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Preface

The work described m this report was performed by the Telecommunications
Division of the Jet Propulsion Laboratory.

Volume I includes all of the articles that relate to zero delay ranging tests pub-
hshed by the Commumecations Elements Research Section in the Jet Propulston
Laboratory’s The Deep Space Network Progress Report These articles were
published during the period January 1973 through October 1975,

It 15 hoped that this document will sexve as a useful and convement reference for
members of the Ranging Accuracy Team, Network Operations, and Navigation
Team, and others who use ranging calibratior. data,
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Abstract

Within this collection, a set of articles 1s concerned with the development of
special test equipment and a new dual-frequency Zero Delay Device (ZDD) that
were required for range tests and the measurement of ground station delays for
the Marner-Venus-Mercury 1973 S/X-Band Experiment.

Another set of articles is concerned with test data obtamed at DSS 14 (Gold-
stone, Cahforma) after mstallation of the ZDD on the 64-m antenna. It 1s shown
that large variations of range were observed as a function of antenna elevation
angle and were sensitive to antenna location. A new ranging calibration con-
figuration that was subsequently developed and a technique for determming the
appropriate Z-correction are described. Zero delay test data at DSS 14 during
the Marmer 10 Venus-Mercury-Encounter periods (1974 Days 12-150) are
presented.

The final set of articles 1s concerned with the theoretical analysis and experi-
mental venfications of the (1) effects of multipath and (2) effects of discontmuties
on range delay measurements. The last article shows how a movable subreflector
technique ‘and the multipath theory can be used to 1solate principal multipath
errors on the 64-m antenna and, therefore, enable a more accurate determination
of the actual ground station range delay.
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Reprinted from The Deep Space Network Progress Report, Technical Report 32-1526, Vol, XIlI, Feb 15, 1973, pp 72-81

S/X-Band Experiment: Development of Special
Telecommunications Development Laboratory
Support Test Equipment

T.Y Otoshi and O B. Parham

Communications Elements Research Section

This article documents the design of an X-band down converter and a doppler
extractor receiver that were specially developed and supplied to the Telecommum-
cations Development Laboratory in July 1971 The special equipment enabled pre-
liminary tests to be made on the performance of a combined 8 /X-band radio system
similar to that which will be used for the Mariner Venus/Mercury 1973 mussion

l. Introduction

The S/X-band experiment to be performed with the
Marner Venus/Mercury 1973 (MVM 73) spacecraft 1s a
dual-frequency experiment to measure the electron con-
tent of the interplanetary media between Earth and the
planets Venus and Mercury (Ref. 1). An uplnk signal
of approximately 2113 MHz will be transmutted to the
spacecraft from the 64-m-diameter antenna at DSS 14.
This uplink signal as recewved by the spacecraft radio
system will be coherently multiphed by ratios of 240,221
and 880/221 to produce S- and X-band carner frequen-
cies of approximately 2295 MHz and 8415 MHz The
coherent S- and X-band signals will then be transmtted
back to the DSS 14 ground system. A measurement of the
dispersiveness of the S- and X-band phase and range data
as recewved back at the ground station provides scientific

JPL TECHNICAL MEMORANDUM 33-747, VOLUME I

information required for determiming total mterplanetary
electron content -

A Block 1V ground radio system currently beng de-
veloped by the Division will be mstalled at DSS 14 for the
S/X expeniment The Block IV system will be a phase-
stabihzed system enabling simultaneous reception of S-
and X-band frequencies and will yield dispersive S/X
doppler and §/X range data

At the time the prelimmary tests were conducted (Sep-
tember through October 1971}, the Block IV system hav-
ing §/X capability was not yet available Therefore, it
was necessary to uhlize a Block ITI system that had only
S-band capability. The Block III system was converted
into an X-band phase-locked loop receiver by means of



an X-band to 30-MHz down converter, wiich will be
described in this article As was shown 1 a report by
Brunn (Ref 2), the prehminary ranging and carrier phase
test data were successfully obtamned.

I1. X-Band Down Converter

A block diagram of the X-band down converter 1s
shown in Fig. 1. An mput X-band signal (in the frequency
range of 8400 to 8450 MHz) 1s down converted to produce
a 50-MHz mtermediate frequency (IF) output signal This
output signal 1s then fed mio the 50-MHz IF mput stage
of a Block II recewver The Block III phase-locked loop
VCO output (nomnally 234 MHz) 1s fed back mto the
down converter assembly, doubled, and then added to a
coherent bias signal of approximately 517 MHz, which
1s produced by a frequency synthesizer and a 5-MHz
frequency standard. An output signal of approximately
98 6 MHz 1s then filtered and multiplied by 85 to provide
a phase-locked local oscillator frequency that 1s 50 MHz
lower than the input X-band signal Many of the mixers,
amplifiers, and multiphers are of the same design as those
implemented in the Block IV system The Telecommum-
cations Development Laboratory (TDL) X-band receiver
system was purposely designed to be similar to the
Block IV system so that prelimmary test data would
give a valid indication of MVM 73 S/X radio system
performance

Figure 2 shows the front, top, and rear views of the fab-
ricated assembly Table 1 shows typical noise figure and
image rejection data of this assembly as measured in the
laboratory After installation at the TDL, a noise figure

measurement was agam made on the X-band down con-
verter The smgle sideband noise figure of the converter
for the Channel 19 X-band wnput frequency (842179
MHz) was determined to be (102 %+ 0.5) dB as defined
at the Type N mput port of the converter assembly The
increase in noise figure was attributed to mmor adjust-
ments made after data of Table 1 had been obtained

llIl. X-Band Doppler Extractor Receiver

X-band doppler data were obtained by use of an §/X
translator and an X-band doppler extractor receiver simi-
lar to that which will be used 1n the Block IV system

A block diagram of the TDL X-band doppler extractor
system 1s shown m Fig 3 The doppler extraction method
1s sirmlar to that of the Block IV system except that the
first IF is 50 MHz 1instead of 325 MHz,

Figure 4 shows the fabricated recewver portion of the
TDL X-band doppler extractor system A special purpose
S/X translator (zero delay device) 15 currently bemng fabri-
cated and wall be supplied to TDL for S/X test purposes

IV. Acknowledgment

The equipment described 1n this article was developed
with the cooperation and assistance of R MacClellan,
C Johns, and H Donnelly of the RF Systems Devel-
opment Section. R. Clauss of the Communications Ele-
ments Research Section developed the low-loss waveguide
X-band filter
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Table 1 Noise figures and image rejections of
X-hand down converter

F Simngle-sideband Image
requency,
MHz noise figure, rejection,
dB dB
8400 122 41
8405 112 39
8410 110 37
8415 108 37
8420 98 36
8425 86 35
8430 85 34
8435 92 31
8440 10.0 30
8445 112 28
8450 124 25
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Fig. 1. Block diagram of TDL X-band to 50-MHz down converter
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Fig. 2. TDL X-Band to 50-MHz down converter: (a) front view; (b) top view; (c) rear view
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Fig. 2 (contd)
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Fig. 2 (contd)
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Fig. 4. TDL X-band doppler extractor receiver: (a) front view; (b) top view; (c) rear view
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Fig. 4 (contd)
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Fig. 4 (contd)
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Reprinted from The Deep Space Network Progress Report, Technic al Report 32-1526, Vol. XIV, Apr. 15, 1973, pp. 73-80.

S/X-Band Experiment: Zero Delay Device

T. Y. Otoshi and P. D. Batelaan

Communications Elements Research Section

A zero delay device currently being developed for the S/X band experiment is
described. Preliminary group delay and transmission coefficient phase data are
presented for some of the components in the zero delay device.

l. Introduction

The S/X band experiment to be performed with the
Mariner Venus-Mercury 1973 spacecraft is a dual-
frequency experiment to measure the electron content of
the interplanetary media between Earth and the planets
Venus and Mercury (Ref. 1). An uplink signal of approxi-
mately 2113 MHz will be transmitted to the spacecraft
from the 64-m diam antenna at DSS 14. This uplink
signal as received by the spacecraft radio system will be
coherently multiplied by ratios of 240/221 and 880/221
to produce S- and X-band carrier frequencies of approxi-
mately 2295 and 8415 MHz. The coherent S- and X-band
signals will then be transmitted back to the DSS 14
ground system. A measurement of the dispersiveness of
the S- and X-band phase and range (or group delay) data
as received back at the ground station provides scientific
information required for determining total interplanetary
electron content.

To calibrate group delay which is due only to the
ground antenna system, a zero delay device (ZDD) is

JPL TECHNICAL MEMORANDUM 33-747, VOLUME |

used. This device is physically installed on the ground
antenna and permits group delay of the ground system to
be calibrated as a function of antenna pointing direction
and ambient temperatures. This article describes the ZDD
which is currently being developed for the S/X experi-
ment, Preliminary group delay and phase data on some
ZDD components are also presented.

Il. Description of the S/X ZDD

Figure 1 shows a simplified block diagram of the ZDD
calibration system. The ZDD assembly will be installed
in a low profile position on the side of the Mod-III section
of the 84-m diam antenna at DSS 14. A reference 2113-
MHz carrier with range-code modulation from the Mu-2
ranging machine and Block IV exciter assembly is fed into
a 400-kW klystron amplifier. The amplified 2113-MHz
signal is transmitted through the S-band megawatt trans-
mit (SMT) cone microwave system and then radiated out
of the SMT cone horn. A small fraction of the signal
reflected from the subreflector is received by the ZDD

11




S-band horn. This received 2113-MHz signal is mixed
with coherent 182 and 6302 MHz local oscillator fre-
quencies provided by the Block IV exciter. As a result of
mixing, down-link test signals of approximately 2295 and
8415 MHz are generated and radiated out of the ZDD
S- and X-band horns back toward the subreflector. These
down-link signals are received by the X-band (multiple-
frequency X- and K-band (MXK) cone) and S-band (SMT
cone) microwave systems. The microwave systems are
followed by Block IV receivers and a Mu-2 ranging sys-
tem which extract the desired S/X range information.

In essence, the function of the ZDD is to simulate a
stationary spacecraft which is located on the ground
antenna itself. For the S/X experiment, the ZDD will
purposely be installed on the side of the Mod-III section.
This location permits transmission line lengths between
the ZDD and Block IV exciter to be kept physically short,
and therefore, help minimize possible temperature effects
on differential S/X phase and group delays.

Figure 2 is a preliminary detailed block diagram of the
ZDD assembly. The ZDD assembly includes such com-
ponents as S- and X-band horns, remotely controllable
switches and step attenuators, mixers, and a band-pass
filter. In order to have a reliable ZDD system, it is neces-
sary that the individual components be electrically stable
with regard to carrier phase and group delay. Some of the
ZDD components were tested for group delay and phase
stability as functions of ambient temperatures. The results
are summarized in the following.

lll. Test Results

A Hewlett-Packard Model 8542A automatic network
analyzer was used to measure group delays and transmis-
sion coefficient phase. As described in Ref. 2, group delay
can be determined from the slope of the transmission
coefficient phase versus frequency characteristic curve.
The advantages of using this network analyzer system are:
(1) rapid and inexpensive data taking and (2) good accu-
racies achieved because calibration corrections are auto-
matically applied by a computer. The tests were per-
formed by the Western Automatic Test Service (WATS)
of Palo Alto, California.

Figure 3 shows a remotely controllable step attenuator
manufactured by Weinschel Engineering of Gaithersburg,
Maryland. The attenuation of this device can be changed
in 1-dB increments over a total dynamic range of 69 dB.
Test data at pertinent S/X frequencies are summarized in

12

Table 1. The group delay results shown are typical of data
obtained over an S-band frequency range of 2000 to 2500
MHz and an X-band frequency range of 8000 to 9000 MHz.
Significant test results of this device can be summarized
as follows:

(1) The group delay is essentially the same at S- and
X-band frequencies. In addition, the group delay is
independent of attenuation setting.

(2) The transmission coefficient phase is somewhat
dependent upon attenuation setting.

(3) Based on three sets of measurements in the atten-
uation range of 0 to 40 dB, the measured group
delay values repeated to within 0.01 ns. Measured
phase values repeated to within 0.1 and 0.3 deg at
S- and X-band frequencies, respectively.

Figure 4 shows a remotely controllable broadband
coaxial switch manufactured by Hewlett-Packard Com-
pany at Palo Alto. Test data at pertinent S/X frequencies
are presented in Table 2. The group delay test results
shown are typical of those obtained over the S-band
frequency range of 2000 to 2500 MHz and those obtained
over the X-band frequency range of 8000 to 9000 MHz.
Based on the test results, it was found that for this device:
(1) the group delay was essentially the same at both S-
and X-band frequencies, (2) the group delay and phase
values vary only slightly over the ambient temperature
range of 4.4°C (40°F) to 37.8°C (100°F), and (3) based
on three sets of measurements, the group delay nominal
values of Table 2 repeated to within 0.01 ns and phase
values typically to within 0.2 deg.

