless illustrates the

effectiveness of the MMS solution method.
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3.0 CONCLUSIONS AND RECOMMENDATIONS

Employing an underlying mathematical model based on ray-
tracing, a MMS formulation has led to the successful synthesis of
two distinct space-fed antenna designs, as demonstrated via
copputer simulation. It is important to note that this synthesis
approach was instrumental in showing the effectiveness-af the
second of the two antenna designs involving a relatively zﬁiil

. N
number of phase shifters. e

AN

The design and hence the performance of practical space-fed \
antennas could be improved by enhancing the underlying mathematical
model, such as including coupling between array elements and
incorporating more accurate element patterns._ Finally, a computer-
in-the-1oop appreoach could be mechanized to carry out the MMS
adjustment of the excitation weights in a feedback fashion, thus
relieving the designer from the burden of searching, substantiat-
ing and incorporating improvements of the mathematical model in

an attempt to represent more faithfully the practical effects in

an open-loop numerical procedure.
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APERTURE EFFICIENCY CONSIDERATIONS IN THE CONVOLUTION
SYNTHESIS O SYMMETRICAL HEXAGONAL ARRAYS

J. Paul Shelton and Sharad R. Laxpati*
Naval Research Laboratory '
- Washington, D.C. 20375

The investigation of the application of null synthesis pro-
‘:tﬂ .ceducres to planar arrays, described in previous papers by these
€= authors, is continued. The null synthesis of symmetrical hexa-
<< gonal arrays is evaluated in terms of the maximum achievable
aperture illumination efficiency (AIE). <Computed values of
maximum AIE are presented for hexagonal arrays of 7, 19, 37, 61,
and 91 elements using sgﬁpn-element. one-parameter canonical
arrays (referred to as ﬂ&?- A l?qplement. three-parameter
canonical array is introduced (ﬂﬁ , and maximum AIE is given
for arrays of 19, 37, 61, and 91 elements. Contour plotgygfm”‘
radiation patterns, showing zero loci and Z?EZIQEE‘TZCZIa>are z

presented for both uniformly illuminated and synthesized maximum

i

AIE arrays. Zero loci, sidelobe levrls, and aperture illumina-
tion distributions are'c0mpared for these arrays.
1.  INTRODUGTION ,

Synthesis of regular hexagonal arrays las BeénAdeacribed by
several authors during the past decade. Recently, the authors of
this paper have investigated hexagonal array synthesis in which
small arrays are convolved to synthesize large arrays. Such a
technique is well suited to snythesize a set of prescribed nulls
of a large array. rthic paper is a report on the status of the
on-going work by the authors.

*Algo with the Department of Information Engineering, University
of Illinois Chicago at Illinois 60680
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Aside from the use of separable illumination for a planar
array, which thereby utilizes well known syntehsis procoduréu for
linear arrays, a synthesis technique that has been studied exten-
sively is based on a transformation tochniqué that maps 4 linear
array into a planar array. The technique was presented by
BakLanqvl 2

and by Tieng and Cheng® for square arrays and was

later adapted for rectangular arrays by Goto3". Since the
transformation maps & two dimensional (©,9) pattern of a planar
array into a one dimensional (0) pattern of a linear array, the
resultent pattern has ring sidelobes (whosc heights are independ-
ent of ¢) with non~circular contours. Furthermore, the technique
fundamentally synthesizes a linear array; thus, it enables one
to use any of the optimal or non-aptimal synthesis techniques for
linear arrays. Elliott? extended the technique to synthesize
arbic:ary sidelobe topography. Goto.3'6 has discussed the
application of this tranaformatioﬁ technique to hexagonal arrays,
whereas Goto7 and Cheng and Chen8 have treated optimal

synthe:eo of regular hexagonal arrays. In order to synthesize a
k-ring hexagonal array, synthesis of a (2k+l) element linear
array .4 needed. Thus, in the synthesis procedure there ave at
most k degrees of freedom; i.e. up to k different parameters may
be specified to control the hexagonal array pattern.

Although the transformation afnchenis:procedure is straight-
Eorwird. it is rather éumbercomc; the voltage excitations of the
planac array are obtained from those of the corresponding linear
array after extensive numerical computation which is reminiacent
of the computaticn of coefficilnﬁq in Chebyshev synthesis. Fur-
thermore, it is difficult to provide gny intuitive understanding
of the ﬁull loci as well as illumination (voltaae)‘tapera. The
examples discussed by the researchers wouid indicate no simple

relgtionship to the voltage tapers of the corresponding linear

arr;y. This is contrary to what one would have expected from tqo
j i
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technique. To be specific, if a Taylor type illumipation and
sidelobe structure is used as a linear array design, then
although the sidelobes of the hexagonal array will have similar
structure in all azimuth planes, the aperture illumination will
not exhibit the behavior of the corresponding linear array
illumination. “he synthesis procedure yicldo a éﬁhlve~£old
symmetry in the aperture plane; a featura that is analogous to
the rotational symmetry of one-dimensional circular Taylor
illumination. Thus, the synthesis of a hexagonal array may be ‘
thought of as an extensisn ¢f the one-dimensional citcular
aperture synthesis to two dimensions.

The synthesis procedurs for hexagonal arrays dc.crxbod by
Einarsson? retains the symmetry feature and poton:xally
increases the degrees of freedom to the maxim.. possible commen-
surate with the symmetry requirements. The procedure is numerical
and ie capable of providing optimal patterns (i.e. optimizes aper-
ture illumination efficiency (AIE) for a fixed sidelobe level).
The problem is formulated as a quadratic programming problea and
requires a number of iterations and a large computer to obtain
the solution.

Sheltonl® gcudied regular hexagonal arrays in depth and con~
sidured a synthesis procedure in which small haxagonal arrays are
convolved to snythesise large hexagonal arrays but coafined to one
dagree of freedom which leads to hexagonal arrays with binomial
voltage excitaiions and twelve-fold symmstrxy. Laapatill'lz
introduced a null synthesis technique for planar arrays, which is
based on the convolution process and is a gensralization to the
previous synthesis procedure. This procedure, which utilised a
canonicgl four-element diamond array, can be utilized to synthe-
sise ptcncriﬁid-arbitrary nulls and/or sidelobe topography. For
a k-ring hogngonnl array, the procedure has at most 1.5K degrees
of freedom.
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An important characteristic of this null synthesis procedure
{e that it is non-iterdtive and can be readily implemented cn a
small computer. It also provides a larger number of degrees of
freedom than the transformation synthesis procedure. In an
attempt to evaluate the potential of bis null synthesis
procedure, the present-suthors presented a otudy13'1“ which

introduces the canonical arrays and discusses their role in the
synthesis of various planar arrays including regular hexagonal
arrays. The results indicated that AIE is dependent on the
canonical arrays employed to synthesisze the large array; it ia
also dependent on the number of degreea of freedom. Since AIE is
the ratio of the directivity of the designed antenna excitation
to the direcéivi:y of uniform excitation, it would b2 an
important criterion in the selection of canonical arrays, if not
constrained by the symmetry requirements.

The primary objective of this paper is to consider the null
synthesis procedure for hexagonal arrays with twelve=fold symmetry
(thus employing smaller hexagonal arrays as canonical arrays) and
optimize the AIE. Syntheses of hexagonal arrays with 2, 3, 4 and
5 rings are considered. In the next section, after reviewing the
convolution (null) synthesis technique, symmetry and other charac=
teristics of hexagonal array are introduced. More detailed
objectives are also put forth. Section 3 analyses the 1- and
2-ring (seven or 19 element) hexagonal arrays which are used as
canonical arrays in the synthesized examples presented in Section
4. Also discussed in Section & is the simple techuique used to
achieve the near optimum value of AIE as well as the impact on it
of using H, (seven element, l-ring hexagonal array) and H,q '
(19 element, 2-ring hexagonal array) as building blocks. Section

5 shows the plots of pattcorns of the synthesized arrays and com-
pares thcm with those of uniform arrays. Finally, in Section 6,
some concluding remarks are offered.

RagnY
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2. Objectives of Convolution Synthesis

2.1 Background
This investigation cf a convolutica syathesis procedure tor

planar arrays was initiated because ther: were no zero-locus
synthesis procedures analogous to those which are commcnly used
for linear arrays. In contrast with the poiynomial representation

of linear arrays which allows the pattern function to be expresged

in terms of its roots, there is no mathematical formalism which
allows the pattern function of a piznar array to be cxpresaed in
terms of its zero loci. This situatioa is not surprising because,
whereas a linear array has a finite get of zeros whicﬁrcaﬁ he
related to the coefficients of the polynomial describing the
pattern function, the :ywmetrical‘planar arrays being considered
here have continuous zero loci vitﬁ an infinite number of loca-
tions, and their pattern functions are not expressible as
polynomials. On the other hand, the concept of array convolution
and pattern multiplication still holds. 3

This concept of ariay convoluticn and pattern multiplication
has been proposed by these authors in previous papers. It is in
effect what such procedures as Taylor's do, without relating the
zero locations to the pattern function expressions. For example,
an alternative approach to the Taylor syuthesis would relate the
pattern zeros to small two- or thrge-element arrays and then
couvolve then to determine the overall array excitation directly

without being concerned about the polynomial expression.

The objective of this convolution syathesis is to select

appropriate small arrays, which we will refer to as canonicel,
determine their zero loci from d’numbar of smull arrays to give a
desired wmultiplied pattern fromfa large array, and finally con=-
volve the small arrays to deterﬁine the array distribution of the

large array.
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This procedure is uot without drawbacks., Whereas the linear-
array sero locus procedures such as Taylor's tend to produce array
excitations with good apertury efficiency, this is not necessarily
the case with planar arrays. One of the primary objectives of
the analysis of this technique is to evaluate the aperture
efficiency with which patterns of given sidelobe levels can be
synthesized. Furthermore, there is not a readily available
procedures for relating the sero loci to a given specified sido-
lobe lavel, as is the case for Taylor's and Dolph's techniques.

Therefore, the present atatus of thia investigation is to
scek answers to the questions of exactly how well will the con-
volution procedure work and what is a spacific technique for
sclecting the required zero loci.

2.2 Specific Objectives of this Paper

One specific cbjective of this paper is to analyze and
present the pattern characteristics of uniform sywmetrical
hexagonal arrvays as large as 91 elements. A disadvantage of
dealing with planar arrays with nonseparable pattern functions
is that the characteristics of those patterns are nut generally
familiar to workers in the fiald. Essentially anyone reading
this paper will know what a sin Nx/sin x pattern function looks
like and that it is the pattern of a uniform N-element linear
arvay. How many of us know how to describe saveu qualitatively
the characteristics of a uniform hexagonal array? Locations and
levels of sidelobes will be presented, and zero loci will be
plotted.

Characteristics of two canonical arrays will be conaidered.
The seven-element ar:ray with one degree of freedom has been
analyzed previously. The l9-element array with three degrees of
freedom is analyzed, and procedures for determining the array
coe{ficients in terme of specified zero locations or vice versa

wil} be discussed.
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. Using these canonical arrays, arrays as large as 91 elements
vill be synthesized for maximum aperture atficiency (AlE), and
the radiation patterns, aperturs distributions, and sero loci of
thase arrays will be presented and compared with those of the
uniform arrvays. ' '

3. Analysis of Canonical Arrays

The sero-locua characteristics of two canomical arrays arve
analyzed in this section. The first is the one paramster
seven-element array (h,) and the second is the three-parameter
19~element array (il“).

The coordinate system used for represemting radiation pattern
functions is shown in Figure 1. The pattern function coordinate

rig. 1 - Pattern-function ropre:sitation in the uv plane
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corresponding to the x coordinate of the arvay is u, and the
coordinate corresponding to the y voordimate of che array is v.
A grating-lobe pattern is also shown, which results from a
"stable" triangular array lattice, that is, a lattice for which
the triangles have one horisontal side. The coordinate systen i
defined 80 that the angular distance from the wainlobe to th:
nearest grating lobe is 2W.

The grating-lobe pattern of Fig. 1 has the spatial periodicity
of the reciprocal lattice of the antenna-arvay lattice. The
coordinates of the grating lobes are

u(n) = mny/3

and

v(m,n) = 27(n - ;).

The general pattern function for arbitrary excitation has the
perivdicity of the grating lobes in the u=v plane, and the cell
defincd by the hexagon C,C,C4C,CsCq completely describes
the function. Fusthermore, with the symmetry constraints which
we have placed on the arvay, 1/12 of the ccll, defined by the
triangle OC,D, is sufficieat to completely describe the patte:n
functions with which we are concerned. Also shown in Fig. 1 is a
civcle defined by wleyla (2:./))2. which represents the
boundary of visible space. The radius of this circle is directly
proportional to 8. The c§nth¢aic procedures considered herc
address the hexagonal cell without regard to any limitation.
imposed by s. That is, pattern functions are synthesized over
the entire cell even thoug: ovart of the cell couid be ex:luded
from visible space by appropriate selection of s.

We first consider the pattern characteristics of seven-element
arrvays for which the center element hac unit excitation and the
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outer elements are excited with amplitude a. The pattern
function ia given by

B(u,v,a)"1va(dcos =~ cosv + 2cos ;) ),
2 ) Vs

and for values of a lass than | the wmain lobe broadens and the
locus of zeros moves away from the main lobe. The suros for the
x=axia cut are givon by

1 1
con;s“—--f(-lg 3--:), €9

and the zaros for the y-axis cut are givea dy

o . - 1+2a
) s (2)

Bquatione (1) asd (2) can be examine¢ to establish some limits on
the ranyes of a which wo will investigate. 2eros for real values
of v are fonnd on the y-axis cuts for a> 1/2 and < = 1/6. Zeros
are found on the u—axis for a >1/3 and a <~ 1/6. Por = 1/6<ac1/)
the pattern function has no sesros for real u or v¢. Thess restric-
restrictions on u and v are simply due to the pattern fumctiom
and are unrelated to restrictions on u and v which result from
the boundary of the visible region.

Figure 2 illustrates how the locus of zercs moves with varia-
tion in the paraweter a. The locus approaches O as a+=~ 1/6 from

below, and it approaches C, ga a~+1/3 from above. It can be
shown that for a near -1/6(a = -(1/6) -€)

uv® IV (in radions) )

and that for a near 1/3 (a = 1/3 +§)

b +3VE, )
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where u = 2vv/3 ¢ Mu. Equations (3) and (A) indicate that the |
locus of zeros becomes circular in the neighborhoods of U and Cl

fig. 2 -~ hocun of xcros for various valucs of a

B ettt

Other characteristics of the pattern function which are of ‘ ’ I
interast and eacily detarmined are the pattern values at G, and l
D. The pattern values at 0, C,, and D are ; '

ity = L+ 6a,

Ec = 1 - Ja,

and

We next cousider the pattern characteristics of nineteen-
element arrays for which the center element has unit excitationm
and the outer elements are excited with amplitudas a, b, and ¢,
as indicated in Figure 3. The pattern function is given by

E(u,v,a,b,c) = 1 + 2acos-2-v5-l“- + Zbcoa% |

+ 4cosv(acos ﬁ-u— + ccos %H cos2v(2c+ibeos %). (5) T
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Unlike the sevon-elewent arcuy, for which the avro locus is deter-
wined by the value of a and the entire family is easily plotted
in Figure 2, the nineteen-elemont array has a much wore complex
famnily of loci which cannot be caaily plotted. An idea of the
possible loci can be obtained by considering the behavior ot
E(u, v, a, b, ¢) on the u and v axes.

On the u axis, Equacion (3) yields, for v = o,

2
B(u,0,a,b,c) = 142ctbacos -"-,E- + (2a%4b)cos --,;"
3 &n -
4+ daun 7., + 2heun - (h)
V3 Vi

Equation (&) can be expanded into a quartic polyaomial in

cos uw//3, implying that theare can be four seros in u for appro-
priats values of a, b, and c.

