
1286 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 40, NO. 6, JUNE 1992

Portable Microwave Test Packages for
Beam-Waveguide Antenna
Performance Evaluations

Tom Y. Otoshi, Senior Member, IEEE, Scott R. Stewart, Member, IEEE, and Manuel

Abstract—Portable microwave test packages used to evaluate
a new’34-m-diameter beam-waveguiide (BWG) antenna are de-
scribed. The experimental methodology involved transporting
test packages to different focal points of the BWG system and
making noise temperature, antenna efficiency, and holography
measurements. Comparisons of data measured at the different
focal points enabled determinations of performance degrada-
tions caused by various mirrors in the BWG system. It is shown
that, due to remarkable stabilities and accuracies of radiomet-
ric data obtained through the use of the microwave test pack-
ages, degradations caused by the BWG system were success-
fully determined.

I. INTRODUCTION

A NEW 34-m-diameter beam waveguide (BWG) an-
tenna has been built at the NASAiJPL Goldstone,

California tracking facility. A unique experimental tech-
nique was used to evaluate this antenna. The methodol-
ogy involved the use of portable test packages transported
to different focal-point locations of the BWG system. Fo-
cal points f 1, f 2, and f 3 are depicted in Fig. 2 of a com-
panion article in this issue [1]. Focal point f 1 is the Cas-
segrain focal point near the main reflector vertex. An
intermediate focal point f 2 lies a~bovethe azimuth track,
and focal point f3 is the final BWG focal point located in
a subterranean pedestal room. Degradations caused by the
BWG system mirrors and shrouds were determined from
comparisons made of values measured at the different fo-
cal points.

The complete experimental program used three differ-
ent microwave test packages and tested the antenna at
three frequency bands: X-band (8.45 GHz), Ku-band (12
GHz), and Ku-band (32 GHz). With the exception of ho-
lography data obtained at 12 GHz, all microwave perfor-
mance data on the BWG antenna were based on noise-
temperature measurement data obtained through the use
of the test-packages and a total-power radiometer system.
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p~ints. More detailed descriptions of the various test
packages, tabulated data and plots for operating system-
noise temperatures for different observation periods, and
radiometer system performance may be found in [2]-[6].
The results of X- and Ku-band antenna efficiency tests at
f 1 and f 3 are presented in a companion article in this is-
sue [7]. Ku-band holography tests at f 1 were successfully
performed and the results are also presented in this issue
[8].

II. TEST-PACKAGEDESCRIPTIONS

Fig. 1 is a photograph of the X-, Ku-, and Ku-band
(partially assembled) test packages under test at JPL be-
fore shipment to Deep Space Station 13 (DSS 13). In their
final configurations, both the X- and Ku-band test pack-
ages contain many of the familiar Cassegrain cone com-
ponents such as a 22-dBi horn, polarizer, round-to-rectan-
gular transition, waveguide switch, waveguide ambient
load, directional coupler, cryogenically cooled low-noise
amplifier, noise diode assembly, and downconverter (re-
ceiver). Fig. 2 is a block diagram of the X-band test pack-
age. The block diagram for the Ku-band test package is
nearly identical, with the exceptions that (1) the Ku-band
test package does not have the two circular rotary joints,
and (2) the Ku-band downconverter local-oscillator fre-
quency is derived from a 32-GHz Gunn Oscillator.

After amplifications by the high-electron-mobility tran-
sistors (HEMTs), the X- and Ku-band microwave signals
were downconverted to, respectively, 350-MHz and
60-MHz IF and sent via coaxial cable to a total-power
radiometer system located in the pedestal room. Block
diagrams of the downconverter and noise-box assemblies
for the X- and Ku-band test packages are given, respec-
tively, in [2], [3], and [4].

III. TEST CONFIGURATIONS AND TEST PROCEDURE

Figs. 3 and 4 show the mounting structure (removable
after test) and the X-band test package installed at the Cas-
segrain focal point f 1. Fig. 5 shows the X-band test pack-
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Fig. 1. X-band test package under test at JPL. The Ku-and Ka-band (par-
tially assembled) test packages are also shown.
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Fig. 2. The X-band test package system.

age installed on a universal three-axis adjustable mount-
ing table at the f 3 pedestal-room location. The mounting
structure at f 1 and mounting table at f 3 allow any of the
three test packages to “be easily interchanged. At f 1, the
test packages are in a 29-dBi horn configuration, while at
f 3, the X- and Ka-band test packages are in 22-dBi and
23-dBi horn configurations, respectively.

To test the BWG antenna at f 1 and f 3, it was required
that each test package be convertible between 22-dBi (or
23-dBi) and 29-dBi horn configurations. The conversions
were accomplished through the use of horn extensions of
the same taper going from the 22- (or 23-) to the 29-dBi
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Fig. 3. Overall view of the mounting structure and the X-band test package
at f 1 in the 29-dBi horn configuration.