Figure 5 shows a 2113-MHz coaxial bandpass filter
manufactured by Telonic Industries of Laguna Beach,
California. This filter has a 3-dB bandwidth of 400 MHz.
Its purpose is to filter out possible harmonic products
that could be generated by the X-band mixer and re-
radiated out the ZDD S-band horn. Table 3 shows the
test results over the filter passband. Properties of this
filter can be summarized as follows: (1) the group delay
varies about 1 ns in the 400-MHz passband and (2) group
delay and phase data variations with temperature are
small over the ambient temperature range of 4.4°C (40°F)
to 37.8°C (100°F). It is also of interest to note that the
group delay of 2 ns for the filter in the passband is about
7.5 times greater than the group delay of an air-dielectric
coaxial line having the same physical length (8 cm) as the
filter.
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IV. Conclusions such as the step attenuator and coaxial switches, the group

delays were essentially the same at both S- and X-band

Preliminary group and phase delay data have been pre-  frequencies. Variations of group delay and phase with

sented for some components being installed in the ZDD  ambient temperatures were negligibly small over the
assembly. It was found that for broadband coaxial devices  temperature ranges of 4.4°C (40°F) to 37.8°C (100°F).
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Table 1. Test data for Weinschel Model AE 97-69-3 step attenuator

Group delay, ns

Transmission cocfficient phase, deg

Attenuator Estimated error Estimated error
setting, dB 2110 2300 8420 limits, ns 2110 2300 8420 limits,* deg
MHz MHz MIlz MIlz Mliz MIiz
0 0.93 0.95 0.93 +0.12 4.9 -59.7 30.0 +=0.4 |
1 0.95 0.97 0.95 -28 —=68.0 -0.4
2 0.94 0.96 0.95 -0.7 -65.6 73
3 0.94 0.96 0.96 =1.0 -66.1 -
4 0.94 0.96 0.94 =07 -65.6 7.0
5 0.93 0.96 0.96 —0.6 -65.6 7.6
6 0.94 0.98 0.96 -0.2 -65.0 9.2
T 0.94 0.96 0.95 0.4 —-64.2 10.0
8 0.93 0.97 0.96 1.5 —-63.2 14.3
9 0.94 0.97 0.95 | 0.2 -645 11.2 f
10 0.96 0.98 0.96 +0.13 —14.3 -80.6 —46.4 =0.5
20 0.96 0.99 0.96 +0.14 -=10.9 -77.1 -34.1 +=0.5
30 0.98 1.00 0.99 +0.16 —18.6 -854 -68.5 =086
40 1.00 0.99 0.97 +0.22 -16.8 -83.7 -54.6 +0.8
50 1.08 1.03 1.07 +0.33 —35.5 -102.8 -129.9
60 1.3 1.1 1.1 +0.67 -29.5 —-98.6 —-114.6 =24 |

*Manufacturer’s specs on the HP 8542A automatic network analyzer.
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Table 2. Test data for HP 8761A coaxial switch [

Port 1 toC

Goup ey 58 Transmission coefficient

Fre- phase, deg
quency,

MHz 44°C 21.1°C 37.8°C 44°*C 21.1*C 37.8°C
(40°F) (70°F) (100°F) (40°F) (70°F) (100°F)

2110 0.24 0.23 0.24 —164.4 —164.6 —164.5

2300 0.21 0.21 0.21 -1789 -179.2 -179.1

8420 0.22 0.22 0.22 66.3 65.3 65.7

) Port2to C

2110 0.24" 0.24 0.23 —-1644 -1644 -—164.5

2300 0.21 0.21 0.21 =1789 =179.0 -179.1

8420 .22 0.22 0.22 6G6.3 65.8 65.8
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Table 3. Test results for Telonic TBP 2114-400-4EF1 bandpass filter

21.1°C Group delay, ns Transmission coefficient phase, deg
Frequency, (70°F)

MHz Insertion loss, 4.4°C 21.1°C 37.8°C 4.4°C 21.1C 37.8°C

dB (40°F) (70°F) (100°F) (40°F) (70°F) (100°F)
1750 10.5 - 1.46 - - 142.2 -
1800 55 - 2.19 - - 110.8 -
1850 1.6 e 2.71 = & 63.2 4
1910 0.42 2.32 2.37 2.39 2.2 4.1 5.0
2000 0.47 2.00 2.03 2.00 -85.7 -64.8 -64.2
2100 0.53 2.02 2.03 2.03 -137.8 -1387.2 -136.9
2200 0.47 299 221 2.21 146.2 146.4 146.6
2290 0.80 3.22 3.24 3.23 62.9 62.7 62.9
2350 4.7 - 3.13 - - -15.5 -
2400 11.7 - _ 2.04 - — -62.4 -
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Fig. 1. Simplified block diagram of ZDD calibration
system for S/X experiment
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Fig. 3. Remotely controllable coaxial step attenuator, Weinschel Engineering
Model AE 97-69-3

Fig. 4. Remotely controllable coaxial switch, Fig. 5. Coaxial 2113-MHz bandpass filter, Telonic Industries
Hewlett-Packard Model HP 8761A Model TBP 2114-400-4EF1
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Reprinted from The Deep Space Network Progress Report, Technical Report 32-1526, Vol. XV, June 15, 1973, pp. 84-87.

S/X-Band Experiment: Zero-Delay-Device Step
Attenuator Evaluation

T. Y. Otoshi
Communications Elements Research Section

Test results are presented for a coaxial step attenuator to be used in the zero
delay device for the S/X-band experiment. The test results at 182, 2113, 2295,
6302, and 8415 MH?z indicate that the attenuator group delay changes about 0.07
ns over a 69-dB range. Tests made over a temperature range of 4.4°C (40°F) to
37.8°C (100°F) indicate that group delay and phase changes as a function of

temperature are small.

I. Introduction

In Ref. 1, a zero delay device (ZDD) to be installed on
the 64-m-diam antenna at DSS 14 was described. The
ZDD is currently being developed for the S/X-band
experiment to enable the group delay of the ground radio
system to be calibrated, including the microwave antenna
optics. Fig. 1 shows the step attenuator which will be
used in the ZDD for purposes of varying signal levels.
The attenuation of this device can be changed in 1-dB
increments over a total dynamic range of 69 dB.

In the previous article (Ref. 1), some preliminary group
delay and phase data were reported for the step attenu-
ator at S- and X-band frequencies. Recently, the attenu-
ator was also tested at 182 and 6302 MHz, which are the
local oscillator frequencies for the S- and X-band mixers
in the ZDD. This article will present these data, as well
as data taken over a temperature range of 4.4°C (40°F)
to 37.8°C (100°F).

JPL TECHNICAL MEMORANDUM 33-747, VOLUME |

Il. Test Results

Table 1 shows a summary of the test results obtained
on the step attenuator at 182, 2113, 2295, 68302, and 8415
MHz. The test data were obtained on a Hewlett-Packard
8542A Automatic Network Analyzer. The work was done
by the Western Automatic Test Services of Palo Alto,
California.

At higher attenuation settings in the region of 30 to
70 dB, it is known that the accuracy of the Automatic
Network Analyzer becomes increasingly affected by
noise. Therefore, it is not unusual to observe random
fluctuations in the group delay data over the test fre-
quency band. To overcome this problem, a least-squares
linear fit was made to the phase data as a function of
frequency over approximately 5% bandwidth frequency
ranges. Group delay could then be calculated from the
slope of the linear curve. This procedure was felt to be
valid since it was already known (from data taken at
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lower attenuation settings) that the step attenuator has
very broadband properties.

The test data in Table 1 can be summarized as follows:

(1) The transmission coefficient phase data indicate
that the attenuator becomes electrically longer as
attenuation increases.

(2) Group delay tends to increase with attenuation set-
ting, in agreement with the test results described
above in (1). Group delay changes about 0.07 ns
over the attenuation range of 0 to 69 dB.

(3) The group delay and phase data changes with tem-
perature do not appear to be correlated. However,
changes of group delay and phase appear to be
reasonably small over the temperature range of
4.4°C (40°F) to 37.8°C (100°F).

(4) The incremental phase shift increases linearly with
frequency. Therefore, the incremental phase shifts
at two different frequencies are related by the fre-
quency ratio.

To clarify (4), let the incremental phase shift for a
2-port variable attenuator be expressed as

Ay = Ya(Aas) — ¥21(0) (1)

where y.,(A4s) and y.,(0) are the transmission coefficient
phases measured at an arbitrary attenuator setting Aus
and at a zero-dB setting, respectively. Then, if the incre-
mental phase shift is known at one frequency, the in-
cremental phase shift at another frequency can be
calculated from the expression

(Aya)r, =-’}(A¢,,)I= (@)

For example, from Table le it is found that, at 8415 MHz
and 21.1°C, the incremental phase shift at the 10-dB
setting is

(A1), = —47.8 — 288 = —T76.6deg

Then, the corresponding incremental phase shift at 182
MHz as calculated from Eq. (2) is

182
(Af“zn)“:= = 8415 (—768) ==14 deg

From Table la, the actual measured incremental phase
shift at the 10-dB setting is

(A¢:),,, = —63.5 — (—61.9) = —1.6deg
which is in.good agreement with the calculated value.
The data at other test frequencies and attenuation set-
tings are generally in good agreement with those
predicted by Eq. (2).

lll. Concluding Remarks

Group delay and phase data for the ZDD coaxial step
attenuator have been presented. It was shown that the
device becomes electrically longer by approximately 0.07
ns when the attenuation increases from 0 to 69 dB. The
changes in group delay and phase as a function of
temperature were found to be reasonably small over the
temperature range of 4.4 to 37.8°C.

Reference

1. Otoshi, T. Y., and Batelaan, P. D., “S/X Band Experiment: Zero Delay
Device,” in The Deep Space Network Progress Report for January and
February 1973, Technical Report 32-1526, Vol. XIV, pp. 73-80. Jet Propulsion
Laboratory, Pasadena, Calif., Apr. 15, 1973.
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Table 1. Test data for Weinschel model AE 97-69-3
step attenuator

Atten- Group delay, Transmission coefficient
uator ns phase, deg
setting,

dB 44°C 21.1°C 37.8°C 44°C 21.1°C 37.8°C

(a) 182 MHz
0 103 095 102 —611 —619 —611
10 102 096 101 —630 —635 —629
15 105 098 104 —637 —641 —636
30 097 097 098 —638 —638 —635
60 101 1.00 100 —658 —658 —654
69 - 1.01 s P T,
(b) 2113 MHz
0 095 094 09 74 38 74
10 1.02 097 BT =)L =158 “=11R
15 103 097 103 18 SRy T11A
30 098 097 098 —166 —200 —162
60 103 099 103 =39 —-12F —297
69 = 1.00 e S 3 0T e
(c) 2295 MHz

0 0.95 0.91 094 —540 -—580 —354.1
10 1.00 0.96 099 -—-750 -—78.7 -751

15 0.99 0.98 098 817 -—-847 -8l1

30 0.97 0.97 097 -—803 -—836 -T99

60 0.97 0.96 099 —998 -—975 —98.6

69 — 0.99 — —  —1033 —_
(d) 6302 MHz

0 0.94 0.93 0.94 249 245 24.8
10 0.96 0.96 098 —325 —328 —33.0

15 097 097 098 —487 —486 —49.4

30 097 097 09T —4771 —413 —417

60 101 099 098 —823 —80.5 —79.8

69 100 100 101 —968 —96.1 —939

mAL PA_GE I.S (e) 8415 MHz

ORIG UALITY 0 094 093 094 205 288 290
OF POOR Q 10 095 095 004 —475 —478 —483
15 098 098 098 —696 —695 —705

30 097 097 097 —696 —601 —698

60 101 101 102 —1180 —1155 —1l44

89 099 101 102 —1368 —1344 —132.3
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Fig. 1. Remotely controllable coaxial step attenuator, Weinschel Engineering Model AE 97-69-3
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Reprinted from The Deep Space Network Progress Report, Technical Report 32-1526, Vol. XVII, Oct. 15, 1973, pp. 68-77.

S/X Experiment: Preliminary Tests of the Zero Delay Device

T. Y. Otoshi and P. D. Batelaan
Communications Elements Research Section

Preliminary testing of the zero delay device for the S/X experiment was per-
formed at the Telecommunications Development Laboratory. The test setup
consisted of a Block IV exciter, the zero delay device under test, a Block I1I receiver
for S-band reception, a Block IV receiver for X-band reception, and a Mini-Mu
ranging machine. Group delay through the system was measured as a function of
received signal level and zero delay device temperature. The test results are pre-

sented and discussed.

l. Introduction

Fabrication of a zero delay device (ZDD), developed
for the S/X experiment (Ref. 1), has recently been com-
pleted. This device will be installed on the side of the
Mod-III section of the 64-m-diam antenna at DSS 14. The
ZDD will simulate a spacecraft radio system mounted on
the ground antenna itself. It is used for routine tracking
precalibrations and will enable group delay and phase
stability of the ground radio system to be calibrated as
functions of antenna pointing coordinates and ambient
temperatures. As was described in a previous article (Ref.
2), the ZDD in the operational configuration at DSS 14
will be used with a Block IV exciter, Block IV S-band
receiver, Block IV X-band receiver, and a Mu-2 ranging
system. Additional discussions on the principle of opera-
tion and detailed block diagrams of the ZDD may be
found in Ref. 2.
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Il. Test Setup

The Block IV exciter ‘receiver systems and the Mu-2
ranging system are scheduled for installation at DSS 14
in October 1973. Owing to the unavailability of these sys-
tems, preliminary checkout of the ZDD assembly was
attempted in the laboratory. The use of a Hewlett-Packard
5360A computing counter and other group delay measure-
ment schemes was found to be only partially satisfactory.

It was suggested by L. Brunn of the Spacecraft Tele-
communications Systems Section that preliminary ZDD
tests be done at the Telecommunications Development
Laboratory (TDL). The test equipment and setup at TDL
were found to be ideally suited for testing the ZDD
assembly. In addition to a Block III receiver for S-band
testing, TDL was also equipped with a temperature-con-
trolled test chamber, RF screen room, Mini-Mu ranging
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machine, and an SDS 920 computer for both phase and
group delay data processing. An engineering model Block
IV exciter/receiver for X-band testing was made available
by the R.F. Systems Development Section.

Figure 1 shows the ZDD placed in the TDL tempera-
ture-controlled test chamber. For these temperature tests,
phase-stable cables (Flexco F182) were used for all
critical RF transmission lines leading into and out of the
temperature-controlled environment. A block diagram of
the test setup is shown in Fig. 2. Some modifications made
to the original ZDD block diagram (Ref. 2) to facilitate
testing at TDL were (1) substitution of phase-stable cables
for the S- and X-band horns, (2) removal of an S-band
45-dB pad, (3) substitution of a 2113-MHz bandpass filter
by a 6-dB pad, and (4) substitution of a 40-dB X-band pad
by a 3-dB pad. The substituted pads were chosen to make
the received S/X signal levels be approximately the same
as anticipated when the ZDD is used on the 64-m-diam
antenna with the 400-kW transmitter turned on.

