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High Power X-Band Monopulse Tracking Feed
- for the Lincoln Laboratory Long-Range

Imaging Radar

KENNETH R. GOUDEY AND ATTILIO F. SCIAMBI, JR.

Abstract-This paper covers the desi~ development and test of a
1O-GHZ 10-percentbandwidth Mgh-efficiency feed system to be used in a

120-ft CmsegmUo antenna for the M.LT. Lincoln Laboratory Long

Range Imaging Radar. The feed is a mtdtimode monopuke traeidng feed
employing a moltiflare horn and is capable of transndtting a power level of

800 kW at 50-percent duty. The feed will 0pL?li3t4? in both ri@- and
left-hand circular polarisation sbmdtaneomdy or in both vertical and

horizontal pobuiaation sinudtanwusly depending on the input network.

INTRODUCTION

T HE FEED required for the 120-ft diameter M.I.T.

Long Range Imaging Radar antenna is shown in Fig.

1, where a single multimode horn is used in a

Cassegrainian configuration to generate sum, azimuth,

and elevation signals. The feed must be capable of trans-

mitting very high power (800 kW with a 50-percent duty

cycle at 10 GHz) and must exhibit very good amplitude

and phase control of the radar signals over a 10-percent

bandwidth. After installation in the Imaging radar, the

feed will be used to transmit right-hand circular polariza-

tion and to receive both right- and left-hand circular

polarization while tracking with either right- or left-hand

circular polarization.

HORN DESIGN

In order to provide high efficiency and low off axis

cross polarization when operating in circular polarization

a feed horn with equalized E- and H-plane patterns and

low spillover energy was required for the Long Range

Imaging Radar. The first of three horn designs considered

was the stepped input horn [1] which can generate the

proper beamshape at a single frequency and fairly good

beamshape over about a 5-percent bandwidth. However,

due to the excessive length of the required horn over the

10-percent bandwidth, the degradation of the pattern at

the band edges was too severe to consider this design. The

second design was a corrugated horn [2] which has the

desired pattern characteristics but has unknown perfor-

mance at very high power. The corrugated horn design

was rejected because of the risk of high-power arcing. The

final design selected is the multiflare horn (Fig. 2) which

has better bandwidth characteristics than the stepped
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Fig. 1. Feed diagram.

Fig. 2. Muhiflare horn.

horn and does not have the high-power handling risk of

the corrugated horn.

The better bandwidth characteristic of the multiflare

horn is a direct result of the beamshaping mode being

generated at a point where the horn has a large cross

section, thereby minimizing differential phase shift. The

development of a multiflare horn was based on the

methods described by Cohn [3]. The approximate analysis

given by Cohn was expanded upon and incorporated into

a computer program for analysis of multiflare horns. A

synthesis driver was then added to the computer program

so that horn designs could be synthesized and an initial

design for the feed was synthesized and built. This initial

design was tested which pointed out errors in the analysis

program which were corrected. Further iterations with the
synthesis program brought out more problems in the

analysis and methods to correct them were found. The

final version of the synthesis program used to design the

multiflare horn is quite accurate even out to the fourth
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Fig. 3. 9.5-GHz measured and calculated radiation patterns (measured
with a linearly polarized test horn).

Fig. 4. 1O.5-GHZ measured and calculated radiation patterns
(measured with a linearly polarized test horn).

sidelobes of the horn radiation pattern. The final horn

design was synthesized by the computer and built to the

computed dimensions. This horn has measured radiation

patterns which are nearly identical to the computed
patterns. Figs. 3 and 4 are measured patterns of the final

breadboard horn with the computed patterns superim-

posed in narrow lines. Both of these figures show the E-

and H-plane sum patterns as well as the principal plane

pattern for each difference channel, and illustrates the

close agreement between measured and calculated radia-

tion even out to the low-level sidelobes. During the

synthesis of the multiflare horn two major goals were

assigned to the computer program which attempted to

)[
40 --

30

20

10

{

-.