On the v axis, Bquation (3) yields, for u = o,

B(o,v,a,b,c) = 1422420+ (atc) cosve(Adi2e) cosdv ¢}

Bquation (7) can be expanded into a quadratic polynomial in cos v,

implying that there can be two zeros in v for appropriate values
of a, b, and ¢c.

Fig. 3 - Assignment of coefficienta for 19-elewment
canoaical array
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Some useful relationships for symmetrical hexzgonal arrays
are as follows: - - .

- : - 2
; N snr + 3nr * ll

where N is the numher of elemrats in an array with n_orings.

Ne = int (0314 + ny), (4)

viere N is the number of independent element voultages in.an
arrzy with n. 1ings.

4, Computation of Maximum AIE for Coavolved Arrays

I has been noted that the number of degrees of frecdom

available from a hexzgonal arthy'synthesizéd by the convolution

J technique being considered here is less than the number of inde-
] pendent voltages which can be placed'on the array, so that in
general a preccise synthesis cannot be achieved. That is, if we
were to require a radiation pattern function to be defined as
precisely as possible, then it would require independent control
of the maximum possible number of elements in the array. In
other words, the couvolution synthesis procedure cannot realize
all possible array .oltage distributions. This situation raises
the following important questions, which must be answered before
we proceed lurther in developing the synthesis procedure:
1. llow close to any given array voltage distribution can
the convolution synthesis approach?
2. Under what conditions is the synthesis procedure useful?
3. How do these answers change as the size of tha array
increases!?
.- The basis for the concerr for the degradation in the
I3 performance of the synthesis procedure with increasing array size

is indicated by Table 1, in which ths number of elementa, number
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of rings, and number of independent element voltages are listed
for various arrays.

Table 1. Some Parameters of Symmetrical Hexagoual Arcays

Number of Number of Number of lndependent
Rings, n, Elements N Element Voltages, ng

i 7 1

2 19 3

3 37 S

4 61 8

5 91 11

6 L2/ L5

7 159 19

From Equation (8) we sec thal the ratio of the number of

rings to the number of independunt elements is

n

~ o+ (9

Equation (9) is approximate for odd ~_ and precise for even

.. If we use seven-element arrays (H,) for the synthesis,
the number of deyrees cf freedom is esqual o . 1f we use one

19-eleaur: array (U, ), the number of degrees of Erecdom

becomes n_ + 1 snd increases by one for each additional H)g
that is used in the synthesis. Thus, if the number of H,

arrays used is m, the ratio of degrescs of freedoa to the rumber

of independent elements is

&ta/n

| ¢
Re ® *o N (10
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Equation (10) and Table 1 need not cause us to despair of
achieving a useful synthesis for larger arrays because, for
example, the usefulness of s Taylor synthesis, which has n
degrees of freedom, is iidopondcnt of the size of the array.
Thus, we can poxnc to a case for uhxch the number of degrees of
frecedon need not be conparable to the number of independent
element voltages.

We have selected the gain function as the basis for a [igure
of merxt for the convolutxon syntheata procedure. The advanlLapes
of this choice are that the maximum poesible gain of any arcay is
readily identified as N (assuming unity elewent gain), and the
maximua gain achi~vable from a given synthesis procedure is
straightforwardiy determined. A figure of merit which can be
applied to arrays of all sizes 1s then maximum efficiency or AlE,
vwhich is the ratio of the achieved gain to N.

We have examined the characteristics of arrays ranging in
size from 7 to 91 elements by applying the convolution synthesis
procedure 30 as to maximize the AIE, Snvon-(u7) and 19-e¢lement
(B g) arrays were used. lInitiully, arrays synthesized entirely
wilh . arrays were examined. Then a syntheeis procedure using
one W,y array plus a number of H; arrays was tried.

Of course, the sevep—element array is a trivial case for

both H, and H;g, and the 19-element array is a trivial case
for ng,

In order to determine the maximum gain available from the
vrocedure, a straightforvard hill-climbing technique was used.
This technique involves the measurement of rate of change of gain
with respect to all variable parameters and the use of a steepest-
uscent path to the waxisum gain condition. The procedure can be
carvied ouc on a prograwmable calculator (with some patience) or
in minutes using a desk-top computer.
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As is the case in many optimization techniquas, the hilltop
that onc may achieve may be local rather than global. To aveid
this pitfall, it is desirable to make judicious cheices of the
initial values of the parsmeters. This was accomplished by first
evaluating the zero loci of uniforamly excited liexaponal arrays,
then attempting to match the zecro loci of lhe.u7 or iy nrrujs
with those of the uniform array that we wish to approximate. Por
N, we use Kquation (1) or (2) to determine the trial value of 4
fur o given zero locus. For U, we must select three points on
the zero loci and then select from Equations (5), (6) and (7) in
order to form a set of three simultancous cyuations in a, b, and
¢, the solution of which will yield the desired initial values.

The steps in the analysis are as followa: The trial values
of the cvefficients of the various arrays being uscd ia the
convolution process are selected. The arrays are convolved to
determine the elewent voltages for the large array. This
convolut ion can be done either nuwerically alter the coefficient
values are selected or algebraically vrior to selection of
numerical values. From a coaputationsl standpoint, the use of
alpebrnic expressions is more efficient. Once the slement
vollages have been deturwmined, the gain and efficiency are easily
calculated from G = (xE)?/£k?. Bach cosfficient is then
tocremeited aad Lthe corresponding iucrement in gain determined,
80 that a steopest ascent path to the waxisuwm can be followed.

Table 2 lists the resulting ll7 and M, coefficients for
the syathesis procedures that were attampted, together with the
clement voltages and values of AIE. The values of AIE are
rlotted vu N in Figure &. Case B for the 6l-element array is not
included in Figure & Hucause it represente a local rather than a
globel waximum. Th:@ nesr-circular sero locus close to the main
beaw was synthesisec with a3 of the ﬂ, srrays, indicated by

8, » =,2142 in Table 2. 1t vas found that the global maximum
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Table 2.  Paramstors of Optimtsed Synthestined
Axvays for Weld through N

Susber of Elements 19 » n [ 1} [} ] 0 ” n
2 3 & ota 33
Syathests o T L M L Y LT LT LY
Procodure Cate A
. . =, N2 - 2308
I“ » 3356 <7
[ =,000% -, 1943
Coslliicionts
] 5790 | «. 2028 N7 | - 2181 .m0
el 4300 4393 -.33\0| 3.
u, ] 6. M3 ] [ 1.0%0
¥ +H0le
b
Atray Dlement of -.a1a5 | 2.a3] .2aaaw ] L213a] w03
Vultages | § 3.049 2909 <319 4239
.\a,“ 3.”’ o”’o .’:’: ."u
31 =413 2,018 .29 <eAel 906
[ J%] Do OIS M2
) 3.300] .25 DA 88
3 JOMBR1] 6004
? 197 M0
8 «3983 3933 =, 2000 P.’m . 3351
] -.02802 [-.1300
10 L.‘m ‘.“’
3] b 2019 |- 240"
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vceurs when the inner two ring xcro loci are synthesiszed wich

the 019 array

wning one Nl

Y

« e warcked iwmprovemeat thal is oblained hy

array iun place ol two ol the N

apparent rowm Figure 4.

) arrays is roadily

We are encouraged Lo speculate that maximum AILE may be

asymplot ic with some value, pﬁthnps in the range of .8 tu .89,
for increasing N for the'-u7) g procedure. The maximum AJE
available from Hygh(ily)'F
with (i) T, but {t is impossible to estimate from Figure &
whether there is8 a scparace asymptote for this case.

will always exceed that obtained

A qualitative idea of the relcvance of these AIR optimixza-
tions can be obtainced by considering the cLfect of veduced

aperture ctliciency on the radiation pactern. If the gain
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reduction is due to random fluctuatioms iw the aperture die-
tribution, then the power contained in those fluctuations will be
distributed randomly into sidelobes. Phase fluctuations would
have the same effect, but we have no phase errors. These random
sidelobes will limit our ability to synthesise low-sidelobe
radiaticn patterns.

Using this argument, the mean level of the random sidelobes
can be estimated, and the results are plotted in Figure 5.

On the other hand, it is noted that the convolution
synthesis procedure can be used to achieve arbitrarily low
sidelobes. For example, Shelton showed that a synthesis process
of the form (37)nr. vith all array coefficients equal to 1/3,
compresses rll zero loci to the corners of the hexaponal pattern
cell and results in an aperture distribution analsgous to the
linear array with binomial voltages. Ig will be Jemonstrated in
the next section that, in general, (87) ¥ produces ring
sidelobes of arbitrarily controllable height.

5. Plots of Patterns

The arrays synthesized and presented in the previous section
exhibit a twelve-fold sym:etry in both aperture and pattern
planes. Thus, it suffices to show the patterns in 1/12 of the
hexagonal pattern cell (shown in figure 1). Thu symmetry in the

pattern plane is demonstrated here, in figure 6, for the case of

a uniforn “19 array. The normalized field pattern contours are

_ plotted in the first quadrant of the normalized u-v space. Also

shown in this figure are the section of the pattern cell and the
twelve-tald symmetric trianguiar cell. The position of the main
beam (u = v = 0) is indicated on the plot by®. It is clear fron
figure 1 that it is sufficient to plot the patterns in the

triangular cell adjoining the coordinate axis; this will be the

1se in the plots that follow.
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Fig. 6 - Field pattern of a uniform “19 array showing the
symmietries and the pattern cell '

For a synthesized array, there are two basic aspects that
must be studied to evaluate the synthesis. One of these i3 the
element voltages and voltage (illumination) taper; the other is
the pattern structure/topography. The synthesis technique
studied in this paper is based on the location of patteran nulls;
hence, it would be instructive to look closely at the null loci,




and compare them with those of the corresponding uniform arrays.
These characteristics of the synthesis are discussed in the
following.

The elemenc voltages for each of the large array (discuased
in the previous section) are obtained by direct convolution of ' i
the element voltages of the corrasponding 87 and/or H19
subarrays. Due to symmetry, it is sufficient te calculate the
elenent voltages for a szall number of elements in the iarge

array; thia number i3 equal tc the nimbar of degrees of freesdom é'
for the array. From the subarray element voltages presented in
Table 2, the voltages for the large arrays were ccmputed; these
are shown in Table 3, wherein the voltages are normalized with

respect to the center element. Ons of tha characteriatics of ' .
these voltages is that it is the lowest for the outermost -

element; this is, of course, a direct cousequence of the

convolution method of synthesis. With th. exception of the -
outermost element, the voltages vary over & 3 to 1 range.

An interesting question that may be raised in optimsation of i
the AIE is how do the null loci differ from that of the corres-
ponding uniform array which has an AIE = 1, 1In figure 7, the |
null loci of a uniform H;g are shown along with those of the

synthesized H,, array. The synthesized array has larger
beamwidth between nulls. The null loci of uniform 337, and two

synchesized H,, arrays are shown in figure 8. The Hy, array
synthesized from only H, subarrays has larger beamwidth between
nulls; however, the array synthesized using ng and n7 arrays :
has null loci that is identical to that of the uniform array;
i.e. equal beamwidth bétveen nulls.

The null loci of R, arrays are shown in figure 9: for
uniform array in (a); for array convolved from four H7 arrays
in (b); for array convolved from ng and tvo H, arrays, vhere

all zeros of the H,y gre near the main beam, in \c); and in (d)

o - .
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Fig. 7 - Moll loci plots of B arreys: (a) uniforn ®) n.,'n.,

tor array corvolved with one H. subarray szero near the main beam,
The beaswidtu uatween nulls for (o) and (d) is larger than and for
(c) equal to that of th: uniform array in @),

Figure 1) shows the null loci for three different lln. The
heamwidth betwean nulls for (b), the array synthesiszed from five
ll7 elements, is larger than that of the uniform array in (a),

The array synthesized with one ll“ and three !7 elements has first
two rull loci (figure 10c) identical to those of the uniform array.

Yoy all of the synthesised arrays, the loci of nulls away from
the main bean are considerably different from those of the corres-
ponding uniform arrays.
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In order to understand the effect of AIE optimization on the
overall array performance, it is also necessary to examine the
pattern topography.
plots of power patterns ir u-v space,

ular cell,

Once again, the u-v space is normalized and the scq.e
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This is best accomplished through contour
In the following, the
power contours are in 3 dB steps and are plotted in the triang-
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Figure 10. Null loci plots of‘u?& :;zayl: (a) uniform,
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Figure 11. Power pattern for (a) uniform H,, (b) uniform Hg»

*
(c) H7 H7.

222



—

is shown along the coordinate axis only. Furthermore, contour
levels are not shown for the sake of clarity; however, the lavels

may be readily determined from the fact that the lowest contour
level shown in all plots is -39dB.

Figure 11{b) and (c) show the patterns of a uniform K,
and of the Ko array synthesized from the convolution of two
H, subarrays. The 3dB beamwidth of synthesiszed array is
slightly larger. Notice the similarity of the pattern in (c)
with the pattern in (a) which is for a uniform Hy array. The
ring-like structure of the pattern is quite apparent.

Patterns of H,, array for the cases of a uniform and the
two synthesized arrays are shown in figure 12. The near-in side
lobe level of the synthesized arrays is within 0.5dB (greater
than) of that of the uniform-array. The pattern of figure 12 has
a ring-like near-in sidelobe structure and the main beam is
relatively flat. This is depicted by multiple O symbols near the
wain beam. Also, the 3dB beamwidth is larger. Howsver, the
pattern of figure 12(c) has 3dB beamwidth slightly less than that
of the uniform array.