Tests were made by sequentially switching between the
S-band Block III receiver and the X-band Block IV
receiver. The following operating conditions existed for
the calibrations at TDL:

S-band Block III receiver
Noise figure = 6.1 dB
RF bandwidth = 12 Hz
Threshold = — 158 dBm

X-band Block IV receiver
Noise figure = 14 dB
RF bandwidth = 3 Hz
Threshold = — 155 dBm

Uplink ranging modulation index = 69.2 deg
ZDD power levels: refer to Fig. 2

ZDD mixer oven temperature = 51.9°C

Group delay and phase data were obtained as functions
of signal level and the physical temperature of the ZDD
assembly. Signal levels were varied by means of the S- and
X-band step attenuators on the ZDD assembly. The test
chamber temperatures selected for the ZDD tests were
4, 21, and 34°C. The actual temperature extremes in the
Mod III section, where the ZDD assembly will be in-
stalled, are expected to be well within the temperature
range of 0 to 34°C.

24

lll. Test Results and Discussion

Croup delay ranging data and phase data were
processed by means of special TDL computer programs
written for the SDS 920 computer. Output data from the
computer was provided every 20 or 30 seconds. However,
these integration periods could be changed at the option
of the operator. These output data were then averaged
manually to obtain an overall mean and standard error
applicable to the total integration time at a particular
signal level setting or temperature. These mean values of
group delay with standard error limits are shown plotted
as functions of received signal levels and temperature for
S- and X-band frequencies in Figs. 3 to 10.

It is of interest to note in Fig. 3 that at 21°C ambient
temperature, the mean value for the S-band group delay
changed about 1.6 ns when signal levels were varied over
a 40-dB dynamic range. Figure 7 shows that the X-band
group delay at 21°C changed about 4 ns when signal levels
were varied over a 30-dB range. Similar observations of
group delay changes at other temperatures are sum-
marized in Table 1 for convenience of further study. The
overall or worst case group delay change as functions of
both temperature and signal level was found to be about
5 ns for S-band and 7 ns for X-band.

Table 2 is a summary of group delay repeatability tests
at a particular strong signal level setting. The elapsed time
between settings was 1 hour or more. The worst change or
drift observed at 21°C was 0.77 ns for S-band and 1.56 ns
for X-band.

The causes of the group delay changes at the stronger
signal levels are not clearly understood at the present time.
The changes should not be attributable to the ZDD atten-
uators because group delay changes of the individual
attenuators are less than 0.05 ns over a 69-dB range and
4.4 to 37.8°C temperature range (Ref. 3). Repeatability of
the ZDD attenuators was typically better than +0.02 ns.
Some of the group delay changes might be attributed to
the ranging system itself. Changes of about +2 ns have
been previously observed on TDL ranging tests of space-
craft radio equipment (Ref. 4).

The data presented in this article should be considered
to be preliminary and not necessarily applicable to the
final installed configuration at DSS 14. Phase data which
were also obtained on the ZDD assembly at TDL are
currently being analyzed. The phase test results will be
reported in a subsequent article.
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Table 1. Summary of peak group delay changes observed
as functions of signal level and temperature

Temperature, Maximum, Minimum, Difference,
°C

ns ns ns

S-band mean values for signal levels 18 to 58 dB above threshold

21.0 232.26 230.69 1.57

4.4 231.35 229.23 2.12

34.0 232.29 230.69 1.60

Posteallimation, . e31n 297.37 3.70
34°C for max;

21°C postcali- 232.29 227.37 4.92

bration for min

X-band mean values for signal levels 5 to 35 dB above threshold

21.0 279.08 275.06 402

4.4 274.40 272.01 2.39

34.0 276.24 272.89 335

P °"°“2'i‘_’5a"'°“- 273.39 272.07 1.32
21°C for max;

T e 279.08 272.01 7.07

Table 2. Summary of group delay system drift tests
at strong signal level

Temperature, Initial, Final, Change, Elapsed
°C ns ns ns time, h
S-band mean values for signal level 58 dB above threshold
21.0 230.75 229.98 0.77 1.1
44 229.23 229.41 —0.18 1.3
34.0 230.76 230.60 0.16 1.5
Poucalestion, g5s058. 23047 0.15 13
X-band mean values for signal level 35 dB above threshold
21.0 277.83 279.39 —1.56 5 |
4.4 273.65 274.40 —0.75 1.3
34.0 274.32 273.06 1.26 2.0
Fosesllbeation, 7090 - 97941 0.49 11

JPL TECHNICAL MEMORANDUM 33-747, VOLUME 1|




J— 8415 MP7

ouT

6302-MHz="
Lo ' ; - S-BAND
/s STEP
ATTENUATOR

ATTENUATOR = f COUPLER=—

SEBAND

X-BAND = — . 3
STEP dd | '.* [

GROUP DELAY
CABLE STANDARD
INSERTION POINT
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path of the ZDD at 34°C
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Reprinted from The Deep Space Network Progress Report 42-20, Apr. 15, 1974, pp. 64-68.

S/X Band Experiment: Zero Delay Device Antenna Location

C. T. Stelzried, T. Y. Otoshi, and P. D. Batelaan
Communications Elements Research Section

Representative data are presented for the original Block 3 and Block 4 zero
delay devices as a function of antenna elevation angle. Instabilities on the order
of 33 nanoseconds as obtained with the original S-band Block 3 system are reduced
by relocation of the zero delay device (ZDD) homn. However, unsatisfactory per-
formance at X-band for the Mariner Venus/Mercury 1973 (MVM’73) S/X experi-
ment ZDD requires a reconfiguration eliminating the horns and associated air path.

I. Introduction

The S/X-band experiment (Ref. 1) requires a zero delay
device (ZDD) for routine calibrations and receiving sys-
tem performance verification tests. The Block 4 ZDD
(Ref. 2) developed for the S/X-band experiment is an
antenna-mounted transponder that receives an uplink sig-
nal of 2113 MHz and reradiates downlink signals of 2295
and 8415 MHz. It utilizes the Mu-2 ranging and Block 4
receiving systems.

This article presents results of some preliminary tests at
S-band made to determine the Block 3 ZDD range change
sensitivity to antenna tipping and horn location. In addi-
tion, the Block 4 ZDD performance at both S- and X-band
with antenna tipping is presented. Figure 1 shows the
DSS 14 64-m antenna and indicates the various test loca-
tions for the ZDD on the dish surface (positions 1-3) and
the ZDD installation exterior to the Mod 3 area (posi-
tion 4).
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Il. Test Setup

A series of S-band tests was performed on the 64-m
antenna at DSS 14 from August 1972 to January 1973 to
evaluate the performance of the ZDD. Three test setups
were as follows:

(1) The S-band Block 3 ZDD was used and consisted
of an open-ended WR 430 waveguide/type N co-
axial transition and a mixer diode. The local oscilla-
tor (LO) frequency of 181 MHz was supplied by
the Block 3 receiver/exciter assembly, and ranging
was done with the Mu-1 ranging system. The ZDD
was first mounted on the 64-m antenna surface
near the base of a quadripod leg (Fig. 1, position 1).
This location has been used in conjunction with
Mu-1 ranging for previous flight missions. The ZDD
was then moved to other locations (Fig. 1, posi-
tions 2, 3) and tested. The polarization diversity
S-band (PDS) cone diplex system and PDS maser
were used for this test setup.




(2) The second test setup involved radiating from the
PDS cone and receiving with several types of small
antennas at a location exterior to the roof of the
Mod 3 level (Fig. 1, position 4). Relative phase was
measured with a network analyzer, and range was
determined by a frequency variation method.

(3) The third test configuration may be seen in Fig. 2.
In this test configuration the Block 4 ZDD is in-
stalled at a location exterior to the Mod 3 level,
below and near the roof ladder access hatch (Fig. 1,
position 4). The ZDD is enclosed in a special RF-
shielded welded box with remotely controllable lid
for RF noise burst suppression. The location for this
configuration was selected on the basis of results
obtained in the above test setups. This location has
the added advantage that the source of the LO fre-
quencies is physically close to the ZDD from the
Mod 3 area, thus resulting in greater phase stability.

ll. Test Results

Ranging stability using the Block 3 ZDD was found to
be very sensitive to antenna elevation angle. Data were
typically taken at 10-deg increments of elevation angle.
A summary of the data is shown in Table 1. In addition,
a test was performed using the Block 3 translator, which
bypasses the transmitter and air path completely. Approxi-
mately 1 nanosecond of range change was measured with
antenna tipping indicating good stability of the overall
maser/receiver system. These data indicate that the loca-
tion of the ZDD “antennas” is a key factor in determining
the magnitude of the instabilities, which are presently
assumed to be due to elevation-dependent multipath
phenomena.

The comparable results for Tests 1 and 6 are to be noted
in that they were made at different times with indepen-
dent equipment and measurement setups but at the same
location (Fig. 1, position 4).

Figure 3 shows the system ranging performance for the
dual channel S- and X-band systems using Block 4 re-
ceivers and the Mu-2 ranging system with the ZDD
mounted in the shielded box (Fig. 1, position 4) and with
the S/X reflex feed system installed. Considering the large
instability with elevation angle at X-band and the re-
quirement to provide a stable calibration system for the
MVMT3 S/X experiment, it was decided to modify the
original ZDD block diagram. This was accomplished by
bypassing the horns and providing the 2113 MHz from a
directional coupler on the transmitter output and inject-
ing the S(2295-MHz) and X (8415-MHz) signals directly
into the respective masers via waveguide couplers and
semirigid cables. This configuration eliminated the as-
sumed multipath-originated range instabilities (Ref. 4).

IV. Conclusions

Tests for proper location of a ZDD were conducted
only at S-band frequency and before installation of the
S/X reflex feed mechanisms. These tests indicated that,
under those conditions, the location exterior to the Mod 3
level would be satisfactory.

Based on these data, the Block 4 ZDD was installed at
the Mod 3 location in the shielded RF box. After installa-
tion of the Block 4 receiver/exciter, Mu-2 ranging and the
S/X reflex feed, tests showed that the location, while
acceptable for S-band, was not acceptable for X-band.
This required a reconfiguration eliminating the horns and
associated air path.
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Table 1. Summary of DSS 14 zero delay device performance in

S-band antenna tipping tests
pk/pk range variation
Test Description with antenna elevation

angles between zenith
and 11 deg, ns

1 Test setup 2 <l
(Fig. 1, position 4)
2 Test setup 1, Block 3 ZDD, 33

original position
(Fig. 1, position 1)

3 Test setup 1, Block 3 ZDD 6
(Fig. 1, position 2)
4 Test setup 1 Block 3 ZDD 15

(Fig. 1, position 3), 1.5
panels from antenna edge

5 Test setup 1, Block 3 ZDD, 13
Mod 3 location
(Fig. 1, position 4)
6 Test setup 1, same as Test 5 3
except pyramidal horn
added to Block 3 ZDD
ORIGIy
OF poo‘é[' PAGE 15 -

QUALI’I’Y
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——POSITION 2:
_BLOICK 3 20D TEST

)

Fig. 1. DSS 14 64-m antenna showing various locations of ZDD
test positions (1 through 3) and RF shielded box (position 4)
used for the Block 4 ZDD installation
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Fig. 2. Simplified block diagram of the original ZDD
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Reprinted from The Deep Space Network Progress Report 42-20, Apr 15, 1974, pp 57-63

S/X Experiment: A New Configuration for Ground System
Range Calibrations With the Zero Delay Device

T. Y. Otoshi and C. T. Stelzried

Communications Elements Research Section

A new configuration for ground system range calibrations with the zero delay
device (ZDD) was recently implemented at DSS 14 for the 8/X experiment. In this
new configuration, the original ZDD horns and associated air paths are eliminated.
The uphnk test signal 1s now coupled out of the transmitter waveguide path and
brought directly to the ZDD by calibrated cables of known delays The downlink
signals generated by the ZDD are injected diwrectly into the masers via calibrated
cables and waveguide couplers Preliminary tests on the new system indicate that,
in the absence of the air path, the ground system range change as a function of
antenna elevation angle 1s typically less than 3 ns at S-band and X-band,

L. Introduction

With the exception of DSS 14, all stations of the Deep
Space Network use the conventional zero delay ranging
configuration, 1 which the zero delay device (ZDD) 15>
mounted on the dish surface A zenith range measurement
to a dish-mounted ZDD and a simple Z-height correction
(Ref 1) should provide all of the needed ground station
information for determining the true range to the space-
craft However, as was pointed out in a separate article
(Ref. 2) m this volume, results of tests showed that large
changes 1n range occurred as a function of antenna eleva-
tion angle when a ZDD was placed on the 64-m antenna
dish surface Since the changes could be due to a multi-
path phenomenon, one cannot assume that a zenith mea-
sured value 1s the correct value. It was further reported in
Ref. 2 that a satisfactory location 1n the Mod-3 area was
found for the ZDD at S-band, but the performance at
X-band was unsatisfactory.

