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Novel Solutions to Low-Frequency Problems with
Geometrically Designed Beam-Waveguide Systems
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Abstract—The poor low-frequency performance of geometri-  SHAPED-SURFACE
cally designed beam-waveguide antennas is shown to be caused by SUBREFLECTOR
the diffraction phase centers being far from the geometrical optics 34-m SHAPED-
mirror foci, resulting in substantial spillover and defocusing loss. SURFACE
Two novel solutions are proposed: 1) reposition the mirrors to
focus low frequencies and redesign the high frequencies to utilize
the new mirror positions and 2) redesign the input feed system to
provide an optimum solution for the low frequency. A novel use
of the conjugate phase-matching technique is utilized to design
the optimum low-frequency feed system and the new feed system
has been implemented in the Jet Propulsion Laboratory (JPL)
Research and Development beam-waveguide (BWG) as part of a
dual S/X-band feed system. The new S-band feed system is shown
to perform significantly better than the original geometrically
designed system.
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I. INTRODUCTION

MICROWAVE SUBTERRANEAN
HE Jet Propulsion Laboratory (JPL) has recently built D AGE _ FEOESTAL
a new 34-m beam-waveguide (BWG) antenna at Gold-
stone’s Deep Space Station 13 site (DSS-13). Starting from N g
the feed horn and considering the transmit mode, the design of REAR VIEW I

the center-fed BWG (see Fig. 1) consists of a beam magnifier
ellipsoid in a pedestal room located below ground level th§@- 1. 34-m beam-waveguide antenna.
transforms a 22.5 dBi gain feedhorn into a high-gain 29.8 dBi
gain pattern for input to a standard four-mirror (two flat anghe ellipsoid is 3 m from the GO focus. If the input to the
two paraboloid) BWG system. The design of the upper foyaraboloids ;) was focused, the output defocusing would
mirrors of the BWG is based on a geometrical optics (GQhly cause a 0.3 dB loss. One solution would be to move
Criterion introduced by MizusaWa. and Kitsuregawa in 197t$|e high_frequency phase center at the e|||pso|d Output to
[1], [2], which guarantees a perfect image from a reflector pajhe |ow-frequency phase center (accomplished at X-band by
The system was initially designed (phase 1) for operation &hytaneously increasing the gain of the input horn to 26 dBi
8.45 GHz (X-band) and 32 GHz (Ka-band) and has less thgRg moving the horn phase center 0.5 m below the input focus)
0.2 dB loss (determined by comparing the gain of a 29-df}q repositioning the phase centers to the input focus of the
gain horn feeding the dual-shaped reflector system with that,1510ids. This can be accomplished by leaving the ellipsoid
obtained using the BWG system) [3], [4]. In phase 2, S-band its original position and increasing the spacing between the
(2.3 GHz) is to be added. , _ paraboloids. With this arrangement, the BWG loss at S-band
If a standard 22.5 dBi S-band horn is placed at the inplt oy 0.4 dB and the loss at X-band is virtually unaffected.
focus of the ellipsoid [s), the BWG loss is greater than 1.5¢y,q soytion has the disadvantage, however, of necessitating

d.B’ prl.marlly due to the fact that for low frequen'mes, th% physical modification to the structure of the BWG system.
diffraction phase centers are far from the GO mirror focl, A second solution is to redesign the horn to provide an

resulting in a substantial spillover and defocusing loss. Thé) timum solution for S-band. The question is how to determine
defocusing is especially a problem for the beam magnifi appropriate gain and location for this feed

ellipsoid, where the S-band phase center at the output oa straightforward design by analysis would prove cum-

Manuscript received June 22, 1995; revised December 22, 1997. TR?rSF’me because of the. large number Qf Scatte”.ng _Surfaces
work was supported by the Jet Propulsion Laboratory, California Institut€quired for the computation. Rather, a unique application was

of Technology, under Contract with NASA and by M. Gatti. ~~~  made of the conjugate phase-matching techniques to obtain
The authors are with the Jet Propulsion Laboratory, California Institute a% desired uti Aol dtoill inate th