Patterns for the three designed Hey arrays and a uniform
Hey array ave shown in figure 13. Pattern in (b) are for the
array synthesized with four H, subarrays and has a strong
ring-like structure. The near-in sidelobe level is slightly
below that ofﬂthe uniform array shown in (a); however,6 the 3dB
beamwidths are identical for two arrays. The pattern topography
of figure 13(c) near the main beam and the first sidelobe paak is
nearly identical to that of the uniform array. Recall that this
array is synthesized using a H)g array with all its zeros near
the main beam. Although the firet and second nulls are identical
(as pointed out previously), the 3dB beamwidth is marginally
larger. The H,, array for which the pat:efn is shown in fig. 13(d)
is cynthesized using a Hy array with its zero near the main
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beam. This results in a ring-like pattern around the near-in
sidelobe peak; however, the widening of the ring array from the
coordinate axis may, in fact, result in a sidelobe peak near the
edge of the cell and it may show up if the pattern plot was
generated in smaller dB steps.
Shown in figure 14 are the patterns for 391 arrays:
i uniform, and the two arrays ‘synthesized with H, and Hiq
4 arrays. Figure 14(b) ghows patterns of the array generatcd [rom :
five H, subarrays which axhibit ring-like sttuctéte of a li, :
array. The 3dB beamwidth is greater than that of the uniform

array. The pattern in figure 14(c) has a sidelobe level necarly

s e e r

identical to that of the uniform array; and the 3dB beamwidth is
slightly largar.
From the patterns presented in this section, the following
general characteristics of the synthesized arrays may be readily
b 1 identified. 1In all of the syntheses, the ring-like sidelobe
structure near the main beam is generated in optimized arrays )
provided the zeros of the H, subarrays are near the main beam;
however, this generally leads to lower AIE. Another interesting
feature is that the number of sidelobe peaks in the triangular

cell are less than or equal to those of corresponding uniform

arrays.
6. Conclusions
An analysis of 7 and 19 element symmetric hexagonal arrays !
which fcrm canonical arrays in the synthesis of larger arrays is j
. carried out. Also shown are the null loci and pattern plots of '
uniformly excited 7, 19, 37, 61 and 91 element hexagonal arrays.
The null loci of larger uniform arrays are utilized as
initial data in the convolution synthesis of thew for high |
aperture illumination efficiency. The synthesis is carried out :
by couvolving one or more of either 7 and/or 19 element canonical

arrays. The AIE of the convolved array is optimized by a hill
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climbing process. The aperture illumination, AIE, null loci amnd
patterns are preseited for several different arrays of as large

as 91 elements. The null loci and the pattern topography of each
of these arrays are compared with those of the corresponding
uniform arrays. 7Two useful features are identified. If the
synthesis procedure utilises only H7 canonical arrays, then the
mxin beam and usually the first sidelobe exhibit nearly circular
locus. Synthesis of larger arrays with the H19 canonical arcay
leads to patterns that have main bean null locus identical to
that of the corrcsponding uniform array.
Aéarture illumination efficiencies for syntheses involving
only H7 subarrays appear to have an asymptotic value in the
range of 0.8 to 0.85. Synthesis of atill larger arrays wmust be
carried out Lo cstublish this bound conclusively. However, as it
should be expected, the syntheses utilizing the ng array
exhibit higher AIE than the synthesis utilizing only H, arrays.
These convolution synthesis results, in addition to <)
determining the maximum ALE of the convolved arrays, wmay provide
the basis for a iow-gidelobe synthesis technique. If a procedure
analogous to the Taylor synthesis is used, in which the zeros of
the maxiwum-gain configuration are pushed outward from the main C
beam, the starting maxiaum-gain configuration for the hexagonal ;

array case wmay be the maximum—-AIE couvolved arrays.
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& CONSTRAINTS ON NULLING BANDWIDOTM : ;
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ADPOO11

( ABSTRACT . |
Recently there has been substantial interest in wideband :
nulling techniques and atcompanying phydical limitations imposed ’
by the antenna system. Pattern nulls may be fmposed detevwin-
istically or adaptively and the antenna patterns are often de-

graded by excitation errors. This paper is concerned with o~ |
wide angle nulls in ideal (non-errored) patterns. For such ){y‘ *
patterns wide angle nulls are equivalent to wideband mulls. '

For an M.element array there are at most Ml mulls pos-
sible in angle. A limiting possibility would be to sove all

-] nulls to within some small angular region, @)&M accept ,
the fact that the resulting pattern would bare no resesblance )

/

to the original; this approach would give the lawest postible

null depth for any particular wide angie band. ,In this paper . ... . |
the null depth and width are examined with the cmt;;;t: that / :
the favast null; be movad. This constraint is imposed because
of the lssumption that the original pattcrn before being nulled

was desirable. A closed form solution is given for both oqua\ly
spaced nulls and equal amplitude mulls.
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CONSTRAINTS ON NULLING BANDWIDTH -
Introduction v":

Since the deterministic pattern over some angular region varigs
linearly with frequency one obvious method of producing broad bandq..
nulls with frequency independent weights is to generate them over - -
the corresponding angular region (see Fig. 1). If the angular
region is treated in this manner, the questions then become: haw
low will the sidelobe reg'i.o.n be over what angular extent, and at
what price? It i the solution to these questions that is the
purpose of this paper.

An array of K elements has K-1 possible nulls in its pattern.
One possible approach(l) is to wove all K-1 mulls into the
angular region desired. This approach shculd give the lawest
possible energy over that nulled angular region but a badly deteriorated
pattern outside the null region. A second approach(2) is to
reduce the pattern in the nuiled region to its imest possible value
while keeping the pattern outside that region as close to the
original as possible. A third idea(3) is to move the nulls in
& semi linear fashion to create a smooth variation. Hany other
approaches are certainly possible. The approach followed here is
to move just the M.nulls of the k-1 possible while leaving the
remaining K-1 -M.nulls unchanged.

One of the serious problems of adaptive antennas with frequency

independent weights is the wide band nuiling capability of particular
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antennas. It is possible to design types of antennas that have
inherenc wide band nulling behavior, but as a general rule, however,
obtaining deep nulls over a large bandwidth is quite difficult. :
There are tio basic limitations. One is the behavior of the deter-

ministic pattern itselt, whose angular response varies inversely

with frequency. At any cne frequency a null may be moved to or

generated at any angle, but that null will change angle with fre-

quency. This would mean.a.null only in the center of any finite

bandwidth. A secund limitation is caused by errors. It will not,

in general, be true that all errors sehave similar to the determin-

istic pattern in terms of frequency. Some will, some will not. .
This second limitation is not addressed in this paper.

Two approximations are used to determine the relationship be-

e 2t e -

tween null width, number of nulls moved and null depth; first, the

array is very large, and second the region to be nulled is not near ,

the main beam. The results of using these two approximations is
that Schelkunoff polynomial method expressing the array factor as
a complex polynnmial can be used for a local regiorn of angular

wudCe rather than the entire unit circle. In fact, the error x
caused by using & linear local region rather than the entire circle

is a serious concern because using the rativ of the two pattern

before and arter perterbation effectively cancels the large error

terms. From Schelkunoff(4)

M-l
f(8) = Za: piktdca® (1)

ix0

233

T U P e emma— e+ emm— - o J—




where ¥ =\lee.3“':* 2 .

1‘ denotes the progressive phase shift

M=) ‘e,
£o)= Z \a;)ed & b; (2)

where b[, = Qo 5. s
m- |
so £ 27 laijb; 3)
(s

it “is smal
then f(8) can be written -

£ =2 ]T0-v) )

where by are the zeros of the far-field pattern. This expression

it ao et e

shows that the field at any angle given by L is proportional to o
the product of the distances from that point to a1l the nulls in SR
the pattern.

Sidelobe Levels by Distance from Nulls

In Fig. 3 tie nulls are represented by ppints and the obser-

vation point by a circle with “a" representing the distance between

nulls.

|
o
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Then the initial sidelobe level, Slig, 18 given by

Sli,w g A8 gege.. Ml W

Me, . |
‘ ’ ~4
SL[. * Q-__—:M - N

Ml
where My represents a large nusber far from the ohservation peint.

Mving a specific number of mulls, N, from their original location
closer together, will reduce the sidelobe energy within that region

given by Af-

For a centrally located lobe, the new sidelobe level s Sl.lci witch {s

SLL <( ) (e (e o

For simplicity the null bandwidth is defined from edge lobe peak
to edge lobe peak and a' is the spacing between mills within Am

for the perturbed pattern. N A M- TAAS) ‘ ?
N ~m-) =N ™ (8) P ’
Sit.e " TT (2" T (ege) i B

My M1 Nﬁ-“

235




The sidelobe reduction is ASLL

. N M."N I\N
RS
ASLLY S —gm— a o
buta':ﬂ-

N-1 ad Apbe (M-1)a - a + '

k.= the original number of nulls in &u

A SLL = (ﬂ:}.)N

- in field (10)
- %M. . ,
ASLL = (t-:'-_-,:- in power (1)

§ince the null at the center of the reduced region will be lower ;
than any other lobe in the nulled region, an estimate of the |
reduction in an edge sidelobe is also desired for equally spaced c ‘
nulls. The edge sidelobe level is SLi

e S5 G g

The equation for the unperturbed pattern can be written

|

T = N
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Equal 1itude Ripple in. t.he Nulled Band
The previcus equations give reductions in the central lobe and
of an edge lobe of a nulled region as a function of the original

number of nulls K, which is related to the anguiar bandwidth or

m:1led region and N the number of nulls that are wmoved. Both
equations are for equally spaced nulls in the nulled region.
Another useful expression is derived for equal amplitude lobes by
placing nulls at unequal spacings. For nulls (in the nu) led ri-
gion) that are located at a large distance from the unchanged
nulls, Cheybshev spacing provides equal lobes. The location of

a set of nulls is given by

Cos ;"-.-ﬁ ("'f“) for N even

and c0S IE (’ for M odd
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As before

-

V(3e] (o). (aN=Y) 4.
| i SLL, = (%(éie (%) (—{-) nulls beyond aM  (16) 3
SLL,. & Jﬁh cos (.F 6f- ')) Lor AMZ L (17)

: £
| ans (M-1)e - “rd! (18)
M-2) a
| Aum = (M) a-'l'( ~ (19)
e =
| Ap (N-3)
1 L a
| > (N-TM-») (#0)
| * (N-2)

- DY (21)
| Therefore the equation for the sidelobe reduction in power is

1 | )
| ASLle,= &(M(;‘)_(:) D] ”[hﬁl “s:{ibm)]q (22)

\ IMm =

Conclusions
Some equations have been devised to give sidelobe reduc-
tion as a function of angular bandwidth (proportional to frequency

tandvidth) and number of nulls moved.Both equally spaced nulls and
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equal amplitude lobes in the nulled region are treated.

Several limitations are required. These include: 1) con-
sideration of serious internal reflections 2) nulling regions
are not very close to the main beam 3) arrays must be large, and
4) for the equal amplitude with large bandvidth, the formulas

are most accurate for large sidelobe reduction.
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ADP00110S

/’_ ABSTRACT

4

-

TAt the osperating frequencies of most surveillance radars, air-

borna targats are large compared to a wavelength, and their RCS

characteristics can, therefore, be described in terms of returns

from scattering centers. If the spatial distribution and relative
strengths of these scattering centers can be determined, the target
can be idenrified bv comparison with data for known targets. The
method ;roposed “eie enables one to extract this information from

RCS data gathered noncoherently within a modest bandwidth.

X
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1. INTRODUCTION

bt
A back-scattered cv signal from a target with N scattering 1:}
centers can be decomposed in* , N signals, each with a different ~-
o
phase and magnitude. The physics of the scattering process -
(reflection or diffraction) determines the relative aagaitude of :::
-
each contribution, while the phase is dependent on the distance £
from the scattering center to the observation point. Let the -
.
incident field be T
@ =g (1)
The back-scattered field as measured by a linearly polarized re-
ceiving antenna can then be expressed as
Jxz N jZk;-?n
H(k,2z) ~ Z A;(k) [} (2)

n=l

where ;; is the location of scattering center n and Aﬁ(k) is a
we’ghting coefficient determined by the scattering process. For a

small range of k, A;(k) can be approximated bty

Yok ‘
v n
A&(k) A e » Y, real.

For a fixed value of z, we then have

N (v, +3d)
H) « } A e " n
n=1
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vhere dn = 2s -?n. Ya + jdn e (4 is a spatial frequency and has
dimensions of length. The problem at hand is to characterizs a
radar target by deteraining the values of the unknowms in (4) from
knovledge of H(k) sampled over a finite bandwidth. A method for

solving this type of nonlinear problem was introduced by Prony ia
1795. 133

2. PRONY'S METHOD
Assume that a set of 2N data points satisfies the relation

N-1 g4k
Bk ) 0@ = § A et ®
-\ L i

vt Nel
€, (k, + nak)
- izo Ai [ 1 o n= 0. 1’ asey m-l (5)

where Ak is the spacing between succassive samples and the A's and

€'s are 2N complex unknowns to be determined. Letting

f.1, (6)

Bq. (5) can be written

i - Nil a .EikO

n " by MRt . 8

We now construct a polynomial with unknown coefficients °n whose

roots are the :i'ca
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T ) '2‘ .0 ¢ (8)
I (2-2,) = asz = or z = 3,.
i=0 1 a=Q ° i

A system of )inear equations involving only the a's and the (known)

H's can be obtained as follows. Using (7), we can write

Late Lo T at e

al A3, @
a=0 ae e O i=0 11
B
N=1 § N .
-zAi.,‘ko I asl|. 9)
i=Q a=0

The bracketed term vanishes becausc of (8) and, thus,

N .
nZO all =0 . (10) ;

An additional N-1 equation can be obtained similarly. We then have

N a
pzo QPHHR. = 0 » L= 0, 1,--0,“‘1. (11) :

Equation (l1l) represents N equations which can be solved for
the N unknown a's. (Equatioa (8) implies that oy has been arbitrar-
ily chosen to equal unity, which is permissible because of the
homog«neous.natute of the equation.) If the a's ars known, an

apyropriate polynomial root finding technique can be used to find

the zi's in (8) and, therafore, the Ei's in (6). The only remain-
ing unknowns, the A's, can be found by solving another system of N
linear equations obtained directly from (7). Thus, Prony's method é

invelves the inversion of two N x N matrices and the factoring of
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order polynomial.

The values found through Prony's mathod are exact if the
initial data are exact and of :;u uw tora. In prac.ice,
asither condition will be strictly satisfied. It is therefore de-
sirable to introduce some redundancy and f;nd sclutions representing
the "best £it" to the measured data. This can be done by increas-
inz the aumber of data points beyond 2N and wc iifying q. (10) to
read
N-l

p§o°9 “po-z"“m-’. R 2 =0, 1, .oopy N1 (12)

where M is the number of data points. In matrix form, tha left-
hand side of this equation becomes the product of an N x N matrix
and the vector of a's. If both sides of the equatiom are multi-~
plied on the left by the ¥ x N matrix which is the transpose of the
matrix of B values, an N x N matrix is obtained on the left and the
solution can proceed as before. Results oltained in this way are

optimal in the least squared arror sense.

3. REQUIREMENTS OF PRONY'S METHOD

The spacing between succeassive samples of H(k) must be chosen
such that the Nyquist criterion is satisfied, i.sa., &k must be less
than half the period of the highest frequency component of H(K).

As can be seen from Eq. (4), this (spatial) frequency is equal to

M |
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the dn of greatest absolute value, + Chooaing the origin mid-

dnnx
way between the two axtreme scattaring centers, we have the require- |

mant

12 T Q3)
“s'rr.:‘“"'i T

whers L is the }cnggh of the scatterer.
Sampling theory states that the bapdwideh (k= Kk ,,) must
be greater than the number of spatial fraquencies present, N,
divided by dnnx‘ In practice, this is nct a significaant restric-
tion. The actual bandwidth requirements ave dependent upon the
amount of noise prasent, as discussed below.
Ideally, one should know a priori how many spatial frequencies
(the number of s.attering centers) are present in order to apply
Prony's method. However, good results can still be obtained by
assuming a number of spatial fteqé;ncits greater than the number
actually present and discarding spurious frequencies generated by
the algorithm. These can usually be identified by their low rela-
tive amplitudea and by comparing results fgf the same data with
different agsumptions of spatial frequencies present. "True"
frequencies always appear while different spurious ones are pro-
duced in each case. If none of the frequencies survive this test,
it can be concluded that too few frequencies were assumed. Figure |
1 shows the results of analyzing back-scattered data from a pie- :

shaped cylinder (as calculated using GID formulas) under the ,?
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Figure 1. Calculated spatial frequencies of ple-ghaped cylinder ’ ?
under three different assumptions as to the number of !
frequencies presant. The pumbers in parenthesis |

reapresent amplitudes.
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assumptions that 3, 6, and 7 frequencies are present. It can be

seen that the three scattering center locations are correctliy
identified in each case while the spurious frequencies of different

cases do not coincide.

4.  NONCOHERENT DETECTION

Implicic iy the above analysis is the assumption that the
measured data points (the Hn's) are complex, which implies coherent
detection by the radar receiver. Useful results can also. be
obtained from data gathered noncoherently. Comsider the case where
the field analyzed is that due to two sources at z = 75 t_%-with

amplitudes A and B, We then have

d d
k(z - +3) jk(z -z, - %)
[H(k,2) | = lA ej 072 +Be 0 2 |

(14)

= J’;z + Bz + 2AB cos kd .

From this equation, it can be seen that the spectral content of

| H(k)| is determined by the location of the sources relative to
each other und contains no information as to their absolute location
in space. As a consequence of this, when more than twe scattering
centers are present, the results of analysis are ambigucus. For
example, a case in which the scattering centers at 24 2 + dl’ and

z, + dl + d2 is indistinguishable from those where the locations

252



. g

#x s

L R L S P U R N JE S I S e e -

are 2 % + d2’ and z
5. NOISE PERFORMANCE
Ohc advantage of using noncoherent detection is greater

immunity to nolse. There is little noise tolerance in the case
of coharent detection, but the imaginary part of the spatial
frequencies (the quantity of most interest) can be extracted from
noncoherent data even wheu Gaussian nojse is added to give an RMS
SNR of 2 or less. Table 1 shows the effact of bandwidth on
accuracy in the presence of noise. In the table the average per-
cent error in the 3 spatial frequencies of a square cylinder
under various noise and bandwidth conditions are compared. Each
entry 1s the average of ten cases with different noise (of the

same statistics).