Because of the described problems with the conven-
tional ZDD configuration, it was proposed by G. S. Levy
that, for the S/X experiment, the ZDD horns and associ-
.ated air paths be eliminated and replaced by semirigid
cables This article describes the new configuration and
presents results of some preliminary tests

38

li. New Configuration

A block diagram of the current ZDD calibration system
at DSS 14 may be seen m Fig 1. This new configuration
was installed on the 64-m antenna system at DSS 14 on
January 12, 1974 In tins new configuration, the uplink
2113-MHz signal is now sampled from a direchional cou-
pler in the waveguide transmit Iine and earried dwectly
to the ZDD by coaxial cables of known delay. The down-
link signals of 2295 and 8415 MHz generated by the ZDD
are carried by calibrated cables and injected directly into
the respective S- and X-band masers via directional cou-
plers. Figure 2 shows the block diagram of the ZDD
assembly as presently modified for this new configuration.
The origmal block diagram for the ZDD was previously
shown in Refs 3 and 4

The maimn disadvantage of the new method is that, by
elimmation of the air path, one 1s not able to use the
ZDD to detect problems which might occur in the micro-
wave optics subsystem. With the new ZDD configuration,
one is restricted to testing only the portion of the ground

1A previous similar configuration was mstalled on December 20,

1973, but 15 not descnbed n this article This previous system
could only be vsed with the 20-kW transmutter.
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system that includes the transmitter, masers, Block 4 re-
ceivers, and associated wavegmde and cable paths. A sec-
ond disadvantage of the new method is that there is no
longer just a simple Z-height correction that must be
added to the measured ZDD range value. As described
“in an article elsewhere in this volume (Ref. 5), the new
Z-correction now requires knowledge of range delays in
all portions of the uplink and downlink signal paths that
are riot mutually common to the “Range-on-ZDD” path
and “Range-on-Spacecraft” path as defined up to the an-
tenna bench mark, Knowledge of these delays requires
(1) group delay calibrations of cables to and from the
ZDD, (2) group delay calibrations of portions of the
transmit/receive waveguide paths, and (3) calculations of
air path delays via the microwave optics path, A tabula-
tion of the delays as calibrated with a phase-locked net-
work analyzer system is presented in Table 1 for the
DSS 14 ground system depicted in Fig. 1. It should be
pointed out that any new equipment installation in the
paths described in Table 1 will invalidate the calibrations.

The advantage of the new method is that the range and
- phase calibrations will be more stable and repeatable. As
will be shown later, the range delay variation with an-
tenna tipping 15 very small. A second advantage is that a
theoretically calculated air path delay should be more
accurate than a ZDD measured value which is apparently
corrupted by multipath effects A theoretical analysis
can account for the total integrated effects of a far-field
illuminator and therefore more closely represent the
actual spacecraft range configuration, The elevation angle
dependence of range to quadripod blockage, reflector
surface distortions and sagging, reflections from antenna-
mounted structures, and subreflector defocussing can be
studied analytically,

IH. Test Resuits

Figures 3 and 4 show preliminary results of range tests
on the new ZDD configuration using the 100- and 20-kW
transmitters, respectively. It can be seen that the maxi-
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mum range change with elevation angle was about 3 ns
for S-band and X-band. Additional tests showed that insig-
nificant changes of range occurred as funttions of azimuth
angles for either the S- or X-band system. These prelimi-
pary test results indicate that the group delays of the
transmitters, masers, Block 4 receivers, and associated
cabling are nearly insensitive to antenna motion.

The ZDD was also used to test the doppler phase sta-
bility of the S- and X-band systems as functions of antenna
tipping The peak phase changes due to doppler phase
jitter and antenna tipping were typically found to be less
than +30 deg for S-band and X-band Some of the phase
changes that were observed could be attributed to the
quantization error of the S/X doppler resolvers. The peak
error due to the resolvers is about +18 deg for a 5-MHz
biased doppler. It should be pointed out again that the
measured values do not include possible changes in the
air path -

IV. Conclusions

The new ZDD configuration using cable paths rather
than the air paths has been found to be virtually insensi-
tive to antenna motion. This new configuration therefore
appears to be superior to the original system in terms of
repeatability. Since the new configuration does not in-
clude the arr path, the effects of antenna sag on range and
phase stability must now be determined theoretically.

At present the ZDD range values are being taken with
the antenna at zenith during the precalibration and post-
calibration periods of the Mariner 10 spacecraft tracking
passes. Over a period of about 30 days, the differential
$/X ZDD range appears to be stable to within 10 ns. The
long-term absolute group delay instabilities are about two
times greater. An attempt is being made to analyze the
changes and correlate them with ambient temperature,
maser gain, and Block 4 equipment modifications.
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Table 1. Summary of group delay measurements pertinent fo
DSS 14 Z-corrections for the new ZDD configuration implemented
on January 12, 1974

Input port Qutput port
(Figs. 1and 2) (Figs 1emdg)  Measured group delay, ns

49'35 0 09 (1o)
14 11 =0.76 (15) .
87 38 =012 (1o)
9 49'+0 80 (Lo)
7063 =0 10 (1o)
3277 +0 08 (o)
37 57 £0.12 (o)
091 +0.03 (1o)

2’

~

oW >w>
w03 =1 () b b D
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Fig. 1. Block diagram of the new configuration at PSS 14 for ground system range calibrations
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S/X-Band Experiment: Zero Delay Device Z Correction

P D. Batelaan
Communications Elements Research Section

A new dual-frequency (S-band and X-band) zero delay device (ZDD) was
required for the MVM'73 S/X experiment at DSS 14 To properly utilize the “zero”
calibration provided by the ZDD, an evaluation of the “Z” term in the ranging
equations must be made An equation for this term is derived, and values are deter-

mined for several configurations

l. introduction

A new dual frequency (S-band and X-band) zero delay
device (ZDD) was required for the MVM'73 S/X experi-
ment at DSS 14 (Refs 1, 2)  To properly utilize the “zero”
calibration provided by the ZDD, an evaluation of the Z
term in the ranging equations must be made (Ref 3) An
equation for this term is derived and values are deter-
mined for several configurations

Iscussions of the preliminary location tests and cabbration of this
ZDD are presented by C. T Stelzned, et al and by T Y Otoshi
and C T Stelzried elsewhere mn ths ssue
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{l. Discussion

By referring to Figs. 1 and 2, 1t is possible to write
an equation for the ranging machine “gross indicated”
value of round-trip light ime (RTLT) while tracking the
spacecraft:

As‘.rc(g) = [BU+B;}'+CU_ D +Eg] +Fg

+ [Es— D + Cpg + Bps + an} (S-band)

1
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where

Agjo = rahging machine “gross indicated” round-trip
light time while locked on the spacecraft (S/C),
i.e, time for 4 signal to go from the ranging
machine, through the complete system and back
to the ranging machine?

By = time for a signal to travel from the ranging ma-
chine to the uplink sampling point for the ZDD

7, = time for a signal to travel from the uplnk sam-
phng point for the ZDD to the radio frequency
(RF) ¢ center of the ground antenna feed horn

Cy = time for a signal to travel from the feed-horn
phase center, through the dichroic feed system,
subreflector and parabolic surface to the aper-
ture plane of the paraboloid

D = distance (in equivalent trme units) between the
aperture plane and the antenna “bench mark™

E = time for a signal to travel between the ground
antenna bench mark and the spacecraft antenna
aperture plane

F = two-way or round trip time for a signal to travel
from the S/C antenna aperture plane, through
the S/C radio subsystem and return to the S/C
aperture plane

p = time for a signal to travel from the RF ¢ center
of the ground antenna feed horn to the ZDD
simulated downlink injection point

B, = time for a signal to travel from the ZDD simu-
lated downhink injection pomt to the ranging
machine

Subscripts U and D indicate uphnk and downlink, respec-
tively, and § indicates S-band X will indicate X-band
Where no 8 or X designation appears, the terms are 1den-
tical for 8- and X-band signals.

A similar equation may be written for X-band-

Asjoy = [By + By + Cy — D + E5] + Fx

+ [Ex — D + Cpx + Bbx + Boi] (X-band)

(2)
“Times” discussed here mean equivalent free-space hight hmes

$For DSS 14, the “bench mark” designated here is the intersechon
of the azimuth and elevation axes
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Similarly, equations can be written for the ranging ma-
chine “gross indicated” value of round-trip light time
while “tracking” the ZDD:

Azpp@ = [Bu + Gy] + Hs + [Gos + Bos] (3)
Aspnp oy = [BU + Gyl +Hx + [Gox + Bm’] (4)

where

Azpp = ranging machine “gross indicated” round-trip
light time while locked on ZDD, i.e., time for
a signal to go from the ranging machine,
through the complete system and back to the
ranging machine

Gy = time for a signal to travel from the uplink sam-
pling point to the input port of the ZDD

H = two-way or round-trip time for a signal io
travel from the ZDD input port through the
ZDD and back to the appropriate output port

Gp = time for a signal to travel from the ZDD out-
put port to the appropriate downlink injec-
tion point

Now, subtract Eq (3) from Eq (1) and combme terms

Asm | Azpp [7: Pt By + Bi)s + CU 4+ Cps — 2D + E5
+E3+Fs'_ [Gu+Gps+Hg]

(3)
Rearrange
(Eg + Eg) = Asjes) — Azon ) — Fs
+ [—(By + Bbs + Cy + Cps)
+ 9D + Gy + Gos + Hs) (6)
The corresponding X-band equation is
(Es + Ex) = As,.rc x) — Azpp iy — Fx
+ [_(BE,' -+ B;u + CU + Cpx)
+ 9D + Gy + Gpx + Hyl ()

Now, compare Eqgs. (6) and (7) with the R/D S/X ranging
equation (repeated here for convenience) of Ref. 3.

1 64 X 2V
sy @ 7, M e,

1
(198) (48) F»

RTLT =RU

- BIASDBN - BIASS/G + Z

(8)
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'The results of this comparison, term by term, are

(E + E) = RTLT 9)
1 64 X 2*
Age = RU-—"———(mS) @ 7y + M_—SFT (10)
1
Azpp = BIASDS’NW (11)
F = BIASs/o (12)
and finally,
[—(By+By+Cy+Co)+2D+Cy+Gp+H]=Z
(13)

(The frequency subscripts § and X have been omitted
for convenience as the comparison applies to both
frequencies.)

Some comments on the terms comprising the expression
for Z are in order:

(1) The term C has the effect of moving the RF refer-
ence point from the ground antenna appropriate
feed horn phase center to the aperture plane.

(2) Then, the term D further moves the resulting RF
reference from the aperture plane to the “bench
mark ”

(3) The terms (— B} + Gy) and (—B; + Gp) compen-
sate for the fact that the ZDD is not at the ground
antenna feed horn phase center when taking a “zero
delay” reading

(4) Finally, term H is exactly analogous to the S/C
term F where each corrects for the signal turn-
around time of its appropriate device.

The differental (S) — (X) Z term can be determined
simply by subtracting the § and X forms of equation (13),
the Z equation:

Zy—Zy= — (Bst — Bbx + Cps — Cox
- Gpg“l’cpx— H3+Hx) (14)
Notice that since uplink terms are common to both §- and

X-band signals, virtually all of them have dropped out of
the differential (8} — (X) Z term
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SUBSCRIPTS HAVE BEEN OMITTED
(SEE YEXT AND FIG. 2) THE
DECHROIC FEED SYSTEM IS NOT
SHOWN FOR BREVITY

RANGING MACHINE

Fig. 1. Overall ranging path
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t f
. Hq 20 Hy
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WM POINT THM
Bps TO B FROM By TO
RANGING RANGING RANGING
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Fig. 2. Detail ranging path
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Values of Z_ and Z_ for DSS 14 for the Period 12/21/73

Values of Zg and Z, for DSS 14 for the period 12/21/73 through 1/12/74 are:

These numbers were arrived at by evaluating the appropriate forms of Eq. (13)
with the values in Table A-1 substituted for the various mndicated parameters (they
do not, however, include the effects of the instabilities described in the articles of

Appendix A

Through 1/12/74

Zs = ~169.00 =086 ns, 1o
Zy = ~13758 = 086ns, Lo

footnote 1)
Table A-L. Vealues of parameters
Parameter Value, ns Source

B’tf = 91.28 +026 7,, (Ref 4) + 7 (2113 feed and
components) (Ref 5)

B,, = 47372028 r,, (Ref 4)+ r(2295 feed and
components) (Ref 5)

B, = 3522008 g (Ref. 4) + r (8415 feed and
components) (Ref. 5)

Cu = 168,95 %002 Ray ophcs tracing of path from
§-band feed hom to aperture
plane via dichroic system,
subreflector and parabolod

Cps = 168.95+0.02 Ray optcs tracing of path from
S-band feed hom to aperture
plane via dichroic system,
subreflector and paraboloid

Cpx = 16001008 Ray optics tracing of path from
X-band feed hom to aperture
plane via dichroie systerm,
subreflector and parabolod

D 58.62 £0.01 Ref 6 and print 9437255

Gu = 8883003 r,,(Ref. 4)

Gos 8738 £0.12 =, (Ref. 4)

Gox = 7083x010 rg (Ref 4)

Hs 1411 2076 7,5 {(Ref. 4)

Hx = 9.49 080 =,,(Ref 4)
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Appendix B
Values of Z_ and Z, for DSS 14 for 1/14/74 and Later

On‘1/13/74 the uplink sampling pont was moved from the 10/20 kW transmitter
in the MOD II area to the junction of the megawatt transmtter filter (MTF) and
the 4th harmonic filter in the MOD 11I area. This was done so that the sampling
point would be independent of which transmitter was 1n use: 10, 20, 100 or 400 kW,
Because of this relocation, the values of Z; and Zx have changed to:

Z‘s = — 16650 +=0.86 ns, 1o
Z;y=-13508=+086mns, lo

These numbers were arrived at by evaluating the approprate forms of Eq. (13}
with the values in Table B-1 substituted for the various indieated parameters.

