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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. ’
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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
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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 :
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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.
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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
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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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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

81




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.

97




- e e v e e e e

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

103




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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Figure 4a. Relative power pattern of the four element linear

array
with equal phase excitation (non-focusing) and elemsnt
coordinates (inches): (-2.,0.,0.), (-.67,0.,0.), (.67,0.,0.)
and (2.,0.,0.) measured at cut-plane = 3.5 inches.
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Flgure 9b. 3-dimensicnal illustration of the nineteen elemsnt
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STRUCTURAL STOPBAND ELIMINATION WITH
THE MONOPOLE-SLOT ANTENNA

D. A. Paschen -
Ball Aerospace Systems Division oo
Boulder, CO 80306 '

and
P. E. Mayes ‘y’\q, -
Electrical Engineering Department .o .
University of Illinois .
- Urbana, IL 61801 Lo .
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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.
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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
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Figure 2. Coupling from Feed Line to the Monopole-Slot Antenna. ,
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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
i