0--

-10

-20
J\

[

-30 i-

-40

-34 -20 -lo 0 10 20 30

iuL+iFLARE HORN 10GHz

327

CONTOW OATA

SYMBOL LEVEL (OS)

A -1

B -3
c -5

0 –m
E -12
F -14

G -20
M -25

I -30
J -35

*, =89.7%

n
APERTURE

11.18 IN SQ

-40 -30 -20 -10002034

PYRAMIOAL HORN IOGHZ

I

CONTOUROATA
SYMBOL LEVEL (OB)

A -1

B -3

c -5
0 -0

E -12
F -14

G -20
H -25

I -30
J -3s

h=?8.4%

c1
APERTURE

10.00 IN SQ

CONTOUR DATA

SYMBOL LEVEL (OS)

A -1

B -3
c -5
0 -10
E +2
F -14
G -20

H ’25
1 -30
J -35

IIS =62.5%

El
APERTURE

8.246 IN SQ

Fig. 5. Sidelobe energy comparison (linear polarization).

synthesize the design of a horn meeting both of these

goals. The first goal was low sidelobe (spillover) energy;

the second goal was a circular beam over the subreflector

intercept angle with a subreflector intercept level of 12 f 2

dB between 9.5 and 10.5 GHz, and 12 f 0.5 dB at 10.0

GHz. The total length of the horn was also constrained so

that it would be consistent with the existing Cassegrainian

geometry. The synthesis program could not successfully

generate a horn design which fully satisfied both goals so

a compromise became necessary in order to realize a

design. The only goal which is not met in the final design

is the intercept taper at the bottom of the band (9.5 GHz)

which is approximately 9.5 dB in the H plane as can be



328 IEEE TRANSACTIONS ON MICROWAVE THSORY AND TECHNIQUES, VOL. hrrr-26, NO. 5, MAY 1978

seen in Fig. 3. Figs. 3 and 4 illustrate that the other

intercept levels fall within the goals. The achievement of

low sidelobe energy is illustrated in Fig. 5 which shows a

comparison between the contour patterns of the mutiflare

horn, a four horn feed, and a simple pyramidal horn. The

spillover efficiencies indicated on Fig. 5 as well as the

contour maps themelves shows that the multiflare horn

has lower spillover energy than either the square horn or

the four horn feed. Fig. 5 also illustrates the beam circu-

larity of the multiflare horn compared to a square horn.

This beam circularity results from equalizing the E-, H-,

and 450 plane patterns. The square horn has elliptical

contours near the subreflector intercept angle whereas the

multiflare horn has nearly circular contours. The four

horn feed has nearly square contours near the subreflector

intercept because its pattern shape depends heavily on the

array factor of the four horns. It is also the array factor

which makes the four horn feed spillover efficiency very

low, The multiflare horn feed has both better beam circu-

larityy and higher spillover efficiency than either the square

horn or the four horn feed.

MATCHING SECTION

lrI order to launch the sum and both tracking channels

into a single horn, a multimode matching section was

employed. The matching section consists of a junction

between four square input waveguides and a single larger

square output waveguide with an intervening square

waveguide step transformer adjusted to match the TEIO,

LSEl,, and TE20 modes into the horn when appropriate

excitation is impressed on the four input waveguides. The

follc}wing paragraph explains the matching methods used

to launch all three modes without introducing tuning

elements which might arc over at high power.

Referring to Fig. 6, the EY electric field as a function of

X at the input junction has double half-sine distribution

while the desired distribution is a single half-sine. This

results in reflected TEIO mode from the input junction, as

well as propagated TEIO, and a number of evanescent

mod es which cannot propagate. A step (step 1 in Fig. 6) is

introduced to generate reflected TEIO mode to cancel the

TEIO reflected mode from the input junction. However,

because this step must step in both dimensions to accom-

modate both vertical and horizontal polarization, undesir-

able LSE12 mode is generated with an amplitude A12E10

(Fig. 6) which will extract power from the TEIO mode,

Therefore, a second step (step 2 in Fig. 6) is introduced to

effect cancellation of undesirable LSE12 mode. With the

two steps introduced, LSE12 mode cannot exist between

steps 1 and 2, so step 1 generates LSE12 which is reflected

at the input junction and cancelled when it returns to step

1. This means step 1 is adjusted so that LSE12 mode is not

actually generated in the matching section. Step 1 also

reflects some TEIO mode which partially cancels the re-

flected TEIO at the input junction. Step 2 is then adjusted

to cancel the remaining reflected TEIO mode at the input

junction.