TABLE 1

AVERAGE PERCENT ERROR IN THE THREE CALCULATED SPATIAL
FREQUENCIES OF A SQUARE CYLINDER (NONCOHERENT DETECTION)

SNR 304 BW 254 BW 20X BW 152 BW 103 BW
100 .04 .05 .06 .06 .09
10 4.63 3.53 2.85 4.84 2.10
4 6.97 7.22 6.80 8.38 8.14
2 _10.44 10.68 10,45 10.84 11.72
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The actual amount of noise that would be present in a practical
situation would, of course, depend on the environment. It should
be noted, however, that the signal-to-noise ratio can be made
arbitrarily large by incréasing the time of obsefvation at each
(ew) frequency and, thereby, averaging out the error (assuming
targét motion is negligible). The total observation time can be
reduced by interrogating the target at several frequencies simul-
taneously by transmitting a signal with a "comb" spectrum. Other
workers have also reported success with new techniques for reducing

4,3 Both coherent and

the noise sensitivity of Prony's method.
noncoherent detection schemes can therefore be expected to be

succassful in a practical environment.

6. SPLIT SPECTRUM ANALYSIS

In some instances, a single radar may not possess sufficient
bandwidth for the desired level of accuracy. 1In such cases, a
modified Prony's method can be used to analyze simultaneously data
gathered by two or more radars operating in different, noncontiguous

bands. For the case of two bands ranging from k, to k. + (Ml-l)Ak

0 0
and from ko + M2 k to ko + (M3—1)Ak, Eq. (8) b ~omes
MM [ i 2 S
« z = I (z-zi) . n (z«zz ) (15)
n=0 i=Q L=l

where the z®* are "extraneous" roots chosen such that as many as
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a@z-ul) of the a's are equal to 0 and the polynomial takes the form

“, )
+ 2+ ..+a 2 a2
7% Y 12
: q N-le-l!
i +a 244 lao. (16)
| 92+1
: Equation (12) then becomas
9 N-ﬂlz-nl-l
] ol + I o8 . = -He ,
) ) M.+
p=0 P pt p.qz P pt+ 2™ an
2'~- 0, l. sesy L-ll v
! _{ L, 9y and q, are chosen such that
L= nl-ql - (ua-nz) - (N+M2-M1-z2-l) (18)
in order to form a rectangular matrix from Eq. (17). (Several
choices for these parameters will generally be possibla.) The a's
can now be found as before. It musat be recalled, howevar, that tha
polynomial in (;6) has extraneous roots which must somehow be dis-
f tinguished from the roots of intereat. Th's can be done by first
R finding the approximat«. values of the roots by analyzing one of the
: constituent bande in the standard way. A convenient way of finding
- the roots of interast in Eq. (16) is to use an algorithm which can
utilize approximate values of the roots as initial guesses. The
remaining unknowns can be found as before. Table 2 compares results
1 ‘t' ’
a 255
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half of the data was discarded.

TABLE 2

from the analysis of data from a square cylinder for the wiﬁe-bnnd-
width case,.the same frequency band with two gaps (three subbands) ,
and the lcwest subband by itself. In arriving at the figures for
the split spectrum case, the (same) data were analyzed for eight
differznt values of the pattheter L and the results were averaged.
It can be seen that the split spectrum results are quite comparable

to those for the entire band without gaps, even though more than

EﬁROR,IN THE THREE LOWEST SPATIAL FREQUENCIES OF A SQUARE CYLINDER
AS CALCULATED BY THE STANDARD AND MODIFIED PRONY'S METHOD

_ Note that the entire band contained 222 data points
(BW = 83%) and each subband 35 points (BW = 20%, 14%, 10X).
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Entire band Lowest Three sub-
Spatial frequency without gaps band alone bands together
d1 1.74 39.07 1.92
d2 0.09 1.56 1.06
dl + d2 0.68 4.99 0.46
TOTAL 2.51 45.62 3.4%
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7. CONCLUSIONS

A mathod of radar target identification has been proposed
wvhich cistinguishes tergets by the locations of their scattering
centers in space. The technique is workable with coherent and non-
coharent radars possessing bandwidths on the oxder of 20X. The
effect of ncise has been considered, and a wmethod for utiliszing
split spectrun measurements has been presented. The proposed
technique would require only minor mdification; to oxist;ng radars

to be implemented.

2517




ACKNOWLEDGEMENT

The authors would like to thank the Lawrance Livermore lLab-

oratory for supplying the computar code for the Prony algorithm.

REFERENCES

1. Prony, R. (1795) BEssai experimental et analytique sur les
lois,del la dilatabilite de fluides elastiques et sur celles
del la force expansion de la vapeur de 1l'alkool, A differentes
temperatures, J. L'Ecole Polytech, Paris, 1(No. 2):24-76.

2, Hildebrand, F. B. (1974) Introduction to numerical analysis,
2nd Edition, McGraw-Hill, New York, pp. 457-462.

3. Van Blaricum, M. L. and R. Mittra (1978) Problems and solu-
tions associated with Prony's method for processing transient
data, IEEE Transactions, 26:175-182.

4. Price, H. J. (1979) An improved Prony algorithm for exponen-
tial analysis. Paper presented at the International IERE
Symposium on Electromagnetic Compatibility, San Diego, CA.

5., ~Var Lint, V.A.J. and M. L. Van Blaricum (1978) Applications
of Prony's method to SGEMP data analysis. Paper presented at

the Nuclear EMP Meeting, University of New Mexico, Juen.

e ———— —— i m—————




o~

o~

AMPNO1106

RVALUATION OF THE MONOPOLE-SLOT AS A LAND-MOBILE
COMMUNICATIONS ANTRMWA

B. M. Halpern and P. R. Mayes
Departwent of Electrical Engineering
University of Illinois .
Ucbana, IL
/
', Abstract
I '

Land-mobile communication systems designed to operate over
the upper portion of the UHF band in an urban euvironment are
very susceoptible to frequent wide signal wariations, also tmown
as fades, vhich arise due to the presence of many obetructioans in
the propagation path bstween the transmitter and receiver.
Dagradation of system performance resulting from this type of
fading must be overcome by msans other than an incresss in
transaitter power.

This paper describes a msthod of combating mltipath fading
vhich mekes use of the fact that the resultant vertical electric
field and horiszontal magnetic fields of the incident wves at the
game point in space are uncorrslated, and therveforve, statisti~
cally independent. The mathod described incorperates a selection
diversity coabiner in the mobile umit. gy The inputs of the cow-
biner stem from the cutputs of » unglj sultiport antemna, such
as the wonopole~slot asatenns, vhich responds to the wvertical -
electric field and either the x or y component of tha magmetic
field of a vertically polarised transamitted wave.

The VSWR at both ports of a medium=profile moucpole=-slot
antenna is on the order of 2:1 over a 0% band and its efficiency
is greater than 802 over a comparable band, as well. Ia addi-
tion, the wonopole-slot antenna can bs migmented to provide an
ouudineﬂ:oul transmit pattern in asimuth, if so desired.

1. TIntroduction

In mobile communication systems, the rneed arises for a broad-

band antenna which !s both electrically small and well-matched to

a trausponder. The monopole-slot antenna, vhich was f{atroduced
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in 1970 by Mayes and Wiesemmeyer [". ws designed to satisfy

these criteria. A monopole-slot antenna ia stowa in Migure 1.

1 10y

-‘*\
e

o
." '

Y

I

Fig. 1. The monopole~-slot antenna vith a alcrostrip feed

The wonopole-slot antenna also provides a form of divcuj.ty
raception that can be used .to mte&n difficulties assoclated
vith miltipath propagation. These problems are particularly
severe in UHF and microwava land-mobile communication in urban
environments. The objective of this paper is to provide data
evaluating the monopole=-slot antenna for use in the nev land-

mobile service over the 800-300 MHz band.

The monopole-slot antenna shown in Figure 1 conaists of a
center~fed, cavity-backed linear slot in a horigzontal plane and a
vct;ical monopole. Both elements are excited at the same point
by a single microstrip transmission line which is connected to

the transponder at one end and to a matched load at the other
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end. The complementary impedance characteristice of the mounopole
and slot result in aa antenna which has a stable input impedance : |
over a vide range of frequencies.

The radiztion fields of the monopole~slot smtenna are the sum
of the fields produced by the two vadiacing elementa. 'hen the
fields of the two elements are properly weighted, the tesulting
azimuthal rediation pattern is a cardioid with maxiaum alonz the
axis perpendicular to the slot in the directiom of tha sort which
is fed (21, The direction of the cardioid is reversad when the
teraination and signal source are interchanged. The directiomal
properties of a well-designed monopole—~slot antsnna are main-

tained over a wide range of frequencies.

In 1980, the monopole-slot wes modified by Cwik to incor—-
porate a stripline feed [3'. and iC was demonstrated by Paschen

2] that the bdroadband nature of the monopole-slot vremains.

Since this structure improves hoth the mechaunical strength and RF o
shielding of the feed, the stripline-fed monopole-slot is hetter o)
suited for use in land-mohile systems.

The monopole-slot antenna contains elements vhieh vespond to ‘
both the vertical electric fields and the harizontal magnetic i
fields of ssimuthally incidant weves. It has praviously been o

demoastrated that the wmonopola—alot aatenna veduces fading caused

by moving thrcugh a standing-wave field l!j. This has prompted
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an investigation of the use of the monopole-slot satenna in

diversity rveceiving systems.

2. THE MEDIUM PROFPILE MONOPOLE-SLOT ANTENNA

2.1 Design Criteria

Two monopole=s.iot anteunas for use aver the proposed land-
mobile communication band from 323 to 89C MiAz were built and
tested. In addition to the criteria stated in the introduction,
two additional design criteria were used. The antenna was to
operate with maximum efficiency over the transamit portion of the
band (825-845 MHz), and the height of the monopole was to be
reduced as much as possible without sariously degrading the per-

formance of the antenna; hence the name “mediux-yrofile”.

2.2 The Anteunna
(1] (4]

In the previous work by Mayes, Wiesenmeyer, et al. , ,
[5]. on variocus monopole=-slot antennas which incorporated
microstrip feeds, the cavity had little effect on antenna perfor-
aance since the antenna was oparated far belowv the lowest cavity
Tesonance. Concurrent with this research, Paschen (2] showed
that a stripline-fed monopole-slot antenna could also ba designed
to operate in a band between the TE;5; and TEj;3 cavity resonan-
ces. Pigure 2 shows such an antenns. It was designed to operate

over the band from 820 to 890 MHz. The antenna was constructed

using two sheets of 3/16 ian. thick, single-clad Rexolita 2200 I
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Pig. 2. Capacitively top~losded moncpole—slot amteuna dasigned

to operate between the T®)3) and TRjg3 cavity resonances

board with a 50-olm stripline feed. The dimensions of tha cavity
ave 6.3 in. by 11.0 ia. and its T)g; and TEjg3 Tesonances ware
calculated to ba 834 Mis amd 1146 MAz, vespectivaly. The wono-
pole was capacitively top—loaded with a circular patch of copper
tape and the width and length of the slot ware adjusted teo yield
811 and 8] loci which indicated the bast match and highest effi-
ciency over the operating band. The performance criteria stated
ia Section 2.1 were bast mst using an satenna with the following
dimenzions!

Mouopole Slet
Beight = 1,0 in. . Wdeh = 0.9 in.
Radius of Length = 4,73 in.

Top-Loading Patch = 0.9 in.
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The scattering parameters of this monopole=slot ant.nna were
measured. The 81) measurements are phase-referenced to the
center of the antenna wvhile the 83; measuruments are phase~
veferesuced to the satenns porta. The s-parsmeters of the
monopole~slot anteuna are shown in Figure 3. The 91)] locue
reveals that the VSWR at the input port of antenna is less than

2:1 over Lhe eatire operating bdand.

The etficiency uof the monopole-slot antenna is defined zs the
ratio of power radiated to power input and can be calculated

directly from the scattering parameters using Equation (1).

P 1-]eyy|2-]egl?
e rad 1 — e x 100% (1)
Pin 1 -] ey

The 8)) and s3; loci for this antenna reveal that the antenna is
at least 76 percent efficieat over the entire operating band.
The efficiency of this antenna over the transmit band ranges from

84 parceat at 825 MHx to 89 percant at 845 MHx.

The aiimuthal radiation patterns for the first monopole-slot
antenna are shown in Figure 4. The F/B ratios over the receive
band, which extends from 870 to 890 MHz, were calculated to be
around 12 dB, vhile those calculated over the transmit band were
found to be around 16 dB. The monopole appears slightly dominant

over both bands.
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Fig. 3. 8] and s3] for the monopole-slot anteana shown in Fig. 2 _—
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f=800MH2 t:825 MHz

v

-/f=e4s MHz £2870MHZ

N (S
N

b :890MH2

Fig., 4. Azimuthal radiation patterns for the monopole-slot
antenna shown in Fig. 2
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Since the best muil performance of the low-profils hybrid-

slot antenna was observed when oponeiul near a cavity tasonance,
the second monopole-slet antenns was designed to oparate in the
vicinity of the TE)p) cavity resonance (61, It was constructed
using two sheets of 3/16 in. thick, single-clad Rexolite 2200
board and s 50-ohm stripline feed. The dimensions of the cavity
vere 4.2 in. by 9.0 in. and its TE;(; resonance \n'cﬁlculatod to
be 962 MHz. The bast performance of this satenna was achieved
using a conical monopole and linear slot shose dﬁoulou 'll.“

given balow.

Conical Monopole Slot
E——
lli‘ht = 1,0 in. Width = 0.3 in.
Radius at
Truncation = 1.2 in. . Length = 7,6 fn.

The antenna u' showm in PFigure 5.

Fig. 5. Conical-monopole-linear-slot snteana designed to
operate belov the TR)3; cavity resonsace
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Inspection of Figure 6 reveals that VSWR is leas thaa 1.75:1
at the input over the entire operating band while the efficiency
is in excess of 72 percent over this band. The efficiency of
this antenna over the trausmit band ranges from 81 percent at 825
MHe to 85 percent at 845 MHz. The effects of the TE)g) cavity

resonance appear suppressed in both the 811 and s;2 loci.

The patterns, which are shown in Figure 7, indicate a slight
dominance by the slot over the entire operating band. F/B ratios
over the receive band range from 13 dB at 870 MHz to 28 dB at 890

MHz.

Thus far it has been demonstated that a medium-profile
monopole~slot antenna can be made to operate satisfactorily over
the land-mobile communication band from 825 to 890 MHz. The
remainder of this work evaluates the performance of a selection-
diversity mobile receiving system which employs a two~port
antenna, such as the ones discussed, in a multipath environment.

3. A RECEPTION SCHEME FOR UHF LAND-MOBILE COMMUNICATION WHICH
INCORPORATES A MONOPOLE~SLOT ANTENNA AT THE MOBILE

3.1 Background
Systems designed to operate over the 800-900 MHz band in an

urban environment are very susceptible to wide signal variations,
also known ag fades, which arise due tc the prasence of many

obstructiocns in the propagation path between the transmitter and
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Fig. 6 1) and 321 for the conlcal-mons;sls-iineaz-slot
antenna shown i Fg. §
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12800 MH; — {825 MH2

@
n 845 MHz

12 870 MHz

-—‘/u 890 MH2

=900 MH2

Fig. 7 Azimuthal vadiation pattaras for the conical~-monopola-
linear-alot antenna showu in Fig. S
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receiver. Degradation of systum performance resulting from this
type of fading must be overcome by means other than an increase

in transmitted power.