Fig. 4. Partial view of the X-band 29-dBi horn test package and mounting
structure installed at the Cassegrain focal point f 1.

horn aperture diameters appropriate for the horn design
frequencies. Table I shows the phase centers for the in-
stallations at f 1,and f 3. The phase centers were computed
for the horn design frequencies and not for the actual test
frequencies, which were 8.45 GHz for X-band, 11.7 and
12.2 GHz for Ku-band, and 32 GHz for Ku-band. The
small differences in phase centers that resulted from the
small differences between test and design frequencies were
not critical. The mounting assemblies (Figs. 4 and 5) were
designed such that upon installation of a particular test
package at the desired antenna focal-point location,’ the
phase center of the horn coincided with the focal point.
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Fig. 5. X-band 22-dBi horn test package and mounting table installed in
the pedestal room focal point f 3.

TABLE I
TEST-PACKAGEHORN PHASECENTERS

Phase Center
Horn Design Location Relative

Band Frequency, GHz to Horn Aperture, in. Gain, dBi

Phase Centers at f 1 and f2 for 29-dBi Horn Configurations

x 8.420 –46.45 (fl) 29.79
–49.38 (f2)

Ku 12.198 –32.97 (fl) 29.98
Ka 32.000 –11.80 (fl) 29.93

–11.41 (f2)

Phase Centers at f3 for 22-dBi Horn Configurations

x 8.420 –3.34 22.34
Ku 12.198 –2.45 22.55
Ka 32.000 –1.03 22.88

Where necessary, any deviation of phase center from the with the horn pointed at zenith. Noise-temperature and
focal-point location was compensated through adjust- antenna-efficiency measurements were then made as func-
ments of the subreflector Z-focus position for f 1 mea- tions of antenna pointing angles with the appropriate port-
surements, and adjustments of the test-package mounting able test package installed at the Cassegrain focal point
table (in the pedestal room) for f 3 measurements. f 1. The test package was then transported to other focal

The test procedure required clear sky reference mea- points of the BWG mirror system, and measurements were
surements first with the test package located on the ground again made. Degradations caused by the BWG mirror sys -
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TABLE II
DEFINITIONSOF SYMBOLSANDABBREVIATIONS

Symbol Definition

T:. Effective noise temperature contribution to TOPfrom the cosmic background
radiation, K. This vahreisa function of frequency and will differ from the actual
cosmic background noise temperature of 2.7 K.

“b=‘cb[.xp(~)- llwheRx=hf/(kTcb)
T,,
h

f
k
Tatm

TW

T
OP

T,
L Wg

L am

Cosmic background radiation noise temperature, nominally 2.7 K
Planck’s constant
Frequency, Hz
Boltzmann Constant
Atmospheric noise temperature, K
Noise temperature due to waveguide loss between the horn ‘aperture and the input

flange of the HEMT, K
Effective noise temperature of the HEMT as defined at the input flange of the

HEMT, K
Effectiven oisetemperatureo fthefollowupr eceiver( downconvefier + cables +

power meter, etc. ) as defined at the input flange of the HEMT, K
Operating system-noise temperature as defined at the input flange of the HEMT, K
Source noise temperature, K
Loss factor for waveguide between the horn aperture and the input flange of the

HEMT, power ratio >1
Loss factor of the atmosphere, power ratio >1

tern were determined by taking the differences of operat-
ing noise temperature and antenna gain* values measured
at the various focal points.

IV. NOISE-TEMPERATUREMEASUREMENTMETHOD

Fig. 6 shows the automated radiometer system used
with the test packages for making noise temperature mea-
surements. Measurements of the IF power output from the
downconverter are made on ah HP 436A power meter.
The power-meter readings are sent to an IBM-AT com-
puter that averages 15 readings per second and converts
the values into noise temperatures. Best accuracy is
achieved if the system operates well below the saturation
point in the linear region. Only two points are then needed
to establish a power-reading versus noise-temperature lin-

*Antennagainis determinedfromtheefficiency,aperturearea,andfre-
quency,andexpressedk dB.

ear calibration curve. The first point corresponds to the
power-meter reading when the power meter is zeroed, and
the second required point corresponds to the power-meter
reading when the waveguide switch is in the ambient-load
position. Operating noise temperatures are computed from
equations found in [9]. The method is based on knowing
the ambient load physical temperature and the effective
noise temperature of the HEMT (from lab or field tests).
It is assumed that the HEMT noise temperature does not
change with time or test-package motions.