Table B-1. Velues of parameters

Parameter Value, ns Source

B, = 42312026 r,.,(Ref 4) + 7 (2113 feod and
components) (Ref. 5)

B,y = 4737028 =, (Ref4)+ (2295 feed and
components) (Ref 5)

Byy = 3522008 = (Ref 4) + r (8415 feed and
components) (Ref. 5)

Cu = 16895 x0.02 Ray optics tracing of path from

S-band feed hom to aperture
plane via dichroic system,

subreflector and parabolord

Cor = 16895 +0.02 Ray optics tracing of path from
S-band feed horn to aperture
plane via dichroic system, -
subreflector and paraboloid

Cpx = 16001 =006 Ray optics tracing of path from
X-band feed hom to aperture
plane via dichroic system,
subreflector and paraboloid

D = 5862 001 Ref 6 and print 9437255

Gy = 42352008 r,.,(Ref 4)

Gps =  B1.38x012 44, (Ref 4)

Gozr = 70683 £010 7, (Ref. 4)

Hs = 14112076 r,, (Ref 4)

Hx = 9,49 2080 7,,(Ref 4)
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Reprinted from The Deep Space Network Progress Report 42-22, Aug 15, 1974, pp 81-89.

S/X Experiment: DSS 14 Pre- and Post-Track Ranging
Calibrations for Mariner 10 Tracking Passes
and Associated Problems

T Y. Otosht
Communications Elements Research Section

Ground system ranging calibration data for DSS 14 are presented for 1974
Day 12 through Day 150. Associated ranging problems are discussed and recom-
mendations for calibration improvements are presented.

|. Introduction

Ranging calibrations on the ground system at DSS 14
are currently being performed with the Zero Delay
Device (ZDD} 1n the cable configuration that was de-
scribed in Ref. 1. The rangmg cahbrations are normally
done during pre- and post-calibration periods of
Mariner 10 tracking passes at the signal levels and fre-
quencies apphicable to the particular tracking pass. These
ZDD pre- and post-calibration data are used along with
the ground station Z-correction {(Ref. 2) and spacecraft
radio system bias correction to enable determination of
the true range to the spacecraft (Ref 3)

For purposes of observing the long-term performance
of the ZDD, pre- and post-track calibration data have
been systematically tabulated at DSS 14 as functions of
ambient temperature, signal levels, and other range-
dependent parameters. This article presents some of these
data m plotted form for convenient reference purposes

JPL TECHNICAL MEMORANDUM 33-747, VOLUME 1

il. Calibration Data

Systematic tabulation of ranging cahbration data for
the S/X system at DSS 14 was begun after 1974 Day 12
when the new ZDD cable configuration was installed
(see Ref. 1). Figures 1 through 10 show plots of the S/X
ground system rangmg calibrations for Mariner 10 track-
mg passes from 1974 Day 12 through Day 150.

From Day 47 through Day 85, unexpected Block 4
doppler mstability problems made accurate rangmg val-
ues very difficult to obtamn, In this period many system
configuration and component changes were implemented
by a “Tiger Team” that was formed to investigate and
correct the source of the Block 4 recewver doppler insta-
bihties The doppler instability problem was solved on
Day 85, after which the DSS 14 ranging configuration
was left virtually unchanged.

From the plotted results, it can be seen that during
periods when the range configuration was left unaltered
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and the same transmitter used, the peak-to-peak range
variations were typically within 10 ns for S-band and
X-band It is of interest to observe that the jitter m the
data noticeably decreased around the time of Mariner 10
Venus and Mercury encounters, which were Days 36 and
88, respectively

It can be seen that a sigmificant change of range occurs
whenever different transmitters (klystron amplifiers) are
used. The ground system S- or X-band group delay 1s
anywhere from 5 ns to 18 ns Jonger when the 100-kW
transmitter is used rather than the 20-kW transmitter
Based on data on the configuration after Day 82, it was
found that, when Receiver 3 is used for S-band instead
of Receiver 4, the S-band group delay through the DSS 14
ground system is about 28 ns longer. When Receiver 4
is used for X-band instead of Receiver 3, the X-band
range delay through the DSS 14 ground system 1s about
19 ns shorter.

The ground station range delay using the Block 4 sys-
tem has recently been found to be strongly dependent
on recewved signal level, Variations of delay with signal
level have been reported in the following article of this
volume (T. Y. Otoshi and P. D. Batelaan, “S/X Experi-
ment: DSS 14 S/X Ground System Ranging Tests), This
signal level change 13 a long-term effect, however,
and does not explain the short-term peak-to-peak vari-
ations Some of the short-term variation is correlated with
ambient temperature changes. The dependence on tem-
perature, however, 15 not conclusive because this effect
appears to be nonlinear and only a limited amount of
reliable data has been available

I1l. Discussion of Ranging Problems
and Recommendations

It has been found that many variables or factors can
affect the ranging calibrahion values on a day-to-day
basis Therefore, it is mwaportant that the ZDD ranging
calibration data be applied only for the particular track-
ing pass for which calibrations were done. Use of some
average value for the station delay can result in signifi-
cant error.

In summary, some of the known major factors that can
change ranging cahbrations or introduce errors are.

(1) Interchanging transmitters (20-kW or 100-kW
klystron).

(2) Interchanging recewvers (Receiver 3 or 4 for § or X),
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(8) Interchanging exciters (Block 3 or Block 4). The
Block 4 exater 1s not currently used during pre-
and post-calibrations or tracking passes.

(4) Maser gain and tumng
(5) Ambient temperature.

(6) Replacement of components or cables in the signal
path

(7) Recewved signal level.

(7} Antenna sag and subreflector defocusing. (This
effect cannot be evaluated at DSS 14 with present
cable configuration.)

(9) Incorrect range modulation setting. (This effect has
not been completely investigated )

(10} Improper calibration configuration (if there is more
than one signal path)

{11) Incorrect voltage-controlled oscillator (VCO) fre-
quency typed into ranging machine by operator

(12) Reporting acquisition range instead of updated
range.

Note that since many of the above factors cannot be
controlled or always be known, 1t is important that pre-
and post-calibration data be used for the same day’s
tracking pass only. The station configuration should not
be altered during the tracking pass after calibhations have
been performed. Operator errors described by factors (9)
through (11} ¢an be minimized only by operator care and
long-term familiarity and training of DSS operators on the
new 5/X system and Mu-2 ranging machine Data im-
provement would result from operator venfication of
correlation voltages Data with bad correlation voltages
should not be reported. Calibrations not within 10 ns or
0010 ps of previous calibrations ndicate a need for
recalibration.

It should be possible to eliminate inacecuracies due to
factors (11) and (12) by using the Engineering Cal
Program® (DOI-5399-SP) during the pre- and post-
calibration periods This program contains most of the
features of the Monitor Program (DOI-5046-OP), with the
addition that doppler phase and ranging calibration pro-
cessing is done in real time at the station This calibration
program is applicable to the Block 3/PRA and Block 4/
Mu-2 configurations. Data from this program can be sent

1This program was written by Harvey Marks of Informatics Inc,
Canoga Park, Calforma
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to the Mission Control and Computing Center (MCCGC) It is recommended that for long-term study of ranging
via the high-speed data line. The program is currently in  and doppler stability data, S/X tests be dome at all

the DSN program library and 1s now at all stations mn the  stations of the DSN with the Engin%ering Cal Program
DSN including CTA 21 (DOI-5399-SP).
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S/X Experiment: DSS 14 S/X Grounc] System Ranging Tests

T. Y. Otoshi and P. D. Batelaan
Communications Elements Research Section

This article presents special ranging test data obtained on the S$/X ground
system at DSS 14, The test data consist of ground system range as functions of
(1) uplink 100-kW transmitter power, (2) downlink S- and X-band signal levels,
and (3) antenna elevation and azimuth angles via the cable path and via the

airpath

l. Introduction

On 1974 Day 12, 2 new configuration was installed at
DSS 14 for ground system ranging calibrations As de-
scribed in Ref. 1, this new configuration differs from the
conventional one m that the zero delay device (ZDD)
uplink and downhnk signals are transmitted through
calibrated cables instead of through the airpath. Some
himited amount of range calibration data on this new con-
figuration was previously reported in Ref. 1.

Due to unexpected doppler stability problems with the
Block 4 receiver system during the period 1974 Day 47
through 85, it was difficult to perform useful ranging
tests on the 5/X system until after the Mariner 10
Mercury encounter on 1974 Day 88.

This article presents results of some recent ranging

tests made on the §/X ground system at DSS 14 as func-
tions of various ground station parameters. Pre- and post-
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track calibration data for the Mariner 10 tracking passes
and discussion of S/X calibration problems are discussed
m the preceding article of this volume (T. Y. Otoshy,
“8/X Experiment: DSS 14 Pre- and Post-Track Ranging
Calibration for Mariner 10 Tracking Passes and Associ-
ated Problems).

Il. Test Configuration

A block diagram of the present ZDD configuration for
the 8/X ground system calibrations at IDSS 14 may be
seen in F1g. 1 As was described in Ref, 1, the ZDD is a
ground station antenna-mounted transponder that sami-
ples the.uphnk 2118 MHz from the transmitter and gener-
ates coherent downlink S- and X-band test signals of
2295 MHz and 8415 MHz. Transmisston of these test
signals to the respective masers is possible either through
a cable path or a microwave airpath by means of an inter-
nal coaxial switch in the ZDD assembly.
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As may be seen in Fig 1, the present ground system
configuration bemg calibrated at DSS 14 consists of the
Block 3 exciter, the 100- or 20-kW transmitters, the /X
masers, Block 4 receivers, and the Mu-2 ranging machine
Test data were reduced in real time at DSS 14 by means
of the Engineering Calibration Program (DOI-5399-SP),
which was specially developed for the S/X Experiment *
A sample output from the program may be seen 1 Fig. 2
This program has many of the features of the Momtor
Program (DOI1-5046-OP), and can be used to test range
and cumulative doppler phase at any DSN station having
the Block 3/Planetary Ranging Assembly (PRA) ranging
or Block 4/Mu-2 ranging systems The program is cur-
rently in the DSN Program Library and copies of tapes
and documentation have been sent to all stations in the
DSN mcluding CTA 21

HI. Test Results

Special tests were performed to investigate range as
functions of (1) uplink 100-kW transmitter power, (2)
downlink S/X signal levels, and (3) antenna elevation
and azimuth angles,

Data from special tests obtained with the Engineering
Cal Program are presented m graphical form in Figs 8
through 14 Figures 3 and 4 show plots of round-trip
range delay as functions of uplnk power from the
100-kW transmtter It can be seen that the variation of
delay is less than 2 ns for erther the S- or X-band system
when the transmitter power 1s varied from 75 kW to

100 kw.

Figures 5 through 8 show round-trip range delays as a
function of received signal level as defined at the input
to the Mod 3 S-band maser and X-band maser. Range 1s
found to be significantly dependent upon signal level
when Receiver 4 of the Block 4 system 15 used for either
S- or X-band and less dependent when Receiver 3 is
operated for erther S- or X-band. In the signal level range
of —185 dBm to —145 dBm, the range change 1s approxi-
mately 03 ns/dB for Receiver 3 and 08 ns/dB for
Receiver 4 Tests with the signals injected behind the
respective S- and X-band masers showed the same type
response and therefore ruled the masers out as possible
causes of range change with signal level. Further tests on
the Mu-2 ranging machine as well as manual gain control

1This program was wntten by Harvey Marks of Informatics, Inc,,
Canoga Park, California
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(MGC) tests on the Block 4 receivers resulted in the iso-
lation of the Block 4 automatic gain control (AGC) loop
as being the source of the range changes.

Special tests were also made to study the effects of
antenna elevation and azimuth movement on range. The
results of these tests for the cable path configuration may
be seen in Figs 9 through 12. The variations of 6 ns as
functions of elevation angles in the S-band cable path are
larger than reported previously (see Ref. 1). The vari-
ations could be due to changes somewhere in the 100-kW
Klystron Amphfier Assembly This fact can be verified in
the future by performmg a similar test with both the
Block 4 translator and the ZDD and comparing the
results. This test should give a vahd indication since
the ZDD samples the uplink signal after the Klystron
Amplifier, while the Block 4 translator obtains the uplink
signal from the exciter assembly in froat of the Klystron
Amplifier.

Figures 18 and 14 show the results of range tests with
the ZDD m the airpath configuration. The large variation
of about 25 ns m the airpath for the X-band is about the
same as was reported previously in Ref 2. The cause of
this change in range is stll not known Several tests were
made to isolate possible multipath signals in the airpath
One test involved the temporary installation of an RF
screen that interconnected the rooftops of the three cones
mounted on the Tricone Support Structure This screen
covered the open area between the three cones and
blocked potential S- and X-band leakage signals. A small
improvement was noticed at S-band and a small (but in-
sufficient) improvement at X-band was also obtained.
Another screen placed around the dichroic plate assembly
support structure resulted in no further improvement at
X-band. Another test showed that the performance of the
X-band airpath range could be improved sigmficantly by
axial focusing of the subreflector at cach elevation angle
for optimum antenna gan at X-band. However, optimiz-
ing for X-band serously affected the S-band performance.
Although the strange behavior in the awrpath is not clearly
understood at present, it 1s felt that airpath tests are still
useful for trouble shooting potential problems in the S/X
reflex feed system.

V. Conclusion

Data from special ranging tests on the §/X system at
DSS 14 have been presented. These data may be useful
for mdicating improvement areas needed on the ground
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system for future missions such as Viking "75. In addition,
'these data could be helpful in explaining some of the
ranging anomalies seen during the Mariner 10 mission
‘(Refs. 3 and 4). It has been reported that part of the struc-  received signal level changes (Ref. 5).

62

References

. Otoshi, T.Y, and Stelzried, C. T., “S/X Experiment: A New Configuration for

Ground System Range Calibrations With the Zero Delay Device,” in The Deep
Space Network Progress Report 42-20, pp. 57-83, Jet Propulsion Laboratory,
Pasadena, Calif., Apr. 15, 1974.

. Stelzried, C T., Otoshi, T. Y., and Batelaan, P. D., “S/X Band Experiment.