Described herein is & method of combuting ;ultipath fading
which makes use of the fact that the regultant vertical electric
field and horizontal magnetic fields of the incident waves at the
same point in space are uncorralated, and therefore, statisti-

cally independent [7], [8].

3.2 A SIMPLE, DYNAMIC MODEL OF MULTIPATH FADING
IN (RBAN LAND-MOBILE COMMUNICATION
The following is a widely used model of a land-mobile com=-
munication system in an urban environmeat that has been validated
experimentally. The reader is referred to Jakes (71 for a more

detailed description.

Figure 8 depicts a mobile unit, in which the receiver is
located, traveling with velocity, v, in the x~direction. A ver-
tically polarized wave (E = % E,) is transmitted from a fixed
location, scattered, and received by the mobile. The transmitted
signal is an unmodulated carrier of angular frequency, w.. The
scattered waves are assumed to be vertically polarized and origi-
nating from fixed scatterers at random locations. The resultants

of the three field components seen by the mobile can be derived
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Fig. 8. Plsne-wave incideant on wobdile

from the sum of N vertically polariszed plane waves, incident azi-
muthally at rondom angles, ay,: vtt‘h respact to the welocity of the
mobile.* It is sssumed that no direct propagation path ﬁitvun

the transmittev and the mobile Ixfiltl. This is often the cass in

an urban environment.

Due to the random orientation and location of the mobile, the
phases of the incident waves, ¢,, are assumed to be a random set
which are uniformly distributed between 0 and 2%x. The relative
time delays of the incident waves ave assumed to be of the same
order of magnitude as the reciprocal of the carrier frequency.

The distribution of incident power, p(a), is assumed to be uni-

f‘rh. sssunption that all waves incident on the mobile are con=
fined to azimuthal propagation paths is valid when one considars
the fart that in ppality the incident waves are confined to s
relativaly small spread in elevation. Experimental data pre~-
septed by both Jakes (7] and Clarke [8] affirm the validity of
this assumption. The effects of elevation angle have been

acFountod for in Aulin's model (9].
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form over the range in arrival angle batwaen -* and **. One must
note, however, that the amplitudes, phases, and arrival angles of
the incoming waves are assumed to be statistically independent,

and therefore, independent random variablas.

The Doppler shift in angular frequemcy, uy, of sach of the
incident waves is found by projecting the respective wave vactor

onto the velocity wvector of the mobile.

mn-"?n':-av Cos ap (2)

2ng
where B, = 8{-2 cos ay - § stn ag], B = -?-5-. f. = carrier fre-

quency, and ¢ = 3 x 1.0s m/sec.

The reagultant electric and magnetic fields at the origin of

the coordinate system on the mobile are expressed in phasor fora

" by Equations (3) through (3)

N
Bz = Re [!o ! ca ‘jon(t)] oJuet 3)

‘gbe uniforam distribution of incideat power aver arrival angle

does not imply that wavaes will ba incident on the mobile from
every direction at all times. Iustead, it implies that since the
position and orientation of the mobils with respect to the
transmitter and scatterers are unknown and randomly changing, the
likelihood that a2 wave is incident from any given angle, oy, is
the same. The distribution, p(a), can, therefore, be interpreted
as an average, Js opposed to an instuntaneous dascription of a
stochastic process.
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| N
By « Re [— = ] cqoeinag .”n("] od¥ct (4)
ng asl
1 R
By = Re [ :g 1  eq cos ay, c““(c)] odvet (3
o a=l
vhere

amplitude of the transmitted wmve

o
o
[ ]

Ng = intrinsic impedance of free space

¢y = the amplitude of the nth {ncident wave relative to
the aaplitude of the transmitted wave

8,(t) = phase of the nth {ncident wave
8p(t) = wpt + ¢q -8v < wy < Bv (6)

Equation (6) revaeals that the phase of each of the incident
waves .3 determined by two independent random vaziables; the
Doppler freaquency, w,, and the phase, $,. Since both wpt and $p
are uniformly distributed on [0,27], 8,(t) is also a random
variable which is uniformly distributed on [0,27]. The time-
varying nature of tha random phase, 8,(t), results in a random
frequency modulation of the rveceived signal, which has adverse

effeacts on the performance of the systea [7].

The amplitudes of the incident waves are normalized such that

I <c§ > = 1, vhare < > denotces the ensemble average of a ran-
n=l '

dom variablc.
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Since the maximum Doppler shift ia small vhen compared to the
carrier frequency, the incident fields are marrow-band random
processes. When the mmber of incident waves, N, is assumed to
be large, the resultant fields are described by a normal
(Gaussian) probability density function as predicted by the
central limit theorea. The Gaussian model assumes s constant
mean received signal power since it describes an ergodic process
(191, The validity of this model results from the fact that

local signal variations are much more abrupt than variations due

to a change in the position of the mobile.

The resultant fields incident on the mobile (Equations
(3)=(5)) are usually discussed in terms of random modulation of
the carrier, w,. Due to the random, time-varying nature of the
phases of the incident waves, both the amplitude and frequency of
the carrier are randonly modulated. The design of a com~
munication system is influenced to a great extsnt by the signal-~
to=noise ratio (SNR) of the received signal; thus the distribu-
tions of the random envelopes of the resultant incident field
componenta are of great importance. It has heen shown that the
random envelopes are Rayleigh distributed; thus their deansities
are of the form given by Equation: D) [10].

2
plr) = =Ze (Tras)” 5 M

(Trng)
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vhere tr is the respactive envelope, and tpy,, ite root-meda-
square value. The tas values of the envelopes of the resultant

sagnetic fielde are lets than the rms values of the envelopes of
the resultaat elactric field by a factor of 1/V7 7,

When the eanvelope of one of the field components drops below
its ™as value, & fade is said to have occurred. Inspection of
Equation (7) reveals that deep fades (rd<r.,,) are much less
likely to occur than shallower ones. This is an important

characteristic of Rayleigh fading [7).

The rataes at which fades occur have beean shown to be propor-
tional to both the velocity of the mobile and the carrier fre-
quency. In addition, it haa been shown that the rates of fading
of the envelope of Hy are greater than the rates of fading of the
envelopu of E; by a factor of 1.2 while the rates of fading of
the envelope of H; are less than those experienced by the enve-

lope of E; by a factor of 0.58 [7].

3.3 AN ILLUSTRATIVE EXAMPLE OF THE RAYLEIGH FADING PHENOMENON

To illustrate the affects of Rayleigh fading that one =ight
encounter, an axample is prasented below. A mobile i{s traveling
at a speed of 30 MPH t'.rough the center of a large city. The

raceiver in the mobile is tuned to rveceive a carrier at 880 Mz

and no direct propagation path exists batween the base station
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and the modile. A wertical whip (monopole) antenna which
responds to the vartical electric field is positioned atop the
vehicle. The maximum Doppler shift of the carrier frequency is
abon:i 79 Bx. The level crossing rate and average fade duration
for 30 dB fades of the resultant electric field strength are

6.2 uc‘l

and 160 u-sec, vespectively. 1If the speed of the
aocbile is increased to 60 MPH, the lavel crossing rate for X 43
fades of the electric field strength is doubled to about 12.5
sec™’ and the average fade duration becomes about 30 n-sec. This
results in @ annoying, if not devastating, effect om the perfor-

mance of the receiver.

If a 10 GHx carrier is used, the effacts are even asore
notable. For a mobile traveling at a speed of D NPH, the level
crossing rate and average fade duration for 30 dB fadas of the
slectric field strength are about 71 oec-l and 14 u-sec, rvespec-

tively.

This example shows that the performance of a lsad-mobile com—
munication systes in an urban environment is severuly hampered by
the effects of Rayleigh fadiug due to multipath propapation. 1In
the next section the grounds will be established for a receiving
scheme which mitigates the effacts of multipath propsgation on

the performance of such a system.
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3.4 CORRELATION OF THE RRSULTANT FIRLD COMPUNENTS
AL UOMNON DOCATION OR WX WoSYLY

In Section 3.2 differences ware noted to exist batwean the
level crossing rates and average durations of fades of the enve-
lopes of the thrse resyltant field componants seen at the mobile.
In addition te the difference in the Doppler effects on waves
incident from Jifferent angles, the scatterers vhich gilve rise to
these waves aruy randoaly positioned in azimuth. Hance, both the
anpl\‘itudu and phases of wves incident from different directions
are statistically independent, and thersfore uncorralated. Since
the resultants of the threa field-components seen by the wobile
ara linear combinations of the respective fieid components of
wvaves incident from different directioms, both the envelopes and
phases of all three resultant field componancs are statistically

(8],

independent at a common location on the mobile [7].

3.5  PERFORMANCE CHARACTERISTICS OF THE MONOPOLR-SLOT ANTENNA

The monopole-glot antenna which was described in Section 2
contains elements which respond to the vertical electric fields
and either the x-or y-component of the magnetic fields of inci-
dent plane waves. The monopole, which is an electria dipole,
responds to E;; and the slot, which is a magnetic dipole,

vesponds to either Hy or Hy. depending on how the antenna is
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oriented. Hence, the signals appearing at the two ports of the
monopole-slvt antenna are linear combinations of the resultaats
of B, and either H, or H, (5], Since the level crossing rates
of the envelope of H, ure less than those of the envelope of

H, by & factor of :7;‘ it appears favorable to orieat the
monopole=slot anteniia atop the mobile so it vesponde to B, and

Hy. This is accomplished by orienting the slot eo its length is
along the canterline of the vehicle as showm in Figuce 9. The
asignals appearing ct ports 1 and 2 of this anteanna are denoted by
f and g, vaspectively, and are expressed in Equations (8) ani

9).
Port 1: £ = k[E, + aH,] Volts (8)

Poxt 2: g = k[E, - aHy] Vol:cs (9)

Fig. 9. Orientation of the monopole-slot antenna an a mobile
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The constaat, a, in (8)-(9), has hean shown to L= the ratio
of the moment of the equivalent -agnetic current of the slot to
the mcment of the equivalent electric current of tha monopole
and its image. The dimension of "a" is olms. The constant, k,
which also appears in (8)=(9) is_the momant of the equivalent
alectric current of the monopole, normalized by one ampere; ita
dimeusion 1is length. .or a monopole-slot antanna designed to
operate near the resonances of both radlatiag elements, the para-
meter, a, can be calculated from the front-to-back (F/B) ratio of

its azimuthal radiation pattern* [6].

Typical values of "a" for
a well-designed wonopole-slot sntenna range ﬁrom 3.8 ng when the
monopole is sligtc.y dominant (F/B = 12 dB) to 1.5 ng when the

slot i3 slightly dominant (F/B ~ 14 dB). A cardioid pattern is

cbserved when the parrmecer, a, is exactly equal to ng. A plot

'f the F/B ratio vs. a/n, i{s shown fa Figure 10.

It was previously noted that signals due to E,, Hy, and Hy,
individually, woulc be statisticdally independent. Signals due to
E, and Hy individually can be obtained from the output porta of
the monopole-slot of Figure 9 by introducing f and g into the sum

and difference ports of a 180° hybrid. In what follows, it is

*The operating band of the monopole-slot as a land~mobile com-
munications antenna i{s defined as the hend over which 1L i3 most
afficient. Experimental data suggest that this band is centered
about the frequency at which both the monopole and slot are
resonant.
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Fig. 10. Fromt-to-back ratio vs. a/n, over the operating band
of a wedl-designed monopole~slot antenna

shown that this additional signal processing 13 unnecessary.**

Since the resultant components proportional to E, and Hy of
the signals at ports 1 and 2 of the monopole-slot are uncorre-
lated, the performance of this antemna as a receiving antenna in
a Rayleigh~fading environment is most easily assessed by exa-
nining the statistical properties of the two signals, f and g.
When Equations (8)-(9) are divided by the constant, k, expressions
for the nor 1lized signals at ports 1 and 2 are obt;ined.

Port 1t F = f/k = B, + al, (10)

Port 2: G = g/k = %, - aH, (11)

**Xithough reception does not require isolation of the signal com
ponents proportioned to E, and H,, respectively, transmission
usin~ only the omnidirectional pattern of the monopole {is often
desiratle. Thig is accomplished by feeding both ports of the
aonopole~glot antenna with signals equal in both magnitude and
phase, and can be done either by “~eding only the sum port of the
hybrid or by using an in-~liue power divider with equal phase
shift on the two arms.
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The resultants of E; and aHy are compler Gaussian random pro-
casses with zero-mean; hence, the two signals, F and G, are also

Gaussian variates with sero-mesan.

The envelopes of F and G, denoted by rp and rg, respactively,
are Rayleigh diatributed with tdentical densities which are given
by Equation (12).

2 2 A
pr) = Ly &7F /20 Qa2

o

vhere r = either tp or rge The rms values of both eavalopes are

|»
N

Trag " B /1 + (13)

2n

O N

which is greater than the rme values of the envelopes of either
Bz or Hy. An identical result would have been obtained, had the

monopola-slot been oriented to respond to E; and Hy te1,

The biggest advantage gained by using a mnopole:-slot antenna
in a land-mobile communication syatem which must operate in an
urban environment bascomes apparent when the correlation between
the enveiopes of the two aignals, F and G, is analyzed. The
c,értolation betwean the tuo snvalopas -13 usually expressas in

[tog,

terns of their correlation coafficient, p It can be shown

that the correlation coefficient of the twy gnvelapes, rp and rg, is

12 < g2
pe | —g— |° (14)
2 ?
nT + a
[+]
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vhich is highly dependant on the’ parawater, a.® A plot of p ver-

sus a/n, is showm in Figure ll. Inspection of Equation (14) reveals
that if the mnopole-slot is designed in such a way that a = /2
Ng» the fading properties of its two outputs, f and g, will be

independent A (6]

~
“w

CORRELATION COEFFICIENT , A
)
[P WSRO WPV W,

)

PN Y| PN SO N IOV W A
o - -3 .0 9 wWo %00 C00

a0

a/n,

Fig. 11. Correlation coefficient, o, of | F | 2 and | G | 2 vs. a/ng

For a well-designed monopole~slot antenna, the value of "a”

ranges from 0.5 n, for slight dominacion by the monopole, to 1.5

f’l‘he game correlation coefficieat results when the monopole-slot
1s oriented to respond to E, and Hy.

**When a = /T n,, the azimuthal radiation pattern has a F/B ratio
of » 15 dB and the slot is slightly dominant. Also, for thia
value of "a" the rms values of the components of F and G due to
the incident electric fields equal the rms values of the components
dua to the incidant magnetic fieids. In Section 3.2, it was

noted that the rms value of either the x-or y-componant of the
incicent mzgnetic fields less than the rms value of the incident
electric field by a factor of 1/v2; hence when the slot is
slightly dominant, this difference is offset and the two signal
compounents have the same rms value.
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Ng for slight domination by the slot. The corresponding limits
of the correlacion coefficient of rp and rg for a well-designed
monopole-siot are therefore 0.48 and 0.003, respectively. This
implies that the outputs of a monopole-slot antenna whose slot is
slightly dominant will have fading characteristicﬁ which are

almost independent.

1 the next section, it is shown how the performance of a

land-mobile communication receiver which must operate in an urban

environment can be greatly improved by connecting the two outputs

-of a well-designed monopole-slot antenna to a selection-

diversity combiner prior to detection.