The next step is to match the LSE1 ~ mode. Since the

LSE,I, mode is transverse to X with respect to its electric

QUAD FLARING SECTION

(4 SQUARE PIPES)

/’-
MULTIFLARE HORN

\

STEP 2 J F5EEd3’x’pROB
Fig. 6, Cutaway view of matching section.

field, it has an E= component which cannot be launched

directly off the 4 waveguide junctions. Therefore, there is

a tendency to launch an excess of TEI ~ mode and to

mismatch at the junction. In order to generate nearly pure

LSE1 ~ mode, probes are introduced at the input junction

as shown in Fig. 6. Unlike the TEIO mode which can

generate LSE12 mode in the matching section, the LSE1l

mode cannot generate any hi~er order propagating

modes in the matching section, which means the steps act

like a simple transformer. The transformer steps for the

LSE1 ~ mode are fairly well matched when the TEIO mode

has been matched. However, slight adjustment of the steps

is necessary for best LSE1 ~ match. The T~O mode has a

natural match at the input junction and, like the LSE1,

mode the steps act as simple transformers because no

higher order propagating modes are launched. The TE20

mode does not match thru the steps very well when they

are adjusted for the TEIO or LSE1 ~ mode. Therefore, eight

ridges are added on the peaks of the T~o mode electric

field as shown in Fig. 6. When the LSE1 ~ mode and the

TE20 mode have been adjusted for best match, it is neces-

sary to go back and readjust the match of the TEIO mode

which is somewhat affected by the addition of the probes

and ridges. Finally, all three modes are adjusted for the

best compromise match to complete the matching section

design.

ORTHOMODE JUNCTION

Each of the four square input waveguides to the match-

ing section is fed by an orthomode junction (OMJ) so that

either vertical or horizontal polarization may be launched

into each square waveguide. The OMJ’S also provide

circular polarization by using quadrature excitation of

both ports of each OMJ. In order to satisfy the overall

system performance an OMJ was required which would

have low VSWR, flat phase characteristics, and high isola-

tion between ports. Existing OMJ designs were examined

and characteristics were found in these designs which

prevented achieving both good VSWR and flat phase.

Basically each of these designs had orthogonal arms

which, although cut off to each other, were not

sufficiently cut off which led to a VSWR characteristic
that had to be matched with a number of inductive or



GOUDEY AND SCL4MB1: X-BAND MONOPULSE TRACXING FEED 329

\ SIDE PORT
WR ?02

\
Zo

L? 61

~1

E2

COMMON PORT 22
,77 so THRU POR7

24 23

ZL 24 Z3

B5

E35
‘4 \ RIDGES CENTERED

ON sTEPS

Fig. 7. OMJ impedance diagram.

Fig. 8. High-power test OMJ’S,

capacitive elements. This in turn yielded a nonflat phase

characteristic and low isolation. In order to overcome the

above difficulties a new approach was used in the design

of the OMJ, Fig. 7 shows an impedance diagram of the

OMJ design. The section labeled Z2 is a reduced height

guide section in order to provide a well cut off guid~ as

seen by the side port. Similarly the section labeled Z2 is

also reduced height to provide a well cut off section as

seen by the thru port. Each arm of the OMJ is a four

section maximally flat transformer in order to provide a

good impedance match. There are small ridges on t~e

bottog of the Z3 and Z4 sections in order to adjust the Z3

and Z4 impedances relative to the Z3 and Z4 impedances.

l%ese ridges make the transformer sections for the thru

arm into ridge loaded waveguide sections, however, for

the side arm the ridges are virtually not seen since they

are perpendicular to the electric field. The lengths of the

various sections in the thru arm were adjusted to match

out the reactance 111thru B5. At this point there are not a

sufficient number of degrees of freedom to match out all

of the reactance ~, thru F5 so an inductor L1 was added
to complete the side port matching.

The OMJ was designed for high power by rounding all

protruding interior corners and adding water cooling

tubes to carry away the heat generated by 12R losses. In

addition the height of various cross sections were not

allowed to be so small that arcing might occur and finally

tuning elements which might arc were avoided (e.g.,

capacitive buttons).

After the design was complete, two high-power test

versions of the OMJ (shown in Fig. 8) were electroformed

and taken to M.I.T. Lincoln Laboratory for high-power

tests in a resonant ring on October 8, 1974. The OMJ’S

handled a power level of 100-kW CW in the side arm and

Fig. 9. Quad flaring section (outer wall of water jacket removed).