The basis of the real-time corrections for receiver sys-
tem gain changes is precise knowledge of the current am-
bient-load physical temperature. The ambient-load phys-
ical temperature is measured at +0.010 C resolution
through the aid of a digital readout thermometer embed-
ded in the ambient-load reference termination. Nonline-
arity of the system is determined from power-meter read-
ings when the noise diode signal is injected into the
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TABLE 111
SUMMARYOF X-BAND ZENITHOPERATINGSYSTEM-NOISETEMPERATURESAT DSS 13 FROMJUNE 10, 1990-

FEB. 2, 1991

Peak Deviations
Grand Averagea from Grand

Configuration Observation Dates TOP,K Average, K

Ground 06/10/90, 01/21/91, 01/26/91 22.7 +0.3
–0.3

fl 10/04/90 25.9 —

f2 01/12/91, 01/12/91 30.1 +0.2
(two different time periods, –0.3

same day)

f3 11/06/90, 11/09/90 34.2 +0.1
–0.2

After Mirrors and Ellipsoid Realigned on Dec. 18, 1990

f3 01/31/91 , 02/02/91 34.8 +0.1
–0.1

‘For each observation period, the measured T,,P was normalized to a Goldstone average clear zenith
X-band atmosphere of 2.17 K for DSS 13 and an X-band test package waveguide noise temperature TWg=
4.69 K as based on a standard waveguide physical temperature of 20”C (see [3] for methodology).

TABLE IV

SUMMARY OFKa-BAND ZENITH OPERATING SYSTEM-NOISETEMPERATURESAT DSS 13 FROMOCT. 12, 1990-
JAN. 31, 1991

Peak Deviations
Grand Averagea from Grand

Configuration Observation Dates Top, K Average, K

Ground 10/12/90, 11/09/90, 01/19/91, 84.7 +1.6
01/31/91 –1.7

fl 10/13/90, 10/14/90, 01/11/91 91.8 +0.4
–0.6

f2 01/16/91, 01/17/91 97.0 +0.4
–0.4

f3 11/10/90, 12/18/90 102.4 +0.1
–0.0

After Mirrors and Ellipsoid Realigned on Dec. 18, 1990

f3 01/23/91, 01/25/91, 01/30/91 98.6b +0.8
–0.7

aFor each observation period, the measured TOPwas normalized to a Goldstone average clear zenith Ka-
band atmosphere of 7.02 K for DSS 13 and a Ka-band test package waveguide loss noise temperature TWg
= 17.67 K as based on a standard waveguide physical temperature of 20”C (see [5] for methodology).

bThis number cannot be compared with the above f2 value. It is probable that the new f2 value is also
lower after the mirror realignment, but a measurement was not made.

HEMT and the switch is first in the “antenna” position peratures in real-time is available. Most options are ex-
and then in the “ambient-load” position. The test pack- ecuted by means of a single keystroke command from the
ages are designed to have nonlinearity errors of less than user.
1%. Nonlinearity errors are kept small by use of appro-
priate padding, filters, and amplifiers and mixers that do
not saturate at the expected input levels.

V. NOISE-TEMPERATUREMEASUREMENTRESULTS

All measurements ‘and data processing are performed Noise-temperature symbols are used in an equation and
automatically by the computer. The system is recalibrated the tables that follow. For the reader’s convenience, the
periodically or instantaneously as desired by the experi- symbols are defined in Table II.
reenter. Correction factors for system nonlinearity [10] Measurements with the test packages on the ground and
and gain changes are computed from the last system cal- at various focal points of the BWG antenna covered a span
ibration. An option for displaying corrected noise tem- of several months. Tables III and IV show the final grand
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TABLEV
DIFFERENTIALZENITHOPERATINGSYSTEM-NOISETEMPERATURESFOR

VARIOUSTEST CONFIGURATIONS

Delta TOP,K

Configurations Difference X-band Ka-band

fl – ground, 3.2 7.1
f2 – fl 4.2 5.2
f3 – fl 8.3 10.6

After Mirrors and Ellipsoid Realigned on Dec. 18, 1990

f3 – fl 8.9 6.8 ,

See Tables IIIand IV forfl, f2, and f3 values.