Technology, Pasadena, CA 91109 USA. e. esired solution. pane wave was use 9 illuminate the
Publisher Item Identifier S 0018-926X(98)09682-3. main reflector and the fields from the currents induced on the

0018-926X/98$10.001 1998 IEEE



IMBRIALE et al..: SOLUTIONS TO LOW-FREQUENCY PROBLEMS WITH BEAM-WAVEGUIDE SYSTEMS

1791

subreflector propagated through the BWG to a plane centered 34

T T Pe 1< T T
on the input focal point. By taking the complex-conjugate of ‘/ \»\ —_ ;%%BNINPUT

the currents induced on the plane and applying the radiation

—=— BWG QUTPUT
+++ 29dB HORN -]

integral, the far-field pattern was obtained for a theoretical 2o
horn that maximizes the antenna gain.

To synthesize a horn quickly and inexpensively, the theoret-
ical horn was matched as well as possible by an appropriately 16
sized circular corrugated horn. The corrugated horn perfor-
mance was only 0.2 dB lower than the optimum theoreticag
horn but 1.4 dB above the standard 22.5 dBi horn. A systemd
employing the corrugated horn was built and tested and
installed in the 34-m BWG antenna as part of a simultaneous

S/X-band receiving system. -10

The basic design of the center-fed beam-waveguide is
shown in Fig. 1. The shaped dual-reflector system (focal point
f1) is designed to provide uniform illumination with a 29.8-dBi
gain horn at the input. The upper four mirrors of the beam-
waveguide (fromf,—f1) are designed to image the input (at
f») to the output (atf;). Thus, to provide a 29.8-dBi pattemFig. 2. Beam-waveguide input and output radiation patterns at X-band.
output atf; requires a 29.8-dBi gain pattern at the ingiat
The 29.8-dBi gain pattern is generated by using a 22.5-dBi T
gain horn atfs (the input focus of the magnifier ellipsoid) to
provide the required gain at the output focus of the ellipse
(f2). Fig. 2 compares the input and output patterns from the
BWG system with the 29.8-dBi gain horn at X-band. Since
the BWG project seeks to introduce S-band (2.3 GHz) int§ sgq
the antenna in the phase 2 project, it is useful to inquirg
what happens when a 22.5-dBi S-band horn is placed at tRe
input focus of the ellipsoid. Ignoring spillover past the BWG‘ﬂ’
mirrors, the defocusing loss is 0.9 dB. The BWG spiIIoveE
loss is 0.5 dB, yielding a total BWG loss of 1.4 dB. The:(:
principal cause of the defocusing loss is related to the fagt
that for low frequencies, the diffraction phase center at the
cassegrain focug; is far—3.56 m (140 in)—from the GO
focus. This loss is illustrated in Fig. 3, where a plot of gain 54|
versus thez-displacement motion of the BWG assumes that
the entire BWG is moved relative to the focal point of the 56.8 L
dual-reflector system af;. Only the aperture illumination, 100
phase efficiency, dual-reflector spillover, and center blockage Z-MOTION, in.
loss are included in the calculation; BWG internal spilloverig. 3. Beam-waveguide defocusing curve at S-band.
is ignored for this comparison since it would be the same for
each point of the curve in Fig. 3...Th|s Qefocu3|ng IS espemalllx this case it was not possible to move the focus all the way
a problem for the beam magnifier ellipse, where the S-ba dthe GO phase cente
phase center at the output of the ellipsoid is 3.05 m (1 9 P >
in) from the GO focus atf,. Thus, the input to the two-
paraboloid section is defocused, causing the majority of the 1.
spillover loss and adding to the defocusing of the paraboloidTo overcome the problem of the disparate phase centers
output. If the input to the upper BWG section were focuse(hetween X- and S-bands), it was found that, instead of
the output would then be defocused by some 1.5-2.3 m (60+80ving the low-frequency phase center to the GO focus for
in). However, this defocusing would cause only a 0.2—0.3 dfe ellipsoid, the high-frequency phase center should be moved
loss. Efforts were made to determine if adjustment to the input the low-frequency phase center and the ellipsoid output
pattern amplitude or phase would move the low-frequenegpositioned to put these phase centers at the input focus
diffraction phase center to the GO phase centef.af5]. It of the paraboloids. The motion of the X-band phase center
was determined that if the ellipsoidal mirror were large enouglan be accomplished by simultaneously increasing the gain
(>30)) it would be possible, but for smaller ellipsoids ()8 of the X-band input horn to 26 dBi and moving the horn
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M7, the sub and the main reflectors. The Jacobi—Bessel method
was implemented at the main reflector to obtain the secondary
\ W X-BAND pattern of the antenna.
M 26-dB8 GAIN HORN Even though the mirrors are unaffected, this solution still
requires a physical modification to the BWG structure and
S-BAND .
22-dB GAIN HORN was deemed unacceptable; thus, another method that did not