125-kW CW in the thru arm in a dry air/nitrogen atmo-

sphere. This means that these OMJ’S can safely handle the

required 100-kW pulse at 50-percent duty when the sys-

tem is pressurized with SF6 or Freon 116.

COMPARATOR

In order to impress the necessary excitation at the

inputs of the four OMJ’S to launch the sum and both

tracking channels in each polarization, two orthogonal

test comparators were constructed. One comparator is

used for vertical polarization and the other comparator is

used for horizontal polarization. These comparators may

be seen at the far right side of Fig. 2, attached to the

feed.

COOLING

The requirements for very high power necessitate that
all of the feed components be adequately cooled. In order

to provide this cooling, all of the feed components are

made of electroformed copper with copper tubes attached

to the outside of the walls for water cooling. The four

square waveguides which go from the OMJ’S to the

matching section (quad flaring section) are encased in a

water bath to provide adequate cooling where four wave-

guides come together as shown in Fig. 9. The smaller

section of the multiflare horn below a 5-in cross section is

also water cooled. The large section of the horn where the

wall currents are much smaller is fabricated of aluminum

and is not water-cooled in order to reduce the weight of

the feed.
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Fig. 10. Radome moanting frame.

FEED RADOME

[n order to pressurize the feed system with SF6 or Freon

11~5it was required that a radome be incorporated in the

feed horn capable of withstanding 2 lb/in2 differential

pressure and passing the full transmitter power. In order

to provide such a radome it was necessary to examine the

various potential radome materials to find one strong

enough to stand the pressure and low enough loss to pass

400-kW CW at 10 GHz. First a list of low loss materials

was compiled and their strength properties examined. This

resulted in a reduced list of candidates which were

mechanically and RF power tested. Those candidates

which looked most promising from calculated results were

pol y-imide fihn, polytetrafluoroethylene film (PTFE),

PTFE-E glass cloth laminate, and PTFE-quarti glass

cloth laminate. A test vessel was constructed which has a

volume sufficient so that if small volumes of gas escaped a

pressure change could be detected. One end of this vessel

was fitted with a removable cover. A window frame of

like size and design to that of the feed radome was fitted

into this cover. Thus one side of the window was exposed

to the ambient pressure and gas while the closed side was

exposed to controlled pressure and gas compound. Several

materials and bonding techniques were evaluated under

various conditions of pressure, temperature, and gas con-

pounds. The final selection of materials was a PTFE-

quartz cloth laminate 12 rnils thick bonded to the

aluminum frame.

In order to mount the radome into the horn without

danger of series arcing at the horn wall the mounting

frame shown in Fig. 10 was designed. This frame has a

slot to clamp the radome material which was designed to

be a half wavelength long. The half-wavelength slot re-

flects the short at the bottom of the slot back to the horn

wal 1 and therefore makes the wall electrically continuous.

The choke had to be A/2 in the dielectric medium of

dielectric constant c,. The value of q for the PFTE-quartz

laminate as published by the manufacturer was 2.47. In

order to verify this value a sample of the material was sent

to M.I.T. Lincoln Laboratory for measurement and a
sample was measured at Ford Aerospace. The M.I.T.

Lincoln Laboratory measurements indicated a value for ~,

of 2.35 and a loss tangent of 0.00052. The lower value

measured may have been due to the fact that a stack of

pieces was used for the measurement and that it was

virtually impossible to squeeze all of the air out of the

stack. A waveguide measurement of a single layer of the

material was conducted at Ford Aerospace and the

measured value of c, was 2.44 which is very close to the

published value of 2.47. Therefore, the 2.47 value was

used for the choke design.

FEED EFFICIENCY

The overall efficiency of a Cassegrainian antenna sys-

tem may be broken down into a number of component

parts some of which are associated with the feed system

and some of which are independent of the feed system. In

order to evaluate the performance of the feed for the

M.I.T. Lincoln Laboratories Long Range Imaging Radar

a feed efficiency is defined and then a comparison be-

tween the multiflare horn feed efficiency and four horn

feed efficiency is made. Feed efficiency is defined to

consist of factors which are feed dependent only and may

be written as

%= %ZVSqa~pqx

where

~F feed efficiency

VL feed 10SSefficiency
q~ spillover efficiency

q. aperture illumination efficiency

qp phase efficiency

qX cross polarization efficiency.