TABLE VI
X- AND’KU-B.4NDTEST-PACKAGEPERFORMANCECHARACTERISTICS

Parameter X-band Ka-bami

‘ Receive polarization RCP, LCPor fixed linear RCP or LCP (if reconfigured)

Receive frequencies 8.4-8.5 GHz (predetermined 31.865-32.085 GHz from lab
by inherited DSN tests
downconverter)

TOPon ground at. DSS-13, <23K 85 K actual’
zenith clear sky

Measured TOPresolution for the <0.02 K <0.06 K
above TOPvalue, ~ = 1 s
1OO-MHZ BW

Gain stability over O to 40°C <0.3 dB p-p, <0.1 dB <0.2 dB p-p, <0.05 dBih
ambient temperature range typical, <0.05 dB/h Dpwnconverter has

Downconverter in an thermoelectric temperature
ovenized box control

Total calibrated nonlinearity <1% <2%
error

Radio source temp (T, ) + [0.02 + 0.010 x l’s] K for + [0.06 + 0.020 x Z’,] K for
measurement accuracy (a 2<~, <10K 2< T,<1OK
delta measurement)

Overall TOPmeasurement <0.4 K p-p <o.8K p-p
accuracy, b
K10<TOP<150K
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averages of zenith operating system-noise temperatures at
X-band and Ku-band, respectively. Corrections have been
made for weather and waveguide ambient temperatures.
All values have been normalized for Goldstone average
clear X- and Ku-band atmospheres and a waveguide am-
bient temperature of ,20”C. More details on the method-
ology for data reduction may be found in [3] and [5].

When the. test package is on the ground, the general
expression for the operating system-noise temperature is

~op = ~~b/(~atm~wg) + Tatm/Lwg + Twg + ‘?hemt + Tfup

(1)

Under standard conditions at 8.45 GHz, the component
values are T~b = 2.5 K, T~t~ = 2.17 K, TWg= 4.69 K,
The~t = 13 K, and Tf.P = 0.4 K; L,t~ = 1.00814 (corre-
sponding to 0.0352 dB) and Lw~ = 1.0163 (corresponding

‘A major part of the total is due to 56.6 K from the HEMT and 17.7 K from waveguide losses.
bBased on error analysis, calibration errors, and estimated mismatch errors.

to 0.07 dB). Substitutions of the values into (1) results in
a predicted TOPof 22.7 K, which agrees with the measured
ground value of 22.7 K shown in Table III. An estimate
of the one standard deviation of the tabulated measured
value for each configuration shown on Table III is + 0.3
K.

Under standard conditions at 32.0 GHz, the component
values are T~b = 2.0 K, T.t~ = 7.02 K, Twg = 17.67 K,
Them,= 56.6 K, and TfUP= 1.8 K; L,t~ = 1.02683 (cor-
responding to 0.1150 .dB) and Lwg = 1.06414 (corre-
sponding to 0.27 dB). Substitutions of the values into (1)
results in a predicted TOPof 84.5 K, which agrees closely
with the measured ground value of 84.7 K shown in Table
IV: An estimate of the one standard deviation of the tab-
ulated measured value for each configuration shown in
Table IV is tO.7 K.
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One of the primary goals of the experimental project
was to determine degradations caused by the BWG mirror
system. The results given in Table V show that this goal
was achieved. The difference between f 1 and ground op-
erating system-noise temperatures reveals the amount of
degradation caused by spillover of the subreflector and
main reflector, scattering from the tripod legs, and leak-
age through gaps between panels and perforations in the
main reflector surfaces. The difference between f 2 and f 1
operating system-noise temperatures provides informa-
tion on the upper four mirrors (two flat mirrors and two
paraboloids), while the difference between f 3 and f 1 pro-
vides data on the upper four mirrors, the ellipsoid, and a
flat mirror above the feedhom.

Table VI lists the. microwave performance characteris-
tics of the X- and Ka-band test packages. The character-
istics are based on error analyses and several months of
field data [2]-[5]. The test packages performed better than
expected with regard to the linearity and short and long-
term gain stability. All test packages were designed to be
mechanically stable, and, in the field, their stabilities were
verified by the fact that the microwave performance char-
acteristics were maintained whenever any of the test pack-
ages was mounted at f 1 and the antenna was tipped from
zenith to the 5-deg elevation angle. The test packages
proved to be rugged in hostile environments and contin-
ued to work well even after repeated moves between f 1,
f 2, f 3, and the ground.

The outstanding electrical and mechanical characteris-
tics of the X- and Ku-band test packages (and radiometer
system) enabled the packages to be used for BWG system
diagnostic purposes as well as for efficiency [7], pointing-
error, subreflector defocusing-curve, and tipping-curve
measurements. Tipping-curve and subreflector test data
for different focal points of the BWG antenna at X- and
Ku-band may be found in [3] and [5].

VI. CONCLUDINGREMARKS

The goal of measuring BWG systems degradation
through the use of portable test packages has been
achieved at X- and Ka-band. Tests using a Ku-band
(12-GHz) test package for holography purposes were sim-
ilarly successful [8]. From the tests results presented in
this report, it can be stated that the test packages and ra-
diometer system are state-of-the-art antenna performance
evaluation instruments. To the authors’ knowledge, the
test-package method is the first known experimental
method for determining the degradations caused by the
BWG system of a large antenna.
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