Zero Delay Device Antenna Location,” in The Deep Space Network Progress
Report 42-20, pp. 64-68, Jet Propulsion Laboratory, Pasadena, Calif,, Apr. 15,
1974,

. Spradlin, G., Simultaneous Two-Way/Three-Way DRVID Tests, IOM 421G-

74-197, May 17, 1974 (JPL internal document)

Chaney, W. D., Range Calibration Discrepancies During MVM-73, IOM NSE-
74-105, May 8, 1974 (JPL mternal document).

. Rourke, K H., Viewgraphs from DRVID Investigation Initial Phase Report,

IOM 891-8-180, June 5, 1974 (JPL internal document).

JPL TECHNICAL MEMORANDUM 33-747, VOLUME |

tured noise in the differenced range versus integrated
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Reprinted from The Deep Space Network Progress Report 42-23, Qct 15, 1974, pp 45-51

S/X Experiment: A Study of the Effects of Ambient
Temperature on Ranging Calibrations

T Y. Otoshs

Communications Elements Research Section

A study has been made of the effects of the outside air temperature at DSS 14
on ground system range cahbrations Some correlation was found on range data
obtained with the 20-kW transmuitter system configuration, but no correlation was
found for the 100-kW transmitter system configuration

1. Introduction

. In a previous report (Ref. 1), Maxiner 10 pre- and post-
tracking pass range calibration data were presented for
1974 Day 12 through Day 150 A cursory examination of
the data showed that differences between pre- and post-
calibration data for the same day’s track could be attrib-
uted to ambient temperature changes. Since outside air
temperatures at DSS 14 have been tabulated m the rang-
ing calibration log book, it was possible to perform a
correlation analysis of these data This article presents
the result of this study.

Il. Calibration Configuration

Ranging calibrations on the ground system at DSS 14
are currently bemg performed with the zero delay device
(ZDD) in the cable configuration that was described in
Ref. 2. The ranging calibrations are normally done during
pre- and post-calibration periods of Mariner 10 tracking
passes at the signal levels and frequencies applicable to
the particular tracking pass. These ZDD pre- and post-
calibration data are used along with the ground station

JPL TECHNICAL MEMORANDUM 33-747, VOLUME I

Z-correchion (Ref 8) and spacecraft radio system bias
correction to enable determination of the true range to
the spacecraft (Ref 4)

A block diagram of the present ZDD configuration for
the §/X ground system calibrations at DSS 14 is shown
1 Fig 1. As was described in Ref 2, the ZDD is a ground
station antenna-mounted transponder that samples the
uplink 2113 MHz from the transmtter and generates
coherent downlink S- and X-band test signals of 2285
and 8415 MHz These test signals are transmitted to the
respective masers through calibrated cables of known
delay.

Figures 2 and 3 show the ZDD in the cable configura-
Hon as it is currently installed in the Mod-3 section of
the 64-m antenna at DSS 14. Since this ZDD assembly
18 located in the air-conditioned environment of the
Mod-3 area, this portion of the range calibration system
should mnot be affected by outside air temperature
changes It is believed that most of the range changes
attributed to outside air temperature changes will oceur
in the uplink and downhnk cables between the tricone
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area and the control room. Only about 97.5 m (320 ft)
round trip cable length 1s actually exposed to the outside
air temperature environment Most of this cable run is
‘Spirolme RG 252 cable, but about 12.2 m (40 £) of round
trip RG 214 cable is used i the elevation cable wrapup.

lHi. Test Resulis

As was discussed 1 previous reports (Refs. 1 and 5),
the Block 4 range calibration data are also a function of
signal level and differ when using the 20-kW or the
100-kW transmitters. Therefore, it was necessary to group
the data as those belonging to either the 20-kW or
100-kW transmutter calibrations. Through the use of range
change versus signal level curves presented in Ref 5
1t was possible to correct the data and normalize them
to a common signal level reference, which was arbitrarily
chosen to be —145 dBm Only calibration data from
1974 Day 85 to Day 172 were used; 1t was only after
Day 85 when both the doppler and system configurations
were left unaltered.

The ranging calibration data are shown plotted as
functions of outside air temperature in Figs. 4 through 7.
It can be seen that some correlation of range change to
temperature is evident for the 20-kW transmitter system
for both S- and X-band.

For the purposes of comparison, X-band group delay
data as a function of temperature are shown in Figs. 8
and 9 for 8 05-m (10-ft) lengths of Spiroline RG 252 and
RG 214 cables, respectively. These data were obtained
in a temperature-controlled oven and group delay mea-
sured by a phase versus frequency measurement tech-

nique with a network analyzer. It can be seen that the
Spiroline RG 252 characteristics are similar to those
measured for the 20-kW data. As was mentioned previ-
ously, most of the DSS 14 ranging system cable run
consists of RG 252 cable

No correlation was seen for the data plotted for the
100-kW transmtter system data. This lack of correlation
for the 100-kW transmtter data is difficult to explain. It
is possible that there are more random noise and range
changes associated with the 100-kW transmitter itself.
The effect on connector and cable mismatches could also
cause departure from expected trends.

IV. Discussion and Conclusions

The results presented in this article show that some
correlation of range change with ambient temperature
changes was found However, the results should be inter-
preted to show trends only and not be used as a correc-
tion curve. The data quality is understandably poor for
this type of analysis since it is based on two data points
a day for a period of about three months. Many systematic
and random errors could easily be introduced. It would
have been preferable to obtain ranging stabihity data in
one continuous run over a period of about 12 hours. This
test should begin in the early morning hours and continue
to nighttime hours so as to mclude the large temperature
change periods.

Although time at DSS 14 had been scheduled for per-
formmg some of this type of testing, other system prob-
lems and test requirements made it difficult to obtain a
long continuous run of good ranging stability data.
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Reprinted from The Deep Space Network Progress Report 42-24, Dec. 15, 1974, pp. 40-50.

S/X-Band Experiment: A Study of the Effects
of Multipath on Group Delay

T. Y. Otoshi

Communications Elements Research Section

An analytical expression is presented for calculating the effects of multipath on
group delay. The expression was experimentally verified by tests made at the
Telecommunications Development Laboratory using the Mariner Venus/Mercury
1978 Radio Frequency Subsystem, Block 3 receiver and the Mu 1 ranging

machine.

I. Introduction

With the exception of DSS 14, all stations of the Deep
Space Network use the conventional zero-delay ranging
configuration, in which the zero-delay device (ZDD) is
mounted on the dish surface. A zenith range measure-
ment via the airpath to a dish-mounted ZDD and a
Z-height correction (Ref. 1) provide needed ground sta-
tion information for determining the true range to the
spacecraft.

Results of airpath tests at DSS 14 showed that large
changes in range occurred as a function of antenna eleva-
tion angle when a ZDD was mounted on the 64-m
antenna dish surface (Ref. 2). This characteristic was also
observed on the 64-m antenna systems at DSS 43 and
DSS 63 (Ref. 3). Since the range dependence on elevation
angle could be due to a multipath phenomenon, one can-
not assume that a zenith measured value is the correct
value.
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Other airpath tests made on the 64-m antenna S/X
system at DSS 14 showed that large-range changes also
occurred when small changes were made in axial focusing
of the hyperbola. Another unexplained airpath phenome-
non observed was a 53-ns discrepancy between the theo-
retical and experimental values of S-band zero delay
range when the dichroic plate/ellipsoid assembly was re-
tracted and the system was operated for S-band only
(Ref. 4). Because of the described airpath problems, the
ZDD configuration at DSS 14 has been operated in a
cable configuration (Ref. 5) since January 12, 1974.

Although it had been suspected that some of the air-
path problems could be due to multipath, other system
testing priorities made it difficult to perform further air-
path tests to isolate the source of the problems. It was
also thought that multipath could not generate errors of
the magnitudes which were observed. Recently, the study
of the multipath effect was reinitiated and resulted in the
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derivations of two theoretical expressions which showed
that surprisingly large errors on range measurements
could be caused by multipath. One expression derived
by J. R. Smith (Refs. 6, 7) is based on the phase shift
produced on the envelope of a carrier that is phase-
modulated with a square-wave. The analysis was done
for the range-clock modulation and detection processes
actually employed by the Planetary and Mu-Ranging sys-
tems. The second expression, which was derived inde-
pendently by this author, is based on the conventional
definition of group delay where the output phase of
a carrier wave is differentiated with respect to frequency.
It was shown by Smith (Ref. 7) that for low range-clock
modulation frequencies, the two independent derivations
reduced to the same mathematical expression.

This article presents the theoretical expression derived
by this author and the test data obtained at the Tele-
communications Development Laboratory (TDL), show-
ing good agreement between theory and experiment.

Il. Summary of Theoretical Expressions

Figure 1 shows the multipath configuration for which
the theory was derived. Path 1 is the primary path, and
path 2 is the leakage path. The group delay (in seconds)
for a signal to travel from the input port to the output
port can be expressed as

ty=1tn + ¢ (1)

where t,, is the group delay which would be observed in
the absence of multipath, and ¢, is the deviation from ¢,
caused by multipath. As derived in the Appendix, this
error term is given by

& =Altn ~ fn) [1 = 2A+ooc:;i- Az] )
where
8= —(Bals — Biky) (3)
and where

A = ratio of the magnitude of the leakage wave to
the magnitude of the primary wave

B1, B: = phase constants, respectively, of paths 1 and
2, rad/m

1,, 1, = physical path lengths, respectively, of paths 1
and 2, m
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t;1 = group delay of the primary wave traveling
through path 1 only, s

t;: = group delay of the leakage wave traveling
through path 2 only, s

It is also shown in the Appendix that the carrier phase
delay in seconds is

t=th+ 6 (4)

where

1 [ Asiné
e “Zt"‘"‘ [1+Ac056] (5)
The differenced range versus integrated doppler (DRVID)
can be calculated from (See Ref. 8)

DRVID =t, — t, (6)
and relative carrier amplitude in dB from

EDEII

20log. (5

= 20log l%l + 20logw|1 + Ae’e|
o

Assuming that t,. >t,,, and § = —2xm where m is a
positive integer, the group delay and amplitude errors
simultaneously reach their upper bounds while the phase
delay error given by Eq. (5) goes to zero. When
6 = —(2n — 1) where n is a positive integer, the group
delay and amplitude errors simultaneously go to their
lower bounds while the phase delay error goes to zero.
However, in the case where t,, <t,, the group delay
error and carrier amplitude simultaneously reach opposite
bounds. The expressions for upper and lower bounds on
phase delay, group delay, and carrier amplitude are given
in the Appendix.

Figure 2 shows plots of the upper and lower bounds
of group delay in a free-space media for cases where
ty2 > t;1. The upper bound is obtained when the leakage
and primary waves are in phase. The lower bound is
obtained when the signals are out of phase. If t,, <t,,,
the opposite polarity must be assigned to the Al and
error-bound values of Fig. 2. For this latter case, the
new upper bound will be reached when the signals are
out of phase rather than in phase. (See Case 2 in the
Appendix.) The signal level ripple shown on the plot is
the peak-to-peak carrier signal level change as observed
when 6 is varied 360 deg or less. The ripple was calcu-
lated from

Eoul max 1 + A
Aas = 20logo [IE.,.ulImi., ~Hlogy (1 = A) ®)
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The curves shown on Fig. 2 may be useful for isolating
possible sources of leakage waves on the 64-m antenna.
Possible leakage can result from scattering of waves from
the quadripod legs, tricone, or the dichroic plate/ellipsoid
assembly support structures. Some of the differential path
lengths of leakage and primary waves ‘on the 64-m
antenna can be of the order of 30 m.

lll. Experimental Setup

Figure 3 shows a multipath device that was fabricated
for purposes of verifying the theoretical equations pre-
sented above. Figure 4 is a block diagram of this device.
To obtain the desired differential delay between path 1
and path 2, appropriate length cables can be inserted into
either path 1 or path 2. The amplitude and phase of the
signal in path 2 is adjusted with the variable attenuator
and phase shifter, respectively. Repeatable coaxial
switches were used to permit measurements of the ampli-
tude and group delay of the signals in the individual
paths.

The ranging tests were performed at the TDL in JPL
Building 161. The TDL tests were performed with a
516-kHz square wave phase-modulating the uplink sig-
nal of 2113 MHz that was transmitted to an MVM’73
Radio Frequency Subsystem (RFS). After receiving the
range-coded uplink, the RFS then generated a coher-
ent 2295-MHz downlink signal that was transmitted to the
Block 3 receiver through coaxial cables. The multipath
device was inserted into this downlink path and therefore,
adjustments made on the multipath device resulted in
one-way range changes only. Measurements of absolute
two-way range as well as one-way range changes were
achieved with the Mu-1 ranging machine.

The initial TDL test parameters were as follows:

MVM'73 Radio Frequency Subsystem

Radio mode 022

Uplink signal level total power = —115 dBm
Block 3 Receiver

Mu-1 ranging machine

Carrier suppression = 9 dB

Integration time = 30 s

IV. Test Results

Table 1 shows a summary of the ranging test results
obtained with the multipath device. Appropriate length
cables were inserted into path 2 of the multipath device

to create differential path lengths of 23 ns (Case A) and
93.2 ns (Case B). For each case, the signal in path 2 was
adjusted to be approximately —21, —11, and —6 dB rela-
tive to the primary signal. More precise post-calibration
measurements showed the leakage and primary signals to
be at the relative dB levels indicated in the table. The
maximum and minimum received signal levels shown in
Table 1 are in reasonably good agreement with those
predicted by Egs. (A-10a) and (A-10b). The tabulated
received signal levels. as obtained from automatic gain
control (AGC) calibrations are estimated to be accurate
to =0.2 dB.