3.6 A SELECTION-DIVERSITY RECEPTION SCHEME WHICH INCORPORATES
! - A

In the gelection-civersity combiner, the signals from two or
more diversity branches are sampled and the branch containing the
strongest signal is connected to the receiver.* Ideally, the
{ading properties of the signals are statistically independent;
however, it has been demonstrated that nearly optimal performance
of a dual~branch, selection-diversity combiner is obtained as long

as the magnitude of the correlation coafficient of the two enve-

*In practice, the branch containing the strongest signal plus
noise is connected to the receiver. However, it is assumed that
the average noise power at both ports of a monopole-—slot antenna
is equal; thus the switching in 'his case 13 assumed to be
governed by the signal strengths at both inputs to the selection
combiner. '
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lopes is within the range from 0 to 0.5 [11]. Since the correla-

tion coefficient of the envelopes of the two outputs of a well-

designed monopole~slot antenna does indeed fall within the range

from 0 to 0.5, the analysis {s shown only for a dual-diversity

system in which the two envelopes are assumed to be uncorrelated.

! The envelopes of both signals available from the monopole-
slot antenna are Rayleigh distributed. The probability that

either envelope is less than or equal to a specified level, R, is

e e e

R 2
; P(r <R [ p(r) de =1-¢e", (15)
: Q
i vhere
R R
i p = - » and Ty, denotes the rms value
: 7o Trms of either ty or rg.

When the two signals available from a monopole-slot antenna are
used as inputs to an ideal dual-diversity selection combiner, the
evelope of the signal at the output of the combiner is expregssed

fy = max {rp,rc}. ' (16)

1 Since rp and rg can be ~ssumed to be statistically independent,
i it can be shown that the probability that the envelope of the
signal at the oucput of the combiner 1is less than or equal to the

same specified value, R, is

2 .
P(ry < R) = [l-e-1'5p° ]Z, ('7)
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vhere 0y = R/rgrng a0d Tormg ® V1.5 Tpny [28].

Inspaction of Equation (17) leads to two very important
conclusions. The rms value of the envelope of the signal at the
output of an ideal dual-diversity selection combiner is greater
than the rms value of the envelope of either of its inputs by a
factor of Y1.5. Also, the probability of encountering deep fades
in the envelope of the signal at the output of the combinar is
much less than the probability pf‘encountering fades of equal
depth om either of i:a inputs. For example, the probability of
encountering a X 4B fade in the envelope of either output of a
monopole-slot antenna 1s about 10-3, while the probability of
encountering a fade of equal depth iﬁ the euvelope of the output
of the combinar is about 2 x 10-6; this represents an imnrovament
over the former case by about 500-fold! The virtual elimination
of deep fades at the output of an ideal dual-diversity selection
combiner represents the potential for a substantial reduction in
the transmitted power required for the satisfactory operation of

land-mobile communication system.

Thus far, it has been assumed that the selecticn combiner is

ideal; that is, it perforns a noiseless switching fuaction. In

reality, of course, this is not true. In addition to the shot

nolgse and thermal noise which are inherent in an electronic

awitch, the switching actjom itself oproduces pnase transients in
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the combiner output. 1In FM systems, switching transients are
interpreted as large inscantaneous frequency shifts and are
audible at the detector output as "pops"”. though it 1is
impossible to eliminate switching transients from the output of a
selection combiner, it is possible to reduce their effects oun
system performance. By switching branches only vhen deep fades
are in progress, a technique knowan as "switch-and-stay”, and by
using less abrupt switching techniques such as "soft-switching”,
the contamination of the raceiver irput can be minimiszed [7]-
In many applications, it is also desirable to apply a short
blanking pulse to the detector ocutput whenever switchiag occurs.

This eliminates the annoying "alicks” from the audio channel [7].

1f selection combining proves to be unacceptable as a means
for improving system performance, other mathods of diversity com—
bining can be used. One such mesthod is equal-gain diversity conm-
bining :7], [11]. This method offers nearly optimal performance
and it is not impaired by switching transients. However, equal
gain combining is a form of post-detection diversity combining
and it therefore requires much more complex circuitry than selec—
tion combining. -Due to its inhereut complexity, equal-gain cos-
bining results in a gystem wvhich is also more costly than one

vhich incornorates selection combining.
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Concluaion

It has been demonstruted that a medium-profile monopole-slot
antenna can % made to onerate satisfactorily over the hand from
A0N-900 MAz. Two design were counsidered and tasted; one ia which
the monopole was capacitively tov-loaded, and the other in which
a conical monople was used. The haight of the monovole in bhoth
cases was one inch. Throughout the operating hand (R25-R90 MHgz),
hoth antennas maintained relativelvy stable impedance
characterigtics; the maximum VSWR was 2:1 on a SN~-ohm feed line.
T™e efficiencies of bhoth antennas were in exceas of "7 gver the
overating band, and F/R ratios in the azimuthal radiation nat-

terns in excess of 12 4R were maintained.

The monopole-slot antenna rasnonds to hoth the vertical
electric fields and either the x or y component of rthe horizontal
magnetic fields of the incident waves in a linear fashion.

Hence, it was herein demonstrated that the monopole-slot antenna
could he desipied to provide two outputs with independent fading
proverties, With this in mind, it wms shown that if the two
signals appearing as outputs of a well-designed monopole-slot
antenna are processed using an .deal dual-divere.ty selection
cembiner, the notential exists for a vast improvement in system
performance. MNeep fades in the ocutput of such a comhiner can he
virtually eli—inated; thus the potential also exists for suhstan-

tial savings in the transmitted nower required to maintain satis-
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factory system operation. The selection comhiner does have one
major drawhack in that it introduces phase transients to its
output; thus the switching action must carefully controlled and
monitored if the henefits of selection combining are to be

realized.
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\/ MILLIMETER-WAVE ANTENNA DEVELOPMENT
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R. B. Dybdal
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The Aerospace Corporation

i ABSTRACT

ADPOO11]

“—~> antenna technology for millimeter-wave system applications has had

a long history of development on a component level, and as systems evolve
from planning to implementation, a significant amount of development effort
remains to realize practical designs. The antenna itself offers a key rationale
for millimeter-wave systems, wiich stermas from the ability to achieve high
angular resolution from physically small dimensions. A review of technology
demonstrations ia provided, and identification of future development areas
will be made. ft\_/

| 8 INTRODUC TION

The impetus for millimeter-wave systems basically stoms from the
wide available bandwidths which have been allocated (Ref.l), the desire for
increased survivability, spectral crowding at lower frequencies, and reduced
sensitivity to propagation limitations compared with electro-optical systems.
In the radar arena, the millimeter-wave spectrum allocations offer the ability
to effectively utilizse wide bandwidth, high resolution waveforms and frequency
diversity to suppress clutter, reduce detectability, enhance immunity to
countermeasure systems, and improve tracking performance. The ability
to achieve high resolution f{rom compact antenna designs enhances tracking
performance, and combined with diffuse clutter charactaristics, is garticularly
attractive in the low elevation angle regima. The most effective uge of milli-
meter radar designs basically capitalize on the ability to achieve resolution
in angle, range, and target discrimination. Passive sidelobe control techniques

8/20/82
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which become more practical with the compact dimensions offer enhanced
imraunity to inteational and mutual interference and LPI (Low Probability

of Intercept) performance to enhance system survivability. The ratiorale
developed from these considerations lead to the attractivernss of millimeter-
wave systema.

A wide variety of antenno development has been demonstrated to date
which forms a basis for the practical implementation of millimeter-wave
systems. The generic desige problems of millimeter-wave antennas com-
pared with microwave desigas include a greater mechanical and electrical
precision ia their mr.oufacture, increased sensitivity to ohmic losses, and a
limited availability .f commercial components. The wide bandwidth spec-
tral allocations cepresent a small perceatage bandwidth at millimeter wave-
lengths, whica generally establishes the difficulty of component development,
Future development efforts for radar antenna applications include increased
emphasis on tracking systems, the integration of electronics into the antenna
structure, designs which offer variable beamwidth performance, and ancil-
lary components such as radomes.

. TECHNOLOGY STATUS

The purnose of this iection is to survey the development of reflector,
lens, array, and horn technologies. The compact physical size of n.illimeter-
wave antennas for specified gain levels is illustrated in Fig. 1 for a typical
55% efficiency. The small physical sizse providas tractability to meet system
objectives which would be difficult to achieve at lower frequencies.

A, Reflector Designs

One well-developed millimeter-wave antenna technology is reflector
designs, and a wide variety of techniques have baen demonstrated in both the
electrical design and in maaufacturing techniques. The current state of the
art for fabrication of reflector surfaces his developed to the point that 80 dB
gain levels may ba realized, and more modest gain levels can be achieved
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with off-the-shelf reflectors. The mechanical tolerance requirements for
reflector designs are well understood (Ref. 2), and reflector antennas with
values of D/c of 2 x 10* are available commercially in diameters up to 4 ft.
Because of the high sensitivity to ohmic loss ( 1 dB/ft at 90 GHs for straight
wuveguide), Cassegrain feed systems are particularly attractive to minimise
the length of waveguide runa.

An example of passive sidelobe coatrol techniques for reflectors is
shown ir Fig. 2. In this design (Ref. 3), an absorber-lined tunnel is used
to surround the aperture, and functions to reduce the sidelobe contributions
which result from edge diffraction, spillover, feed radiation and blockaga.
This development is an example of a technigque which is practical at millimeter
wavelenjths because of the small physical sizse. The additicn of a tunnel of
this proportion to a large reflector would be limited by practical consideration.

B. Lens Designs

Lens designs are also more attractive at millimeter wavelengths.
Dielectric designs, which are una.tractive at lower frequencies because of
excessive dielectric weight, become more feasible at higher frequencies,
particularly because the outer lens surface can be utilizsed as a radome. An
example of this design may be found in Ref. 4, which also illustrates the capa-
bility to realize extremely wide bandwidth operation inherent in this design
concept.

Inhomogeneous lans designs have also been demonstrated at millimetar
wavelengtha., A geodcsic Luneherg lens which fed a reflector was used'in the
AN/MPS-29 radar (Ref. 5) in the late 1950s.

C. Array Designs

The development of millimeter a1 ray antenna desigrns has lagged other
technologies. This situation results in part from a limited phase shifter
technology basis and because compact anterras lead to more feasible mech-
anical pointing techniques without the necessity for clectronic beam steering
required at lower frequencies. Waveguide slot arrays have been demonstrated
(Ref. 6). Current research efforts are being devoted to the integration of elec-
tronics into the antenna structure, a situation which results in nart from the
limited power . utput of solid state power amplifiers.
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D. Horu Designs

Millimeter wave horn antenna technology is also well developed. Standard
gain horna are commaercially available over the complete millimeter-wave spec-
trum. Gain levels up to 30 di are available with lens correction teckniques to
result in compact designs. High performance horn designs, including diagonal,
dual-mode, and corrugated configurations, have also been demonstrated. Elec-
troforming techniques are particularly attractive to achieve precise manufac-

tufing.

IIl. DEVELOPMENT ISSUES

One area which will require increased development for radar applica tions
is tracking aystems. Monopulse horn techniques have been demonstrated at mil-
limeter wave frequencies, but further development in this area is warranted.

The development of technigues for changing the beamwidth of an antenna
is attructive for some applications. While very small beamwidths are highly
desirable for target resolution performance, smaller beamwidths are needed
to enhance system acgquisition, .

The development of ancillary components is also needed for practical
system designs. Radome technology is a particularly challenging effort be-
cause configurations with high mechanicul strengths are necessarily several
wavelengthe thick. The development of rotary joints is another area which
would henefit from further efforts. RF components, such as duplexers,
represent yet another area required for radar designs.,

IV. MEASUREMENT CONSIDERATIONS

While millimeter antenna systems are physically compact, the f(r field
range needed for their evaluation is quite large, as illustrated in Fig, 3. This
situation coupled with the limited sensitivity of conventioaal instrumentation,
results in a challenging measurement problem to characterize the antenn:. over
the high dynamic range inhereut in millimeter-wave antenna designs, TLe
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sengitivity of conventional instrumentation is limited because harmonic mix-
ing techniques are used to extend the frequency range of conventional receivers.
A phase-locked systemn has been developed to utilise a fundamental mixer to
recover the sensitivity lost in the harmonic mixing process (Ref. 7); a 30 dB
sensitivity increase was demonstrated at Ka-band frequencies. :

e SUMMARY

A brief summary of millimeter-wave aritenna technology has been pre-
sented. On a component level, reflector and horn techniques have had the
most extensive demonstrations. followed by lens designs; array antenna tech-
nology lags other areas. The demonstrations to date form a good bagis to
project future system performance and development effort is required to meet
the objectives for practical applications, Further development of - ancillary
components is warrentsd. Measurement techniques for millimeter-wave an-
tennas will provide challenges for future development.
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“\.94 GHz ANTENNA TECHNIQUES

Oren B, Kesler
Texas Instruments Incorporated
Equipment Group
Dallas, Texas 75266

ABSTRACT
( A sum.ory of a stpdy is given to devise, develop, and demonstrate
94 GHz flat plate anﬁenna/array ¢or ‘igurations that are mechanically
steerable over 45° in both axes through use of low cost gimbal
mechanisms, Emphasis 1s placed on low cost, weight, and volume,
while providing antenna configurations that possess a high degree
of reproducibility in manufacture. Antennas under consideration
incorporate integral dual axes monopulse networks and are in the §

to 6 inch diameter size rarge.
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94 GHz ANTENNA TEZMNIQUES

1.0 Intioduction

Researchers have been investigating millimeter wave antennas for a
number of years with the hopes of mass producing low cost, high
performance antennas. Such antennas are pessible in the frequency
range of 40 GKz and below. Above 40 GHz examples of low cost mass
nroduced antennas do not exist. Attempts to scale low frequency
antenna designs to the ctmospheric window at 94 GHz have not beeh
entirely successful for a number of reasons. The primary reasons
for the difficulties at 94 GHz are the lack of suitable msterials
and close tolerances wh.ch require large capital equipment invest-
ments not readily available Lo researchers because the payoff has
not been proven. Also, low level funding has not been conducive
to an encumpassing investigation utilizing multiple disciplines.
The purpose of this paper is tc summarize the results of an inves-
tigation of 94 GHz antenna tochniquesl. Nuring the investigation,
emphasis was placed on identifying concepts that wzuld iend them-

selves to quality, low cost, prcduction,

The objective of this investigation is to devise, uevelop, and de-
monstrate 94 GHz four lohe monopulse antennas trat are mechanically
steeradble over * 45° in bhoth axes through use. of low cost gimbal
mechanisms. Emphasis is placed on cost, weight, and volume., This

effort includes a study of currently em.loyed or technically feasible
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low cost 94 GHz antenna techniques.

The antenna performance goals given in Table | represent the tech-
nical definition of the problem. These goals define a challenging
problem 1f 211 are to be achieved and {f the unspecified monopulse
parameters are to be optimized., Accordingly, a fresh approach in
examining the problem has been taken. Not only have lower fre-
quency methods heen examined for extension, but also new approaches

have been defined and examined,

Table 1: Antenna Performance Goals

Antenna Size §-6" Niamater
Antenna Rain 40 dBi (w/uniform 11lum)
Sidelobes -18 d8 Difference pattern
-20 dB Sum Pattern
Bandwidth 2%
Polarization Linear-horizontal
Cross Polarized <25 dB Max
Response
Antenna Volume 30 Cubic inches
Scan Limits + 45 Degrees

2.0 94 Ghz Antenna lssues

Two of the overriding issues are (1) the distribution of the energy
from the source to the rudiating aperture in a spatially coherant
fashion, and (2) the high tolerances required. The first issue
divides antennas into two categories, arrays and space fed apar-
tures such as reflectors. Thé second issue is a tactor in every

conceivable antenna configuration because fabrication problems eli-
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minate the possibility of scaling many lower frequency antenna
designs, DNesired tolerances are typrcally in the fractional mil
range, Thus, fabrication approaches must be formulated before an
antenna design may be considered viable. 1In light of these issues,
the following approach to the techniques <tudy has been taken: (1)
examine transmissinn lines for antennas, (2} identify promising
lines with respect to cost, producibility 1loss, etc., (3) conceive
antenna approaches, () develop fabrication approaches for the

antenna concepts, and (5) evaluate identified concepts.