modify the BWG system itself was required.

Fig. 4. Modified design geometry. IV. FOCAL-PLANE METHOD

) ) The goal of the design was to maximize the gain over
phase center approximately 0.5 m below the input focyg at | jise temperature{/I) of the BWG antenna. Since there
Since the position Qf the pedelstelll roor_n_is fixed with respect {0, large number of scattering surfaces (eight total), an
the reflector and since there is insufficient room to move thgyimization method that required repeated computation of
output focal point of the ellipsoid the required distance upwarg, o gain and noise temperature of the entire system would
the separation of the paraboloids is increased to effectivgly rather time consuming. Instead, a unique application of
move the paraboloid input focus down to the phase centggg conjugate phase-matching technique (called the focal-plane
(see Fig. 4). Because the motion of the paraboloids is in thesthod) was tried. While using focal-plane analysis is not new
path where the rays are parallel, and the increase in distancagi for example), the application to BWG antennas with its
not sufficient for the rays to diverge, there is very little effeghany mirrors and the derivation of an optimized feed from the
on the BWG performance. The distance selected was 2.033@hlysis is unique. In this method, a uniform plane wave was
(80 in) to minimize the motion of the X-band phase centefised to illuminate the main reflector and the fields from the
so consequently, a small S-band defocusing loss is retainggrrents induced on the subreflector were propagated through
With this arrangement, the BWG loss at S-band is only Othe BWG, My, M,, Ms, My, and M. Finally, the currents
dB and the BWG loss at X-band is virtually unaffectedon a flat surface located at the focal plane and centered at
Fig. 5 compares the S-band and X-band BWG output witf} (Fig. 6) were computed. By taking the complex-conjugate
the 29.8 dBi horn and indicates that the modified design is @fthese currents and applying the radiation integral, the far-
acceptable compromise. field pattern was obtained for a theoretical horn that should

The analysis of the RF performance is calculated usimgaximize the gain.

physical optics (PO) on the BWG mirrors and subreflector There is noa priori guarantee that the pattern produced by
[6] and the Jacobi—Bessel series [7] on the main reflector. this method would be easily realized. However, the pattern is
these calculations a feed radiation pattern was modeled asearly circularly symmetric and the theoretical horn was able
set of spherical-wave expansion (SWE) coefficients expandedbe matched fairly well by a circular corrugated horn.
about f3 [8]. The coefficients were used to illuminafe;, Fig. 7 shows the near-field E-plane patterns of the the-
the BWG mirror in the pedestal room. The induced currentsetical horn and a 19-dBi circular corrugated horn. The
on M; were cascaded by means of PO throudh, M3, M,, agreementin amplitude and phase is quite good ofitt1°,
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at S-band: the use of a lower gain horn. Previous work done
& on the antenna at X-band and Ka-band had shown thé&t/ifs
/Q would improve if corrugated horns with higher gains than the
/-/ / original-design 22.5 dBi were used. For instance, an X/Ka-
20 30 band feed system uses corrugated horns with gains of 25.0 and
X-AXIS (inches) 26 dBi, respectively [10]. Thus, when the task of implementing
an S-band feed system in the antenna was initiated, a solution
which required a higher gain horn was expected.