Theoretical range change values were calculated from
Eqgs. (A-23a) and (A-23b). The agreement between theory
and experimental range change value was typically
within 1 ns. The large discrepancy of 14 ns for the last
case in Part B of Table 1 could possibly be due to an
error in setting the attenuator so that the relative signal
level was actually —6 dB instead of the relative level of
—5.5 dB on which the theoretical calculations were
based. It is also possible that the discrepancy was caused
by the fact that the theoretical value is valid only at a
single frequency. The measured value applies to a carrier
wave that is phase-modulated with a 516 kHz square
wave. Therefore, for severe multipath cases it might be
more appropriate to make comparisons with a theoretical
value that is averaged over an effective finite bandwidth.
For example, see Footnote b in Table 1.

V. Summary and Conclusions

Theoretical equations have been derived for studying
the effects of multipath (or leakage) on group delay
measurements. The theory was developed for group delay
but is applicable to analysis of envelope delay when dis-
tortion is small. In general, very good agreement was
obtained between theory and experiment.

The theory can be applied to ZDD test data to help
isolate possible sources of leakage waves on the 64-m
antenna. This type of analysis was done by J. R. Smith
(Refs. 6, 7) for the Mariner 10 spacecraft antenna system.
He showed a correlation of range change to amplitude
change and isolated one of the major causes as being a
multipath signal reflecting from a solar panel on the
Mariner 10 spacecraft.

In this article, only one-way range error was analyzed.
In a telecommunications system, the range change can be
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caused by a two-way effect (uplink and downlink). The effects of multipath on two-way range has been obtained
two-way range error analysis is somewhat more involved  and will be reported in a subsequent issue of this
and too lengthy to include in this article. Test data on the  publication.

Acknowledgements

This experimental work at TDL was supported and made possible by D. L.
Brunn of the Spacecraft Radio Section. M. M. Franco of the Communications
Elements Research Section fabricated the multipath device.

References

1. TRK-2-8 Module of DSN System Requirements Detailed Interface Design
Document 820-13, Rev. A, Jet Propulsion Laboratory, July 1, 1973 (JPL
internal document).

2. Stelzried, C. T., Otoshi, T. Y., and Batelaan, P. D., “S/X Band Experiment:
Zero Delay Device Antenna Location,” in The Deep Space Network Progress
Report 42-20, Jet Propulsion Laboratory, Pasadena, Calif., Apr. 15, 1974,
pp. 64-68.

3. Schlaifer, R., “Planetary Ranging Station Delays,” IOM 421-PF-TRK040,
March 4, 1974 (JPL internal document).

4. Otoshi, T. Y., “Operational Support for Proposed Ranging Experiment to
Resolve Range Anamolies in DSS-14 S/X System,” IOM 3333-74-106, May 14,
1974 (JPL internal document).

5. Otoshi, T. Y., and Stelzried, C. T., “S/X Experiment: A New Configuration
for Ground System Range Calibrations With the Zero Delay Device,” in The
Deep Space Network Progress Report 42-20, pp. 57-83, Jet Propulsion Labora-
tory, Pasadena, Calif., Apr. 15, 1974.

6. Smith, J. R., “Viking Ranging Investigation Team,” IOM 3382-74-064, July 22,
1974 (JPL internal document).

7. Smith, J. R., “Viking Ranging Investigation Team,” IOM 3382-74-076, July 30,
1974 (JPL internal document).

8. MacDoran, P. F., “A First-Principles Derivation of the Differenced Range
Versus Integrated Doppler (DRVID) Charged-Particle Calibration Method,”
in The Deep Space Network, Space Programs Summary 37-62, Vol. II, pp. 28—
34. Jet Propulsion Laboratory, Pasadena, Calif., Mar. 31, 1970.

9. Ramo, §., and Whinnery, J. R., “Fields and Waves in Modern Radio,” John
Wiley & Sons, Inc., New York, N.Y., 1953, pp. 46-48.

10. Collin, R. E., “Foundations for Microwave Engineering,” pp. 132-137,
McGraw-Hill Book Company, New York, N.Y., 1966.

JPL TECHNICAL MEMORANDUM 33-747, VOLUME 1 81




Table 1. Results of one-way range tests with the multipath device (frequency = 2.295 GHz)

A. Measured delay via path 2 alone is 23.0 ns longer than path 1 alone

M App'rox. Range change, ns
= shifter IEGI.“EIVed A M ol
Test conditions sotting. signal YAIABD Theoretical AER
d level, measured e minus
i dBm value® theoretical
1. Attenuator adjusted to make leakage signal be
—21 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —224.9 —89.6 L G 1.9 = 02
Phase shifter adjusted to obtain minimum
received signal — 459 —912 — 25 — 23 — 02
2. Attenuator adjusted to make leakage signal be
—10.8 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —224.9 —88.1 48 5.1 — 0.8
Phase shifter adjusted to obtain minimum
received signal - 459 —935 —10.1 - 93 ~ 08
3. Attenuator adjusted to make leakage signal be
—5.65 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —2249 —86.7 73 79 — 086
Phase shifter adjusted to obtain minimum
received signal — 459 —97.0 —26.4 —25.1 ~ 13
B. Measured delay via path 2 alone is 93.2 ns longer than path 1 alone
1. Attenuator adjusted to make leakage signal be
—20.7 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —397.0 —89.5 7.6 7.8 — 0.2
Phase shifter adjusted to obtain minimum
received signal —218.0 =911 — 09 — 94 0.2
2. Attenuator adjusted to make leakage signal be
—10.7 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —397.0 —88.0 20.5 21.1 — 086
Phase shifter adjusted to obtain minimum
received signal —218.0 —03.3 —36.6 —38.7 2:1
3. Attenuator adjusted to make leakage signal be
—5.5 dB relative to primary signal
Phase shifter adjusted to obtain maximum
received signal —397.0 —86.6 31.1 823 — 1.2
Phase shifter adjusted to obtain minimum
received signal —218.0 —97.0 —91.2 —105.2b 14.0

aNumber of 30-sec integration data points used to obtain average value was typically 20. The calculated standard error associated

with the average was typically == 0.2 ns.

bThe average theoretical range change over the frequency range of 2295.0 = 0.5 MHz is —96.4 ns.
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Appendix

Derivation of Equations for Phase and Group Delay Errors Caused by Multipath

Figure 1 shows the basic multipath configuration under
study where two waves combine after traveling through
two separate paths. This basic case can be generalized to
include more waves and more paths, but it 1s sufficient
to consider the basic case to show the effect of inter-
ference on group delay Let the wave at the input port
be expressed as

Ein = | Eva|exp (j6) (A1)
and the wave at the output port be the phasor sum of the
primary path wave E, and the secondary path wave E,
so that

Eout = El + Ez

= |Es|exp (1¢1) + | Es|exp (14:)  (A-2)

Then from Egs. (A-1) and (A-2)

Eout — E:L
Ein - Ein

. E,
exp flgs — o) + |E" exp [{¢2 — $o)]

(A-3)
Let
$1— do = —Biks (A4)
$2 — po = Bols (A-5)
where

£, = physical length of path I, m
£ = physical length of path 2, m

1, B: = phase constants, respectively, of paths 1 and
2, rad/m

Substituhion of Egs. (A-4) and (A-5) mto Eq (A-3) gives
, E,
exp(—7jB:ts) [1 + IE

The ratio |E./E,| is a parameter that is generally of
mterest so that 1f is convenient to let

Ene |Es

Ew |En

exp [—j(Bats — 3111)]]
(A-6)

E,

AzE

(A-T)
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Furthermore, let
0 = —(Bale — Buky) (A-8)
and

F=1+Ae" (A-9)

so that substitubion mto Eq, (A-6) gives the output signal
magnitude ratio of

Eot: El
Fntl = IE_inlll + Aef*’[ (A-]_O)
and relahive phase of
Eﬂl.lf.
where
Asmé
arg F = {an 1 [m] (A-12)

From substitution of Eq (A-11) into the defimtion of
phase delay (Refs 9, 10) given as

- 1 E ou
t, = — [arg (TEi—:)] (A-18)
we obtain
tp = tpl + € (A-14)
where
tn = Ei-ﬁi (A-15)
1 Asm#é
=T tan™ [ 1+ Acos 9} (4-16)

From setting the differential of ¢, with respect to £,
equal to zero, one finds that €, becomes maximum when
# = +cos (—A) so that the upper and lower bounds of
phase delay error are

1/ A ]
(&)y = +=tam ( \/1TA_2) (A-17)
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(&), = —%tan-l( (A-18)

=)

The worst possible case occurs when A— 1 and the error
bounds become =1/(4f}). For example, at 20 GHz the
worst-case phase delay error that can be caused by mult-
path 1s 30 125 ns,

The defimtion of group delay (Refs. 9, 10) is

_ d Emlt
T, = N arg .
From substitution of Eq. (A-11) into Eq. (A-19), we
obtain

(A-19)

t,=tn +e& (A-20)

where
by = %%l L (A-21)
& =7 arg F (A-22)

where arg F was given by Eq (A-12). Note that £,, is the
group delay that would be obtained in the absence of
multipath and ¢; 1s the group delay error or deviation
from ¢,

Performmg the operation of Eq (A-22) and assuming
that over the frequency mterval of interest

DA
0 0
we obtam

A+ cosé
€ = Aty — tn) (1 -+ 2A cos 6 + Az) )

_ (e
tge = (Eo—') L

tg]_ = (%) 21

Note that #;, 15 the delay through path 1 only m the ab-
sence of the multipath signal, while #,, is the delay
through path 2 only.

where

Performing a differentiation® of Eq (A-23} with respect
to 2, and setting the results equal to zero leads to the

JPL TECHNICAL MEMORANDUM 33-747, VOLUME |

solutions of the values of # which give upper and lower
bounds of ¢, for two different cases These are given as
follows

Case 1 Upper Bound

Assume ¢, > t,;, and § = —2xm where § was given by _
Eq (A-8) and m is a positive integer. In practice, m will
usually be an mteger greater than 10.

For these conditions, the leakage and primary waves
are in phase and the group delay as given by Eq. (A-23)
reaches an upper bound of

() yy =ty = 1) (3%)

At the same tune, note from Eqs (A-10) and (A-16) that
the output signal magmtude ratio and phase delay error
become

(A-23a)

Eout

ﬁ (A—lOa)

=]§-—[ 1+ 4)

=0 (A-16a)
It is interesting to note that both the group delay and
magmtude of the output signal reach an upper bound
simultaneously while the phase delay error goes to zero.

Case 1 Lower Bound

Assume ;. > t,; and 8 = —(2n — 1)r where ¢ is de-
fined by Eq (A-8) and n 15 a positive mteger. In practice,
n will usually be an integer greater than 10.

For these conditions, the leakage and primary waves
are out of phase and the group delay error as given by
Eq. (A-23) reaches a lower bound of

(g = — (B2 — tm) (T_‘éz) (A-23b)

and the output signal magmtude ratio as given by Eq.
(A-10) also reaches a lower bound of

Eout
Ein

=g a-4

(A-10b)

1In the differentiation, 1t 15 assumed that the radian frequency o 1s

sufficiently large so that large changes of 8 oecur wath small changes
of !, Then 1n the mterval over which # undergoes a 360-deg
change, 8¢,,/81, ~ 0 For those special cases where these assump-
tions are not vahd or where more accuracy 15 required, one can
obtam the exact bounds from merementing £, and performmg
numerical computations of Eq (A-23)
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while the phase delay error as mven by Eq. (A-16) is
Zero.
Case 2 Upper Bound

Assume ty; > £, and § = (2n — 1)x where 0 is defined
by Eq. (A-8) and n is a positive integer. In practice, n
will usually be an integer greater than 10.

Under these conditions, the leakage and primary waves

are out of phase, but in contrast to Case 1, the group
delay error reaches an upper bound of

(€)ga = (Bor — %42) (-1_%) (A-23¢)

when the output signal magmiude ratio reaches a lower

bound of
E,
= 'ﬁl (1—-A)

and the phase delay error as calculated from Eq. (A-16) 1
ZEro.

Eout

T (A-10c)

Case 2 Lower Bound
Assume ty; >ty and 8 =2xm where 0 is given by

Eq. (A-8} and m is a positive integer, In practice, m will

usually be an integer greater than 10.

Under these conditions the leakage and primary waves
are in phase, but the group delay error goes to its lower
bound of

(&)a = — (b — t4s) (ﬁ) (A-23d)

Simultaneously, the output signal magnitude ratio
reaches an upper bound of

Enllf
Em

(A-10d)

= ‘E-l:l (1 + A)
and the phase delay error goes to zero.

Differenced Range Versus Integrated Doppler

A parameter which is of primary importance to radio
science experiments with a spacecraft is differenced range
versus integrated doppler which can be expressed as
(Ref. 8)

DRVID =t,— ¢, (A-24)

Then substitutions of Eqs. (A-14) to (A-16) and Egs
(A-20) to (A-23) give

_ dﬁl _ i
DRVID = (-cﬁ:' :) &

A+cosé
tAlte — o\ YT 28 coss + 47

1 a Asmné
+:tan 1+ Acoséd

Note that in a dispersionless system

(A-25)

B _ P
do ~ ®

and in the absence of multipath, A = 0, so that

DRVID =0
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Reprinted from The Deep Space Network Progress Report 42-25, Feb, 15, 1975, pp 69-83

S/X Band Experiment: A Study of the Effects of
Multipath on Two-Way Range

T. Y. Otoshi

Commumcations Elernents Research Section

Equations are presented for determuning two-way range errors caused by
multipath The analysis of two-way range error is more complex than that for
one-way range due to the fact that the uplink and downlink range errors oscillate
at different rates when the leakage path length is varied. A limited amount of
two-way range data was obtained with the Mu-1 ranging machine, Mariner
Venus/Mercury 1978 Radio Frequency Subsystem, and Block 3 receiver. The
agreement between theoretical and experimental values was typically better

than 2 ns.

l. Introduction

In this article, the term “one-way” range will be used
to refer to either uplnk or downlink range while the
term “two-way” range will be used to refer to the sum
of the uplink and downlink ranges. For the S/X band
expenment the uplnk frequency transmitted to the
spacecraft transponder was 2113 MHz, while coherent
5/X band downlnk frequencies transmitted back to the
ground station were 2295 and 8415 MHz In a dispersive
media, the two-way range will not generally be equal
to twice the one-way range.