Evaluated approaches include, the multimode microstrip feed twist
reflector, the twelve element feed twist reflector, the waveguide
feed twist reflector, the photolithographic array (see appendix A
for a description), the waveguide array, and the groove guide
arrayl. Nuring the course of this work the following novel
concepts for antenna application were developed; {1) multimode
microstrin four lobe monopulse feerd (2) independent microstrip
radiator and feed line foi' broader bandwidths, (3) parasitically
excited microst ~ip elements, (4) slotline ground nlane feed-throughs
for multilayer application, and (5) microstrin tr waveguide transi-

tions using coax at millimeter frequencies.

3.0 Trade-0ff Study

A number of tecrnology trends or conclusions in the areas of trans-

mission lines, arrays, and twist relectors resulted from the trade-

off study.
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The best dielectrics to be used in 94 GHz transmission lines are
atr, fused stlica, alumina, duroid, and teflon. Air has the lowest
Toss but is more difficult to use in some transmission Yine config-
urattons such as stripline, Fused silica and alumina allow high
tolerance surface finishes so that accurate metalization and cir-
cuit etching can be achieved but they are more difficult to ma-
chine and cut. In some applications, the dielectric constants of
fused silica and alumina 2are higher than desired. Duroid and
teflon have relatively low loss but their mechanical and thermal

characteristics are undesirable for 94 GHz circuits,

Closed metallic waveguides, inverted microstrip and groove guide2-3
are the most attractive transmission lines for millimeter wave '
antennas®. Theoretical attenuations for WR-10 wavequide, groove
guide (fused silica), and iaverted microstrip (fused silica) are
respectively 0,066 dB/inch, 0.169 dB/inch, and 0.28 dB8/inch, Fab-
rication technique development ic needed for waveguide and groove
guide transmission lines with maintenance of tolerances as a major
problem. Additional inverted microstrip parametric characteris-
tics are needed for antenna design including the characteristic
impedance, propagation constant, attenuation constant, and field

distribution as a function of geometry and frequency.

The technology for six inch diameter 94 GHz antenna arrays is
immature. Tolerance problems and the lack of fabrication techniques

1imit the development of waveguide and groove guide arrays. How- . }
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ever, the waveguide and groove guide arrays are capable of low
losses- and photolithographic arrays have a low cost potential.
Development of inverted microstrip circuitry, radiating elements,
s]ot1ineA1ayer coupiing, and waveguide transitions are necessary.
Losses for large arrays are not negiigible. Development of photo-
lithographic arrays, at this point in the state uf millimeter wave
technology, may be better suited at 35 GHz where 1osses and tolerance

requirements are less, and practical rotary joints are available.

The best low cost antenna approach meeting the performance goals
is the polarization twist reflector antenna, which does not require
a rotary joint, .The best high power millimeter wave antenna is a
polarization twist reflector antenna with z waveguide comparator
and feed shown in Figures 1 and 2 respectively. The comparator
can be custom fabricated using presently available components.
Costs for these components ara moderate but will decrease when
production levels warrant a reduction, The twist reflector with a
twelve element microstrip feed shown in Figure 3 is a viable iow
cost antenna approach. Concept alternatives using inverted micro-
strip can -educe losses. After development of the feed has been
achieved, the recurring costs appear to ba low yielding a verv
attractive antenna apprca:. The twist reflector with a multimode
microstrip monopulse feed is another potential low cost antenna
approach, The feed produces optimal patterns, uses photolitho-

graph fabrication techniques, and does not require a comparator
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network. Phase matching of rcables, however, is required for this

feed approach.'

Since the m:1timode microstrip monopulce feed is a new concept, a
description>1s given as follows. Figure 4 shows an exploded view
of the feed in the simplest configuration. The aperture consists
of four microstrip patch radiators on two sides of a dielectric
layer. The upper rectangular patch, excited in the lowest mode
withlthe 1ower"1argé pat&h a§ a groundplane, produces the sum
pattern. The lower three patches are separated from a ground
plane by an air Space or ancther dielectric layer. T[imensions of
the larger patch‘arelsuch that the resonant frequency of the second
mcde is the design frequency. This odd riode raturally produces
the elevation difference pattern. The difference azimuth pattern
is produced by exciting the remaininy two patches out of phase. A
choke around the sum feed probe, shown in the figure, minimizes
the effects of the probe on the elevation difrerence patch. Figure
5 shows the top- view of a slightly different arrangement where
azimuth patches are fed by phase matched microstrip lines. In
both of the previous figures standard waveguide to coax transition
techniques were used. The feed configurations of the sum and
elevation difference patches are asymmetrical causing asymmetrical
amplitude and phase pattern tendencies over the band. Figure 6
shows a symmetrically excited configuration that guarantees <yume-

trical sum and elevation difference patterns as given in Figures 7
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and 8 respectively. The large differunce patch {s excited at the
center while the sum patch has been bifurcated into two half patches
excited out of phase,

An overall comparison summary of the evaluated antenna approaches

"is given in Table 2. The comparison shows that theoretically the

twist reflector patterns exhibit a small degradation with scan
whereas the arrays have a slow delta pattern rolloff, The mono-
pulse siope of the waveqg.! je feed twist reflector depends upon the
degree of feed optimality selected, i.e., multimode in two, one,
or no planess. Losses are generally higher and bandwidths generally
lower for the arrays than the twist reflecto-~. The arrays can meet
the 2% bandwidth requirement while the twist reflector approaches
can attain at least twice that value. The metallic lines on the
twist reflector act as a natural polarization filter. The degree
of cross polarization increase with increasing scan ingle depends
upon the reflector F/D and the curvature of the metallic lines,

Overall a waveguide array with broadwall slots would yield the

lowest cross-polarization level.

For this comparison, the arrays, with the exception of the inverted
microstrip photolithographic array, are five inches in diameter. The
inverted microstrip array is six inches in diameter because of i{ts
tncreased loss. The relectors also are six inches in diameter to

accomodate the loss in gain caused by amplitude taper and spill-over.
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Finally, projections have been made on the complexity of fabrica-

tion and cost. The characteristics are evaluated using a sca'e

froml to 10, Ten represents maximum cost and complexity. This

is a subjective evaluation as perceived in today's technology.

The cost is based upon a projection of recurring production costs :
and does not necessarily give 2 reasonable indication of the nonre-
curring development costs. The array concepts rate the highest
risk, primarily because the technology is immature or that there s
has been insufficient work in high tolerance antenna fabrication .
techniques.‘ The waveguide array and the groove guide array are '

considered the most complex and costly. The inverted microstrip

e

i

+

|
array and the waveguide feed polarization twist reflector rank lL
lower in cost and complexity. And the twelve element feed twist . ‘,
|

reflector and the multimode feed twist reflector are the simplest

and least costly. i

4.0 Twist Reflector Results

The polarization twist reflector has several advantages that make
it particularly attractive for 94 GHz application5. A high quality
scanning antenna with relatively small swept /olume 1is possible
without the use of rotary joints or a complex feed manifold, Low

sidelobe cifference patterns with low cross-polarization over a

wide frequency band is characteristic of the antenna. The cost is
reduced since photolithographic fabrication techniques and common

materials can be used. ‘
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A spherical bearing gimbal and several two axis four-bar linkage
gimbals for the twist reflector are possidble.: Both hyd:iaulic act-
vators or direct drive torque motors arc useful twist reflector
gimbal actvators. The direct drive torque motor, when used with
the two axis four-bar linkage gimbal, is very attractive because
of its form “actor, simplicity, accuracy, and low cost. Encoders
or resolvers/iynchros chould be used for the position pickoffs
since potentiometers do not have the necessary accuracy for the

small antenna heamwidths,

A five inch diameter polarization twist reflector was designed,
fabricated. and tested. This work confirmed the trade off study
selection of tne twist reflectsr. The scanning performance, includ-
ing the gain, beamwidths, null depths, and the cross polarization,
is very good. The comparator, custom fabricated using presently

availahle waveguide components, has excellent isolation.

Experience ha; shuwn that the critical components, and in particular
the feed, must be designed for the selected fabrication technique
in order to readily maintain the reduired tolerances. Using the
design to tclerance approach, an H-plane multimode waveguide feed
was nade that significantly improves the gain and matchs the princif

pal plane beamwidths,

The geometry and dimensional parameters of a single H-plane wave-

guide modes is shown in Figure 9. The aperture guide width, ap,
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Figure 9. H-Plane Waveguide Moder
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is selected to propagate three wodes and to produce the correct
difference feed pattern edge taper. In addition, the parameters
3), M, and ap arc chosen to minimize the reflections back into the
feed waveguides while yielding the desired transmission amplitury
ratio t3/tj. The appropriately selected modal ratto ty/t; in
Figure 10 and the correct modal phasing determined by length )
yields an optimum sum aperture distribution. The principal plane
moniopulse patterns of the twist reflector are shown in Figure 11,
These patterns, scanned to the boresight, display excelieat beam-
width, sidelobe, null depth and symmetry characteristics,

In addition to the waveguide feed, the twelve element microstrip
feed and the multimode microstrip feed are attractive approaches and
warrant further study. The polarization twist reflector, with one

of the three feeds, will satisfy all of the antenna goals,

5.0 Recommendations For Further Work

This work has identified a number of promising 94 GHz antenna
concepts. However, considerable work remains to define the key
components of the concepts and to develop and verify the fabrication
techniques. In particular, it is recommended that further investi-

gations be made in photolithographic array techniques. The invest-

o ol o S S o Ly

igation should applyv E-beam and photulithographic technologies, used
in the fabrication of surface acoustic wave (SAW) devices where mi-
cron tolerances are commonplace, to the problem of fabricating low

cost, high tolerance, antenna arrays. Equipment is currently avatl- C
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Principal Plane Twist Reflector Patterns

Figure 11,
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able to maxe high tolerance masks for etching circuits using E-beam
tithography and ion milling. Six inch diameter masks can be made
with this equipment., Thus the capabﬂity exists tc make very high
tolerance millimeter wave networks of a diameter required for the
antenna &perture. The recommended approach to develop & manifold
fabrication technigue us>s,

1. Photolithoyraphy as with SAW de.ices

2. lLayered construction

3. Substrates with high uniformity and smooth surfaces

4, Thin metalizat ons

8. Minime: number of feedthroughs

6. Capacitively coupled microstrip radiators,
This anproach would he used to investigate the critical components,

1. Inverted microstrip transmission line and component

characterizations

2. Layured coupling

3. Radiators

4. Transmission line to radiator coupling

5. Resonant subarrays.
Results of these investigations would benefit the development of the
12 element feed and the multimode microsirip feed for the pohrin;

tion twist reflector.

It is recommended that a program be formulated to explore the appli-

cation of this high tolerance technology to millimeter wave antennas
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and networks., Such a program would make a stgnificant contribution

toward developing high performance, iow cost miliimeter wave anten-

nas.
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APPENDIX A: Photolithographic Arrays

Mhotol ithographic fabrication techniques have characteristics that
are desirable for construction of 94 GHz antennas. Photolithography
is potentially a low cost, high tolerance, and reproducible method.
However, the use of photolithography is not sufficient to guarantee
the success uf a low cost 94 GHz antenna. Conventional microstrip
and stripline array techniques without some modifications‘are not
1ikely to succeed when applied to such large antennas. Thus a
modified antenna approach, which will be called a photolithographic
array, is defined as an antenna characterized by properties given
in Table A-1. In gddition to the use of photolithographic fabrica-
tion techniques, the array consists of a layered construction with
a minimal number of interconnections.
Table A-1, Generic Photolithographic Array Features

Photolithographic Fab Techniques

Layered Construction

Homogeneous Substrates

Interconnections Minima)l

High Tolerances

Reproducible

Low Cost
Figure A-1 shows an assembly drawing i1lustrating the array concept.
The fiaure shows a back structure with three waveguide ports; The
waveguides transition to transmissiorn lines in the layered media

via a small section of coax. The first layer contains the mcnopulse

comparator and part of the power dividing manifold. Additional
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Figure A-1., 94 GHz Array Assembly

layers of power d1vid1ng manifolds may be included as required.
Finally, there is a radiating aperture layer with perhaps some
power division. Figures A-2 through A-6 give additional details
of the concept. The array strongback mechanically holds the array
in proper alignment and provides attachment points to the gimbal.
The layered dielectric transmission media in this particular array
are 0.010 inches thick fused silica, 0.010 inches thick air, and
0,015 inches thick fused silica. Air and fused silica are two low
loss dielectric media whose uniformity and consistancy can be very
accurately maintained, In addition, fused silica ailows a highly
poliShed and smooth surface. Then a thin metalization may be

applied so that highly accurate components may be photolithographi-
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Figuré A-2, Array Cross Sec-
tion, Microstrip Radiators and
Inverted Microstrip Feed
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Figure A-6. Radiating Layer

cally etched. Smooth substrate finishes and thin metalizations
are necessary to achieve accurate line definition without undercut-
ting by the etch process. These two requirements disallow many

copper clad materials normally used in the microwave region.

The layered antenna structure may take a variety of configurations
depending upon the type of transmission lines used. Figures A-2
and A-3 show the array cross section for two possibilities, n_ch
with three layers. In Figure A-2, layer three {is the comparator
and array manifold using inverted microstrip transmission lines.

Details of the circuitry layout are shown in Figure A-4. Layer
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two is the feedthru coupling layer consisting or siotlines shown
in Figure A-5, Electromagnetic energy from the feed manifold
couples to the slotlines’ and in turn couples to transmission
lines in the radiating layer 1 shown in Figure A-6, Radiating
elements in the resonant subarrays are microstrip patches that are
fed by offsetting them from the center]line of the transmission
line. The amount of offset controls the element amplitude analo-
gous to broadwall slastted waveguide arrays. In Figure A-2 the
manifold/comparator layer and the radiating layer are respectively
inverted microstrip and microstrip. An alternate scheme shown in
Figure A-3 wuses an inverted microstrip radiating layer and a micro-

strip mani‘fold/comparator layer,

A simple approach to the array excitation is to subdivide each
quadrant into eight rectangular subarrays of uniform amplitude,

With cppropriately chosen voltages for each subarray adequate

patterrs may be obtained.

A more complicated manifold and comparator for independent sum and
difference patterns for an array of this size is possible but not
propitious at this juncture in the state of the art. Pattern im-
provement at the expense of increased sophistication may be achieved
by smoothly varying the element excitation within a subarray.
Sdcq procedure requires & unique microstrip element offset from

thevtransmission 1ine centerline for each radiating element.
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The photolithoyraphic erray concept has genorally iaon described;
however, there are a number of possibilities for spcc!fic fmplemen.
tation. At this point the photolithographic array 18 a concept
only and considerable development is required to prove the cvncept.
In the following paragraphs further discussion of details is given
to exemplify the concept and to define the critical components.

Table A-2 lists the array critical components with suggested pos-

stbilities for each. The photolithographic structure i3 a layered
structure with a minimum number of interlayer connections, Micro-
strip, inverted microstrip, and slotline are three transmission

1ines amenable to photelithography.