Part of the skepticism was in the area of noise temperature.
It was well known that a lower gain horn would contribute

—20 H

Fig. 6. Contour plot of currents induced on plane located'sausing the
focal-plane method.

_(; T T T~ Z‘; more spillover, which would increase the noise temperature
o) d ) RN o of the system. What was not understood at the time was that
= s a A 0 -~ the 19-dBi corrugated horn would only have a higher spillover
;‘;— 0 . 40 % loss at the first reflectak/; and that its performance through
2 a5t 4| i i Theoretieal o . \ %0 3 the remainder of the BWG system would be better than for
éb -30 A I Mag Cormugated Horn | 0 £ the standard 22.5-dBi corrugated horn. Table I, which lists PO
35 J_J, 3 T e e om k: \ “100 and Jacobi-Bessel analysis results of the antenna at S-band,
~40 f\g T ! 1 — %}f\ et -120 corroborated this observation. In this table, the spillover of
s AL AT the antenna mirrors, the antenna efficiency, and system noise

025 0 A5 A0S0 s e 302 30 temperature are listed for the 19-dBi corrugated horn and the

theoretical horn pattern predicted by the focal-plane method.
Fig. 7. E-plane near-field = 4.2 m, referenced tqg;) patterns. Also, for comparison purposes, the calculated performance of
a 22.5-dBi corrugated horn is presented from [11].

Theta [degrees]

the angle subtended b¥/;. The point of reference for the
SWE coefficients used to generate the 19-dBi corrugated horn
pattern was shifted until the radiation pattern matched the V. BWG S/X-BAND FEED SYSTEM

one of the theoretical horn centered at the focal plgge  The S-band feed is part of a simultaneous S/X-band re-

By this method the position of the 19-dBi corrugated horn igejve system implemented on the new BWG antenna. The

the antenna could be determined. It turned out that the S—b@yﬁerm configuration of the feed system, the detail design,

corrugated horn’s aperture position was 3.52 m from the centg{d measured performance are described in this section.

of the magnifying ellipsoid}/;. 1) Theory of Operation:Fig. 9 shows the main compo-
The 19-dBi circular corrugated horn pattern was convertegnts of the S/X-band feed system: the X-band feed, the

into a set of SWE coefficients which were then used in the PQband feed, the S/X-band dichroic reflector, and the X-band

analysis of the 34-m BWG antenna at S-band. Fig. 8 showat reflector. The S-band receive frequency band is 2200-2300

the input and output of the magnifying ellipsoil; along MHz, and the X-band receive frequency band is 8200-8600

with the output of the BWG system. The 19-dBi pattern ofiHz.

the corrugated horn is magnified into a 28.7-dBi pattern by The S-band signal received from deep space is collected by

the ellipsoid; the BWG mirrors add an extra 1.1 dB so that gie main/subreflector and is focusedfat Reflectorsi; —M,

the output of the system the gain of the pattern is 29.8 dRjuide the signal to the rotating ellipsoid focyis The signal

the same gain pattern from which the dual-shaped system visghen scattered off the ellipsoid mirror, reflected by the

synthesized. dichroic reflector, and is focused at the other focal point of
Basically, the focal-plane method provided an unexpectéue ellipsoidal mirror. This signal is received by the S-band