The feed efficiency may be calculated by making mic-

rowave measurements of the feed loss and radiation

patterns and using a computer integration program to

integrate the radiation patterns and calculate all of the

component parts of the feed efficiency. In order to calcu-

late accurate values of q~ wide angle feed patterns must

be measured at a large number of azimuthal angles and a

very large number of data points must be entered into the

computer. An alternate method of computing q~ has been

derived by Ruze [4] which requires much less input data

for the computer. This method basically substitutes a feed

gain measurement for the integration of q~. The first step

in using this method is to redefine qF as

where q]= q~q~qX is the aperture intercept efficiency

which means it is the ratio of the energy intercepted by

the aperture in the proper polarization to the input power

of the feed. The expression for ql may be rewritten as

where 19,is the intercept angle and P (0,+) is the normal-
ized power pattern of the feed. Feed gain is given by

“=~’”p(o:sinedlw
which may be substituted into the equation for VI to
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/- H%’% FEED

TABLE I
EFFICIENCY SUMMARY

I 14dtifl.re 11.rn I

Frequency
(GHz) (%)% (w (9$’ (W I

9.7 83.0 88.5 98.3 72.2

10.0 91.7 86.6 98.1 77.9

10.3 87.7 84.4 97.3 72.0

I Four nom Feed

I

Frequency
‘I

(GEz) (%) (9Y (%V
~F(%) I

9.5 61.8 88.9 99.5 54.7

10.0 62.5 86.7 99.7 54.0

10.5 63.0 83.5 99.4 52.3

ILl I

k 60

t

24 percent at 10.0 GHz and by at least 10 percent over the

remainder of the band. Table I gives a breakdown of the

f

MEASURED
4-HORN FEED

efficiencies for both the multiflare feed and the four horn

feed. From this table it can be seen that the m-imary

disadvantage of the four horn feed lies in its low i&ercept

efficiency.
*

I
..

CONCLUSIONS

50~ I t

9.5
A high-power high-efficiency single-aperture tracking

10.0 10.5

FREQUENCY (G Hz)
feed was developed for the M.I.T. Lincoln Laboratory

Long Range Imaging Radar. This feed is capable of
Fig. 11. Feed efficiency. transmitting a power level of 800 kW at 50-percent duty.

In order to achieve high-feed efficiency a computer pro-

eliminate the wide-angle integral. The resulting equation is gram was written to synthesize multiflare horns for beam
shaping. The final horn design was built exactly to the

,,=~~’”~’rp(o,o) sinodod+
computed dimensions and the performance realized was

almost identical to the computed performance. The final

feed had a feed efficiency of 78 percent at 10.0 GHz and
where the feed gain GF is obtained from a range measure- at least 65 percent over the remainder of the operating
ment of the feed gain and all three efficiencies involved in band, The feed also had equalked E-, H-, and 450 plane

calculating q~ involve integrations over the aperture inter- patterns which resulted in a circular beam and low off
cept angle only. Since the feed pattern is a relatively axis cross polar~ation for the radar system. Tracking was

smooth function over the aperture intercept angles a accomplished in the feed by the use of the LSE11 and T~o
limited number of input data points is sufficient to define modes. A matching section was developed to match four

the radiation pattern in this region. A computer program square Waveguides into one larger square waveguide be-

was used to calculate the normalized integrated power fore entering the hom so that the data and tracking modes

over the intercept angle region. The integrated power (PI) could both be launched. This matching section was also

as printed out by the computer program is given by designed to handle the high transmit power. Circular

P~=&~2V~0’P(8@)sin@dod~

polarization was also a requirement of this program. In

order to launch circular polarization into each of the four

square waveguides entering the matching section, OMJ’S
We may therefore rewrite the feed efficiency equation as were used so that the orthogonal input ports could be fed

GFP1 in quadrature. The OMJ’S were also designed for high

% = ~%vp power. Tests at M.I.T. Lincoln Laboratory revealed that

the OMJ’S were capable of handling 100-kW CW in each

where GF is obtained from a feed gain measurement and port. A high-power radome was also developed for use at