Table A-2. Array Critical Components

1. Transmission Lines
- Microstrip
= Inverted Microstrip
- Slotline
2. Layer Coupling
- Slotline to Microstrip
- Slotline to Inverted Microstrip
3. Radiators
- Microstrip
- Inverted Microstrip
- Suspended M!crostrip
4. Transmission Line to Radiator Coupling
- Inverted Microstrip
- Inverted Microstrip/Suspended Microstrip
5. Components
- Power Divider
- Hybrid
6. Resonant Subarrays

o

For thg layered array concépt to be a successful, a minimal number

of interconnections between layers must be used. Electromagnetic
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coupling between layers 1is more amenable to fabricating a large
array. One tichniq\u of layer coupling to form a feed thru between
a micro#tfib layer and an inverted microstrip layer is illustrated
in Figure A-7. In the figure, energy propagating along the micro-
strip line transfers to the slotline and then along the slotline,
From the slotline energy is transitioned to the inverted microstrip,
Microstrip to slotline transitions have been reported’ with at
least 30% bandwidths whiéh is more than adequate bandwidth,

Inverted microstrip to slotline transitions have not been reported
and would need development. An attractive feature of the layered
structure as represented in Figure A-7 1is the ability to overlay
circuitry in the microstrip and 1ﬁverted microstrip which shares a
common ground plane., The ground plane isolates the two circuit
layers and allows layer coupling at the slotline holes in the
ground plane., A similar layer coupling between inverted microstrip
and inverted microstrip is shown in Figure A-8. The dual slotline
consists of the dielectric substrates. The dielectric allows
energy to be more tightly confined to the neighbornood of the
siotline than would be the case with a solid conducting ground

plane.

The radiating elements may take several configurations depending
upon the transmission lines used to feed the radiators. Figure A-9
shows a variety of microstrip type radiators. Figures A-9 a. and

¢. show conventional microstrip patch radiators fed by a coaxial
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probe and a microstrip line raspectively, Figures A-9 b. and d.
give the corresponding radiators with an inverted microstrip me-
dium, The radiator using a coaxial feed probe is probadbly not prac-
tical for a large array but may be useful for only a few elements.
Figure A-9 e, shows a new radiator configuration. The transmission
1ine in inverted microstrip is independent of the suspended micro-
strfp radiating element. The inverted microstrip transmission

line feeds the radiator by capacitive coupling. Thus the transmis-
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sfon line can be designud with an atr substrate height sufficiently
small so that radiation loss 1s reasonable yet the distance
between the microstrip radiator is sufficiently far from the ground-
plane so that larger bancaidths may be obtained. Such independent
control of the transmission line and the radiator is not possible
tn the more conventional approaches in Figures A-9 c., and d. that

tvpically produce smaller bandwidths.

NDesign analysis capability for transmission line to radiator coupl-
ing for inverted microestrip and inverted microstrip/suspended micro-
strip is necessary as the next step toward the array development.
Knowledge of the transmission line parametric analysis will aid
in the anﬁ\ysis of power dividers such as the Wilkinson "tee" and
the ring hybrid in inverted microstrip, but such designs must be
verified. Finally,the resonant subarray concept with the relevant
transmission Tines and radiators is critical to the array concept

and must be studied and developea.

331

[ T S A PP




DESIGN OF PERIODICALLY CORRUGATED DIELECTRIC
. ANTENNAS FOR MILLIMETER-WAVE APPLICATIONS

F. Schwering
UsS Army Comhwunicatione-Electronics Command

Ft. Monmouth, N.J. 07?7C3

and

WP001108

S. T. Feng
Polytechnic Institute of New York ‘ !
I32 Jay Street

Brookliyn, N.Y. 11201

333

e A R s A S




ABSTRACT

é‘: B |

Periodic dielectric waveguide structures were (B xten-
sivel» analyzed and were understood in the co:77xt of
integrated-optics theory. Recently, it has been alt:-;;monv
stratea experimentally that this class of ttructur;;hpfier
many advantages for use as millimeter-wave antennae.z con-
siderable *ffort is currently under way to fully dovt:sp ite
potential. Making use of the avalilable analrtic motgga pre~-
viously devised, we have carried out an extensive and sys-
tematic analysis of periodically corrugated dielectric
antennas. The results are exhibited in a way that is
most pertinent to millimeter-~wave applications. On the
basis of the obtained numerical data, a set of design Quide-

lines for the coriugated dielectric antennas is established
herein,

N
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i. Introduction

A dielectric waveguide with a périodic perturbation, or

eimply a periodic dielectric waveguide, has been shown to

hold substantial promise as a leaky-wave antenna for millim-

eter applications!=3,  gych an antenra structure may be con-

veniently tabricated on & uniform dizlectric waveguide to
form & complietely intearated mm-wave s&étem. In addition,
the dielectric leaKy-wave =r..ennas offer the advanteage of
electronizc beam steeringl'z. Therefore, in recent years, a

considerable effort has been made for a better understanding
“‘.

of this particular class of antennas in order to explore ite

applications to mm-wave syetems.

In this paper, we present a sretematic analysis of the
periodically corrugated dielectric waveguide for use as a
leaky-wave "antenna for mm-wave applications. We recoghize
that this class of structures has been.extensiuely analyzed
for integrated-optics applications7 such as beam-to~
surface-wave couplers, distributed feedback reflectors, and
filters., In fact, leaky-wave antennas and opfical periodic

4,7 and a

couplers are based on the same physical principle
great deal! of information on the basic wave <haracteristics
of the optical devices can simpiy be carrisd over for the
understanding of the mm-wave antennas. However ,because of
the substantial difference ir the permjttlvitr of the
materials commonly used in the 1wwo frequency rangze and

because of different processes by which these devices are
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constructed, the desian procedures for mm-wave antennas
differ from that for optical conplers in many respects. The
main.pﬁrpbse of thic paper is to make use of the existing
theoretical tools%? for developing design guidelines for
the particular class of corrugated ?ﬂelectric leaky-wave
antenpas, appropriately téking into aeﬁount special require-

ments for mm-wave appliéations.

For mm-wave applications, a corrugated dielectric
antenna has ,at most, a few wavelengths in width, in con-
trast to thousands of wavelengthse for most optice)
couplers, Therefore, an optical pericodic coupler can be
formulated as a two dimensional boundary value problem that
may sunport independent TE er TM modes propagating normall)y

to the aorooves of the corrugation, It has been schownB:?

-that to investigate the effect of finite antenna width, the

moet basic problem tolbe solved je the quiding of wavee pro-
pagating at an oblique angle in an infinitely wide periodic
structure. This is a three <dimensional electromagnetic
boundary value prob]em that «upports only hybrid modes,
€e.9., it requires the coupling between TE and TM modaes.,
Such @& wvector boundary value preblem has been fdrmulateds
and the propagation characteristice for the gen;ral case . of
oblique gqguidance have been eubsequently aqalrzed. The
effect of the finite antenna width on the performance of tihe
corrugated dielectric antenna has been reported9. It has
beern shown®? thatlfor an antenna structure of finite width,

the longi tudinal  phase constant it determined Dby tne'
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unperturbed uniform waveguide anc the decay constant does
not differ from that cf the twé-dimonslonal.caso, as long as
the width of the antenna is not very small. In this work,
we shall assume that the antenna width is large enough so
that the leakage constant cun be obtained from the simpler

normal guidance case.
2. Design of the periodically corrugated dielectric antenna

The configuration of a dieiectric antenna structure is
shown in Fig.1. Such an electromagnetic structure has been
previously analyzed in the context of -optical periodic
couplers’ and many radiation characteristics of the struc-
}ure have been known. The antenna strﬁcture is character-
{zed by four par#metors it the thicknese of the uniform
region, t., the thickness of the cﬁrrugatlon region, tj, the
period of the corrugation, d, ihd the aspect ratio a = dl/d,
Since the lengths can always be normalized to the fre&-space
wavelength, i§ is not necessary to consider the frequency of
the source as an independent parameter. On the other hand,
since a corrugated dielectric antenna is expected to be
fabricated from an originally uniform wavequice by machin-
ing, It is more appropriate to use the original waveguide
height h = tg+tf as a parameter. This means that when the
waveguide is machined, both tg and t¢ wil) change. There-

fore, it is necessary to investigate the combined effect of

change in t‘ and tg on the propagation characteristics of

the antenna structure,
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Becausg of the periodicity of the leakKy-wave aﬁtenna,
the electromagnetic fields everywhere must ¢ v ist of all
the sﬁ#ce harmonics, Far TM modes, we have 1

Ho(x,2) - .§‘tn<z>exp<ikxnx> | (1)
z-00 .
where 1 is the n-th harmonic amplitude of the magnetic

field and kK __ is the x-component of the propagation constant

n
of the n—-th harmonic and is related ta that of the fundamen-~

tal harmonic by @

Ken = Kyo + 2nTt/d = B - jol + 2nm/d = £, - jo (2>

where p and of are the propagation and attenuation constants
of the fundamental harmonic, respectively. It is noted that
the propagation constant of the n—th harmonic differs from

that of any other harmonic but the atienuation constant, of,

s the same for all harmonics. By solving the boundary

value prohlém, it has been sﬁﬁwn that kxo and the harmonic
amplitudes,{lnln = 0,41,+2,...), can he determined in terms
of the eigenvalues ard eigenvectors of a coupling matrix
characterizing the ' corrugation region. For the given
antenna structure on a ground plane of infinite extend,
because the energy can only radiate into the air region, it
is unnecessary to determine explicitly the harmonic ampli-
tudes, it we are interested only in the case of single beam
radiation. In the present study, therefore, we are left

with only the determination of the dispersion root kxo of

the antenna. FOP Q-imp]'Cit)" kxo wi‘] be Pe{er‘lsed to £X the

4

leaKy wave constant. Since of may be uced as a measure of
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the rate of energy leakage, it will also be called the leak-

age or radiation constant, in constrast to the phase con-

stant ﬁ.

In the air region where the medium is uniform, each
harmonic propagates tndepondoﬁt\y as a plane wave, The

transverse propagation constant of the n-th harmonic is

Qiven by 1!
2 . 2 172
kzn = (kg kxn) | 3)
For a very shallow corrugation or t° very small, it is
intuitively expected that kxo = psw = Kohessr where psw

. is the longitudinal propaqgation constant of the unperturbed

structure, as shown in Fig.2. Under such an approximation

and invoking (2), we obtain, from (3) 1

Kan = Koll = (nggs ¢ nAi 21172 (4)
For only the n = -1 harmonic to radiate, we must have kz -1
’
real and all K, . imaginary for n ¥ -1 These conditions

can alternatively be expressed as ¢

A A
< d < ) 40" ne{F >3
A
<d < ZA » for Negp<d
ne,-,- + 4 ne;f + 4

(0)

Under these conditione, the n = -1 harmonic radiatee into

the air region at an angle (with recpect to the z-sxis) i
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Orag = sin 1B 7k = sin~itn ¢ -A/d) 2
The sign of G  , determines the forward or backward radia-
tion. Al though the aﬁove design formulas are derived under
the assumption that tg e very small, they also hold for t

9
large, if the normalized phase constant or the effective

index of refraction, n .., ie accurately obtained for a

iven t_,
give 9

It is noted that Noss¢ ©Of & periodic dielectric
waveguide does not depend appreciably on the period d of
the structure. Eq.(?) showes that the choice of the period d
is simply determined by the radiation angle. The%efore. the
effect of the period d on the antenna performance will not

be further elaborated.

_ 2.1. Effect of the corrugation thickness tg on the radiation

angle

As a uniform slab of the thicKkness h ig machined, the
dielectric material is scooped out., As a result, the effec-—
tive thicknese of tﬁe coerrugated slab is reduced, and so is
the effective dielectric constant. It has been well
RN

Know that the effective dielectric constant 6f the cor-—-

rugated slab may be simply determined by a uniform double
layer structure with the volume average of the dielectric
constant For the periodic corrugation region. As an exam-~
ple, Fig.2 showes the effective dielectric constant as a
function of the corrugation thickness for a pgriodic si]icon

slab with the aspecet ratio dlfd = 0.5,

In Fig.2, the <olid




curves are for fizxed thickness of the origional slab, h = t‘

¢ tq; As a parameter, whereas the dashed curves are for

fixed thickness of the uniform portion of the corrugated

structure. For example, in the case of an criginally wuni-=’

form <elab of thickness h = 0.2A,a corrugation of the thick-

ness tg /A = 0.05 and an aspect ratio a = dy / d = 0.5 will

result in an antenna structure with an effective dieicctric
constant € .. = 10, as marked by the crose labelled by A on
the curve for h /A = 0,2 in Fig.?., The same effective
dielectric constant can be achieved by other combinatione of
h and tg values, such as h/7A = 0.24 and tg /A = 0.1, as
marked by the crosse labelled by B in Fig.2. It is noted
that the dashed curves are Qseful for'the design of other
types of structures, and will not be further elaborated
here. Atter eeff = “3{4 is Peterminod for a given antenna
structure, the radiation angle is determined according to
(7). Thus, the sei of soiid curves provides the necetsary
information for detérmining the dependence of the radiation

angle on the corrugation thickness.

2.2. Effect of the corrugation thicknees on the radiation

constant

It has been known!™ that the radiation constant of is

proporticnal to tgs for tg small, and reaches a saturation

value for tg large, if the guided-wave field is evanescent
in the corrugation region. For the aspecl ratio dl/d = 0.5,

[

the average dielectric constant of the corruqation region is
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€ve = 6.5, and the guided-wave field is indeed evanescent

in the corruqation region. The radiation cnstant as a func-
tion' of the corrugation thickness is eshown in Fig.3. Evi-

dently, the radiation constant o varies with the corruqation

thickness tg in the fashion expected.

On the other hand, the fabrication of a periodically
corrugated dielectric antenna by machining changes not only
the thicKkness of the corrugation region, but atso that of
the uniform région. Therefore, it is necessary to consider
the combined effect of the changes in both the thicknesses

of the corrugated and uniform regions. When a uniform

- diel~<tric slab is cut to produce .the corrugation, ‘the

thickness of the remainiﬁg uniform region decreases at the
same rate as the depth of the grooves increases. Based on
Fig.3, it is clear‘that the leakage or radiation constant
will increase'initially as the qrooves are cut deeper and
deeper. However, becauc? of the changing thicknees of the
cordaining o form portion that affects the basic surface
wave, it is not clear at this point that if the radiation
constant is still too smali, any further cut can be helpful

for achiev: 4 a larger radiation constant.

Fig.4 shows the variations of the radiation constant

and the radiation angle @ .. as the thickness of the corru-

Qation reqgion tq is increated, for the case of the original

thicknese h = 0.3A, the pericod d = O.QSA y and the aspect

ratio d,/d = 0.5. When the grooves are shallow (ty emall)
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the solid curve shows that the  radiation conetant of
increaser with the groove depth, as expected. However,. of

roacﬁ;s a maximum value at tg ~ 0.1 and then decreasecs a

*0 is further increaced. Such a decrease in & c2~ be

explained as .ollows 1 As t_ is increased, the reirining

uniform portion of the structure becomes thinner and thinner

and, as a result, the phase constant of the guided wave.

becomes smaller and smaller. This phenomenon ic exhibited
br the dashed curve for the radiation angle in Fig.4. More
specifically, the radiation angle increaces in the backward
direction with increacing to Eventually, the antenna struc-
ture will cease to radiate in the backward end-fire direc-

tion and the guided wave becomes totally bounded.

Fig.5 shows the results for a case of a thinner origi-
nal uniform slab, h = 0.25A, while all other structure
parameters aré Kept unchanged from the proceeding case,
However, it is interesting to observe that the maximum value
of o occurs at the same thickness of the remaining uniform
slab t. =« 0.2} in both cases. In fact, this result holds
for any structure with d = 0.254 and di/d = 0.5, as long as

the thicknegs of the original uniform slab is sufficiently

large.
2.3. Effect of the wspect ratio

The numerical results presented 1n the preceeding sec-

tion are all for the case of equal width for the teeth and
grooves cor the aspect ratic disq = 9,5, In the fabrication

343

ot b 4




Pe———— = =

Frocesc, the aspect ratio can be easiiy contrclled, if
v oo Fer comparison purpoce, the radiation constant o as
« function of the grooave depth tg iv. ehown in Fig.e for an
or19inal uidern <lab of th thichnees h = 0. 25A and the
period d T.2BA w8 In F1Q.5, but with widir teeth (dlfd i
0.8) or rurrower qrooves. bWith such a new a=-pect ratico, the
attainabl + maximum value of X