solution to the defocusing problem of the 34 m BWG antenrieedhorn in the S-band feed package.
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TABLE |
S-BanD (2.295 GHz) POaND JacoBI—BESSEL CALCULATIONS
22 dBi Corrugated 19 dBi Corrugated Theoretical
Horn {10] Horn Hom
Spillover (%)
Me ) 041 ) ROTARY
Ms 205 246 024 SPACER JOINT
M4 1.57 0.70 1.19 I 1
X-BAND S-BAND
M3 591 0.73 0.86 POLARIZER POLARIZER
M2 5.55 0.96 129 | 1
ROTARY
. . 4
M1 1.36 0.26 0.46 SPACER JOINT
Efficiency I ]
X-BAND S-BAND
; NOISE NOISE
Total Effi 0.484 0.683 0.695 -BAND
otal Efficiency TRANSITION|  pioDE O/ X BAN DIODE  |TRANSITION
Total Gain (dB) 55.10 56.59 56.67 I ] |
Noise Temperature |“€ J‘ COUPLER COUPLER {
Total Noise (K) 73.6 37.10 35.31
Total Noise (dBK) 18.67 15.69 1548 AMBIENT AMBIENT
LOAD LOAD
TO RECEIVERS
G/T (dBK-1) 36.43 40.90 41.19
Fig. 10. DSS-13 S/X-band feed system block diagram.
Y |
. ‘ P
|
. L i T
;(L?GNAzRROR S \! Solid Area Perforated Area
S-BAND T
X-BAND - DICHROIC MIRROR /
\\l\samo> ~ ELLIPSOID
N RFE 2 AZIMUTH 0.13 mm MAX R 3.18 mm MAX R
g ‘ RN s POSITIONER
X-BAND %
PACKAGE ’ 3 21.99 + 0.05 mm 21.99 +0.05 mm
N |
AT : @ 22.86 2 22.86 T
: = — } +0.05mm—" 25 mm +0.05mm—" g5 mm Approx

. Original Pyleguide Design Modified Pyleguide Design
Fig. 9. DSS-13 S/X-band feed system.

Fig. 11. DSS-13 S/X-band dichroic reflector.

The X-band signal is guided by the BWG to the basement
in the same manner as the S-band signal. However, afteore than offset the loss in efficiency, and the 25-dBi gain
scattering off the ellipsoid, it passes through the dichroltorn maximized the7/T of the system. Right-hand circular
mirror with very little loss, reflected by the X-band flatpolarization (RCP) or left-hand circular polarization (LCP)
reflector and is focused at the other focal point of the ellipsoidolarizers provide the capability to select the reception. In the
This signal is received by the X-band feedhorn in the X-barstband package, the position of the polarizer can be changed
package. easily because of the use of the rotary joints, but in the X-

2) Detail Design: A block diagram of the S/X-band feedband package the position of the polarizer is fixed. To change
packages is shown in Fig. 10. The low-noise amplifier (LNApolarization on the X-band, the polarizer has to be unscrewed
is a dual-frequency LNA, i.e., it contains both an X-band LNA&nd then rotated. The couplers are used for injection of noise to
and an S-band LNA in one cryogenic package. The S-band asttbck the linearity of the LNA’s. The waveguide switches are
the X-band feeds are packaged separately; however, they @sed to connect the LNA's to the feedhorns or to the ambient
physically connected since they share the same LNA packafgads for noise temperature and linearity measurements.
The feedhorns are corrugated with the same corrugations andhe S/X-band dichroic reflector is a frequency selective
flare angle as the standard JPL feedhorns [12]. The gainsofiface that passes the X-band signal but reflects the S-band
the feedhorns is 19.1 dBi for S-band and 25.0 dBi for X-bandignal. The S/X-band dichroic plate used at DSS-13 is a 1.98
As discussed in the previous section, a 25 dBi horn was usedx 1.42 mx 35.76 mm rectangular aluminum plate with an
at X-band instead of the originally designed system (usirgliptical perforated area (see Fig. 11). The holes in the perfo-
the 22.5 dBi horn) since it was discovered that a 25 dBi horated area are based on an old dichroic plate design [13]. This
would reduce the noise temperature. Although the 25 dBi hotlesign employs the Pyleguide holes originally used by Pyle
reduced the efficiency somewhat, the gain in noise temperat{té]. However, to reduce the fabrication cost, the corner radius
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Noise TEMPERATURE PREDICTS AND MEASUREMENTS (KELVIN)