PI, q., and VPare obtained by using the computer program a five inch square cross section in the horn so that the

to integrate patterns over the intercept angles only. feed could be pressurized to two psi with a gas such as

Efficiencies were calculated for both a four horn feed SFC. This radome material is capable of withstanding 25

and the multiflare feed from measured patterns, and the kW/in 2. The M.I.T. Lincoln Laboratories Long Range

results are plotted in Fig. 11. The efficiency of the multi- Imaging Radar uses pulse compression which dictates

flare feed exceeds the efficiency of the four horn feed by gain and phase flatness over the 1-GHz bandwidth. Ml of
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the feed components were designed to achieve both flat able assistance in the course of the development of this

gain and phase across the operating band. Measured feed.

amplitude response of the final feed showed a gain ripple

of less than 0.3 dB and a phase ripple of less than t 2°
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A Mode Transducing Antenna

ROBERT D. WENGENROTH, MEMEER, IEEE

Abstract-At power levels ahove those readily handled by standard
waveguf~ md for low wavegufde rI@ the -l mode in cfreufar guide is

a preferred transmi@on line approach. At the antemq this mode is
gernsxalfy unsuited to radiation since it forms a coni~ instead of a peneif
beam. Phase and pobufsation shifting techniques at a reflecting surface
cause the ilhmdnation to be transduced to form a pencif beam. The

techniques have been demonstrated in a 33-GHz model.

I. INTRODUCTION

A

N ANTENNA radiating a pencil beam when fed

from a circular waveguide operating in the T~l

mode is a desirable component for extremely high power

systems. Such an antenna has been demonstrated.
The TEO1 mode in circular waveguide has several desir-

able features. It is a low-loss mode. It has a large cross

section which permits it to guide high total power at

moderate power densities. Wall currents are circumferen-

tial; longitudinal contact is not required in waveguide

section joints. As a result, rotary joints are simple. Mode

conversion tends to be low for the usual discontinuities
associated with tolerances in the guide and in the

assembly. All modes except the TEO~ are readily absorbed,

thus avoiding coherent energy transfer into other modes

by repeated discontinuities. A new class of extremely high

power generators, the “gyrotron” or “cyclotron-master”

[1], operates in the T~l mode, increasing the interest in
this mode.

In the antenna, a circular TEO1 mode has a fundamental

limitation; it is circularly symmetrical and radiates a

conical beam with a null on axis rather than a pencil

beam [2]. The fields must be converted to those which

prcjduce an acceptable pencil beam, either before the

antenna or in the antenna. This is accomplished in the

Manuscript received June 13, 1977; revised October 15, 1977.
The author is with the Electronics SystemsDivision, General Electric

Company, Syracuse,NY 13221.

mode transducing antenna, in any of its several configura-

tions; an input T~l mode is transformed to radiate a

pencil beam with either a circular or a linear polarization.

Monopulse operation is feasible with a mode-separating

feed assembly. Applications of the mode-transducing an-

tenna all feature low-loss lines to handle extreme power

levels. Examples are millimeter wave radars (search or

track), satellite communications earth stations, and

millimeter wave point-to-point communications.

II. THE MODE TRANSDUCING ANTENNA

The basis of the mode transducing antenna is the

adjustment of the phase and polarization of the wave in

the aperture by a modified reflecting surface in the an-

tenna. The approach could also be implemented in trans-

mission through a lens. If a T~l mode were radiated from

a circular aperture and the far zone field were probed with

a linearly polarized receiver, the three and 6-dB contours

for one linear component of the field would appear as

shown in Fig. 1. The orthogonal linear polarization con-

tours are identical to those shown, but rotated 90°

mechanically about the center of the aperture. These

components are in phase. Circular polarization is avail-

able by phase correction only, while linear polarization
requires a twist-reflector [3] for efficient implementation.

‘l%e reflection surfaces can be at the folds in folded

circular horns, the main reflector in a single-reflector

antenna, or the subreflector in a Cassegrain-type or other

multiple reflector antenna.

111, MODEL TESTS

Three practical configurations of mode transducing an-

tenna were demonstrated at 33.5 GHz in a folded conical

horn antenna as shown in Fig. 2. The basic folded horn

was described in 1963 [4] and a different application of
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