System

S-band Predicts

S-band
Measurement

X-band Predicts

X-band
Measurement

LNA

Feed system
(including LNA)

Antenna

83

17.7

373

8.7

17.5

38.0

12.0

23.1

32.9

i4.1

240

330

(TOTAL)

0.80 T T T T T T T T

0.75 |- ]
0.70 - o

0.65 i~

EFFICIENCY

0.60 —

0.55 -

0.50 1 1 1 | | | 1 1
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ELEVATION ANGLE (Degrees)

Fig. 13. X-band efficiency variation with elevation angle.

feeds were made at Goldstone before installation in the antenna
pedestal room. The measurements for the overall antenna were
made after the feed packages were installed and aligned in the
pedestal room.

The predicted S-band efficiency from Table | was 68%
and the measured efficiency was 67.5%, demonstrating the
successful design and implementation. For comparison, the

of the holes was increased from 0.13 to 3.18 mm as shownffedicted X-band efficiency (at the rigging angle of j%/as

Fig. 11. An analysis of the propagation constant of the fields f2-7% and the measured efficiency, including the dichroic

the Pyleguide holes shows that the change in the propagatitéate, was 70.1%.

constant due to this modification is far less than the changeThere are two interesting observations on the variation of

due to the tolerances of the other critical dimensions of tieficiency with azimuth and elevation. The main reflector

holes [15]. This minor change reduced the fabrication cost $frface shape changes slightly with elevation due to backup

the 5/X dichroic reflector by more than 60%. structure dlstortlc_)n caused by \uneven gravity Ioadlng_as a
The frames for the S- and X-band packages were fabricafdgction (_)f elevation angle. Thisis only a proble_m at th higher

using Bosch extruded aluminum struts. These struts are pfgduencies of X- and Ka-band. The surface is optimized for

fabricated, strong, lightweight, and flexible. Their anodized® €levation and falls off more or less symmetrically at

aluminum surface finish is scratch and corrosion resistaff€ Zenith and horizon. This is illustrated in Fig. 13, which
Since all the elements of the frames are bolted together,snows the variation of X-band efficiency with elevation. For

is very easy to modify these frames as needed in the futufs and Ka-band there is almost no variation of efficiency with
imuth. However, for S-band (which has virtually no varia-

The use of these materials resulted in a cost savings of mafemut h el X h ic both lculated and q
than 50% compared to conventional welded steel framing. tion with elevation) there is both a calculated and measure

Fig. 12 shows a picture of the S- and X-band microwavariation with azimuth as shown in Fig. 14. This is due to the
feed r.:lssembly installed in the DSS-13 BWG antenna rotation of the ellipse with respect to the upper BWG mirrors.

3) Feed System Performanc@he predicted and measure(f‘t S-band, there is more asymmetry at the ellipse output than

noise temperatures of the S/X-band LNA'’s, microwave fee t.X' or Ka—_band, probably attributable_to more of the ellipsoid
and the overall DSS-13 BWG antenna are shown in Table _émg illuminated due to the lower gain horn.
The higher than standard DSN noise temperature measured
for the X-band LNA is due to the age of the package,
however, the amplifier was acceptable for its intended use. A novel solution to the S-band design problems in a
The predictions are derived from the theoretical or measurgdometrically designed BWG system has been demonstrated.

loss of the individual components. The measurements for tiike proposed design was implemented as part of an S/X-band

Fig. 12.

Feed system installed in BWG antenna.

VI. CONCLUSIONS
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feed system in the DSS-13 antenna located at Goldstone, CA.
The measured and predicted performance of the feed systems
and the overall antenna agree very closely.
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