The analysis of the effects of multipath on one-way
range was presented previously by this author m Ref. 1
and by J. R Smtth i Ref. 2 Theoretical equations for
one-way range errors were verified expenimentally by use
of a multipath device, MVM'73 Radio Frequency Sub-
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system, Block 8 recewver/exciter subsystem (RCV) and
the Mu-1 rangmng machine.

This report presents theoretical equations which can
be used to analyze the effects of multipath on two-way
range. In addition, some experimental data, which show
good agreement with the theory, will be presented.

Il. Theoretical Equations

A. Exact Formulas

The geometry for two-way range error analysis may
be seen in Fig 1, For this geometry the two-way range
error 1s simply the algebraic sum of the one-way range

‘error for the uplink signal and the one-way range error

for the downlink signal. -
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The equation for two-way range can be expressed as
(ta)y = (Erdy +{En)y + G + €0y ey

and the two-way range error as
(€0} = €n t+ € (2)

where

(1), = group delay of the uplink signal m the ab-
sence of multipath, s

(ts), = group delay of the downhnk signal in the
absence of multipath, s

€, = error m the uplink delay due to multipath, s

€, = error in the downlink delay due to multi-
path, s

For simplicity, assume that the primary and leakage
paths are the same for the uplink and downhnk signals
(Fig 1) Then from the equations derived in Ref. 1, and
assurmng a free-space media for both leakage and pri-
mary paths

_ (fa— hy) ( A+ cosé,
=" AT T ok g T &7 ®)
() A - cos by
=7 A\ TT2hcos b T A2 (4)
where
= 2 (3, — 1) + v ®)
— 2
b =— L (22~ 22} + s (6)
and

A = ratio of the magnitudes of the leakage and
primary signals as measured at the input
port to the transponder (Fig. 1)

2,1, = physical path lengths, respectively, of the
pnmary and leakage paths going one-way, m

¢ == speed of hght (== 3 X 10° m/s)

fs»f» = uplink and downhnk frequencies, respec-
tively, in Hz

Ya, %5 = phase angles of reflection coefficients (if any}
m the leakage path for uplink and downlink
signals, respectively, in radians
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The terms ¢, and 5 1 Eqs. (5) and (6) have been added
for generality. It is assumed that the reflection coefficient
phase angles do not change with frequency over the
frequency interval of interest and, therefore, only affect
the location of the upper and lower bounds of range
error (see Appendix A).

It is also of interesti to examine the effects of multi-
path on the AGC signal level as observed on the ground
receiver. If the transponder 15 sirmlar to that of the
MVM'73 spacecraft where the downlink output signal of
the transponder is kept constant even if the uplink
signal is varying, then the AGC signal level error at the
ground receiver will vary according to the relationship.
(Ref. 1):

| Fy| ., = 10 logye [1 + 2A cos 6, + A?] (7

IdB
If the transponder is a translator or a zero delay device,
the AGC signal level error measured at the ground re-
ceiver will vary according to the relationship

fFrldB =
10 logyo [(1 + 24 cos 8, + A?%) (1 + 2A cos 6, + A%)]

(8)

B. Approximate Formulas

The exact equations presented above are somewhat
difficult to analyze because the uphnk and downlink
phases change at different rates In the cases of small
leakage one can make approximations which show a
type of modulation effect produced by the uplnk and
downlink error functions adding together. If x repre-
sents the terms having factors of A in the denommators
of Egs. (3) and (4) one can use the small x approxi-
mation that (1 - %)=~ 1 —x Then, from substtutions
nto Eq (2), omtting higher order terms of A after multi-
plication and the use of tngonometric identibes, one
obtains the approximate formula

@n=a(EE)

¢
X [cos 6; + cos 8, — A (cos 26, + cos 26:)]

£ — 2 1 1
zZA( 20 I)I:COS'E-(&—'aa)COSE(ﬂb‘l'B«)

— A cos (6, — 8,) cos (8 + Ga):l (9)

The accuracy of the above approximate formula s better
than 3% if A <0.1. If the difference between the uplink
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and downhnk signals is small, then the error curves will
be sumilar to an amphtude-modulated signal where the
envelope of the modulation 15 proportional to cos
[(1/2) (6, — 6.)] and the carrier signal is given by cos
[(1/2) (Gb - 941)]

Sumilarly, when the small leakage signal approama-
tions are used m Eq (8), the following approximate
formula is obtaned

1 1
| Fyfan == 101og, [1 + 4A cos 3 {(8s — 85) cos 3 (85 + Ba)]
(10)

C. Sample Cases

Figures 2 through 13 are sample case plots of Eqgs
(2) and (8) for leakage signal levels of —30 dB, —20 dB,
and —10 dB relative to the primary signal Figures 2
through 7 are plots appheable for 2113-MHz uplnk and
2295-MHz downhnk cases, while Figs 8 through 13 are
appheable to 2113-MHz uplink and 8415-MHz downlink
cases For these sample cases, the leakage path 1s mitially
assumed to be 3048 cm (100 ft) Ionger than the primary
path Then the leakage path 15 increased and errors are
plotted as a function of mcreasing differential path
lengths Error curves for other differential path lengths
will be sunilar in shape, but the amplhitudes will differ
by the ratio of the differential path lengths At some
critical differential path length the errors become worst
case, and the upper and lower bounds will be twice
those for one-way range (See Appendix A)

In the sample case plots it 1s of interest to note the
similanty of the penodicity and shapes of the range and
signal level error curves This fact can be used to ad-
vantage, as will be deseribed m the following suggested
experimment

D. Application

Although the two-way theory 1s complex, the mulh-
path effects can be separated out m practice Picture an
expenmental setup where the zero delay device horn is
moved along the direction of the primary path Measure-
ments of the signal level and range are smmultaneously
1ecorded as a function of the zero delay device horn posi-
tion To obtam at least two cycles of change, the S-band
zero delay horm should be moved a minimum of 272 cm
(107 in) while at X-band, the ZDD homn should be
moved at least 114 cm (45 in.). After the experimental
data has been obtamed, a curve fit can be made to the
experimental AGC signal level data usmg Eq (8) Then
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determming the position at which the signal level amph-
tude error is zero, it can be assumed that at the same
position the two-way range error 15 also zero (Figs 2
to 13) This procedure should produce an error of only
a few nanoseconds if the peak-to-peak AGC signal level
change 1s less than 2 dB For larger AGC ripples (indi-
cating severe multipath conditions) a curve fit of expen-
mental data should be made to both theoretical range
and signal level equations given by Egs (2} and (8)

. Experimental Verification

Ranging tests were performed at the Telecommuni-
cations Development Laboratory (TDL) using the
Block 3 RCV, MVM'73 Radio Frequency Subsystem,
and the MU-1 ranging machine. The multipath device!
descibed m Ref 1 was serted mto a cable path that
simultaneously carried both the uplnk 2113 MHz and
downlnk 2295 MHz range-coded signals A block dia-
gram of the test setup at TDL may be seen m Fig 14
For the two-way range tests, the imtal test parameters
of the Block 3 RCV and MU-1 ranging machine were
the same as previously reported m Ref 1

A cable of the appropriate length was mserted mto the
leakage path of the multipath device to make the one-
way leakage path delay become 22 8 ns longer than the
delay through the primary path The multipath device
attenuator was adjusted so that the one-way leakage
signal was —10 55 dB relative to the primary signal The
leakage path length was then vanied by means of a phase
shifter (Lne stretcher) in the leakage path. Two-way
range changes and received s:gnal level were measured
as functions of the phase shufter seting

Table 1 shows a comparison of experimental and
theoretical values The theoretical two-way range values
were computed from Eq (2) It can be seen that the
agreement between theoretical and expermmental range
values were typically better than 2 ns From Table 1 1t
can also be seen that the theoretical values of signal level
changes agreed with expermmental values to within 05
dB Eq (7) was used for the theoretical values for signal
level changes because the MVM'73 radio-frequency sub-
system transponder was used for these tests rather than
a zero delay device Although it 1s known that the group
delay of the spacecraft recever system changes as a
function of received uplnk signal level, no attempt was
made to correct the experimental data for these changes

1The 1solators m the multipath device were replaced by short lengths
of Umform Tubes UT141 semi-rigid cables
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IV. Conclusion

Equations for two-way range error due to multipath
have been presented Although only a limited amount of
experimental data was obtained, reasonably good agree-
ment was found between theory and experiment.

For a future experiment with a dish-mounted zero-
delay device, one could mount a zero—delay\ horn on
rals and then record two-way signal level and range

changes as a function of horn position, With this data
a correlation analysis can be made between experimental
data and the theoretical equations. This should enable
determination of the true range which would be ob-
tained 1n the absence of multipath. It should be pointed
out that this experimental procedure would be valid
only if the multipath phenomenon is caused by one
dominant leakage signal. If there are multiple leakage
signals, the present analysis would have to be made more
general,

Table 1. Resuits of two-way range test with the multipath device
(Uplink frequency = 2.113 GHz, downlink frequency = 2 295 GHz)

Range change

Downlink signal level change

:;11:?5; £, — L, Measureds, Theoretical®, Dafference, Measured, Theoretical, Difference,
setting cm ns ns ns dB dB dB
0 684 00 000 1 E] 000 — +111 —
10 684 83 — 597 — 513 —0 14 000 00 000
20 685 67 —1044 —1¢81 037 —_ —085 —_
30 686 50 —1475 —1470 —005 —154 —1038 —051
40 . 68733 —15.75 —1566 —009 —-109 —045 —064
50 688 17 —1509 —1459 —0 50 —002 059 —061
60 689 00 —1223 —1138 —( 85 +119 171 —~052
70 689 83 — 822 — 636 —186 — 2 68 —
80 690 67 — 432 — 181 =301 297 344 =047
90 691 50 0186 257 —24] 348 395 —047
100 692 33 234 515 —281 377 423 —0 45
110 693 17 4921 663 —242 383 423 —040
120 694 00 545 720 —1.75 365 401 —036
130 694 83 510 693 —183 324 358 —029
140 695 67 429 576 —147 _ 281 —_
150 696 50 214 8 48 —134 154 186 —032
160 697 33 - 179 - 014 —165 037 076 —039
170 698 17 — 643 — 496 —1.47 — —081 —
180 699 00 ~1074 — 942 —132 _— —0499 —

aCalculated standard error on the measured relative range was typically £0 5 ns

bBased on A = 0297 (—10 55 dB)
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Fig 1. Geometry for analysis of the effect of multpath on two-way range
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Fig. 3. Two-way signal level error sample case
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as Fig. 2 except leakage signal is —20 dB relative to primary
signal

JPL TECHNICAL MEMORANDUM 33-747, VOLUME |

85



96

TWO-DAY RANGE ERROR, ns
i
(=]
===

80,

20

N — —

{

3 3050 3100 3150 3200 3250 3300
DIFFERENTIAL PATH LENGTH, cm
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Fig. 2 except leakage signal s —10 dB relative to primary signal
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Fig 7. Two-way signal level error sample case: same parameters
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Fig. 9. Two-way signal level error sample case
(same parameters as Fig. 8)
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Fig 10. Two-way range error sample case same parameters as
Fig 8 except leakage signal 1s —20 dB relatwe to primary signal
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Fig. 11. Two-way signal level error sample case. same param-
eters as Fig. 8 except leakage signal is —20 dB relative to primary

signal
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Fig 12 Two-way range error sample case same parameters as
Fig. 8 except leakage signal 1s —10 dB relative to pnimary signal
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Fig. 13. Two-way signal level error sample case: same param-

eters as Fig. 8 except [eakage signal 1s —10 dB relative to primary
signal
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Fig. 14. Measurement setup for two-way range tests with the multipath device

100 JPL TECHNICAL MEMORANDUM 33-747, VOLUME |



Appendix A

Upper and Lower Bounds for Two-Way Range Error

As can be seen from the sample case plots (Figs. 2
to 18), the error for two-way range will be at a local
upper or lower bound when the modulation envelope is
at a maxmmum or minimum, At some critical differential
path length, the two-way range ervor will be exactly
two times the upper or lower bound of the one-way
range error (Ref. 1). To find where this condition occurs,
let 4, and 9, as given by Eqgs (5) and (6) be related as
follows

8 = 0, — 2k (A-1)
where k is a positive mteger. Then the two-way range
error given by Eq. (2) becomes

_ 22 - 21 A + cos ea
(E")THQ'A( c )(l+2Acosﬂa+A2)
(A-2)

Also note that the two-way signal level emror as given
by Eq (8) becomes

| Bz | 1 = 20 loge [1 + 2A cos 6, + A]

|dB

(A-8)

From Eq (A-3), 1t can be seen that the peak-to-peak
change 1n signal level will be

1+A]

Al‘lB = 40 log'_u) [T:'I (A“4)

which 15 exactly a factor of two greater than the dB

signal level ripple for the one-way case (Ref. 1)

Upper Bound

Assuming that the conditions of Eq. (A-1) exst, then
assume further that
g, = —2am (AB)

where m 15 a positive integer. Substitution of Eg (A-5)
into Eqs (A-2) and (A-3) gives

e (20) (552)
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(A-6)

[Fr]as = 401og,, (1 + A) {A-T)
These upper bounds of error for two-way range and
signal level are exactly twice those of the corresponding
one-way range case (Ref 1) To find the cntical duffer-
ential path length which produces these conditions, first
substitute Eq (A-5) mto (A-1) to obtam

= —2r(m+k) (A-8)
Then substitutions of Egs. (5) and (6) into Egs. (A-5)
and (A-8), respectively, and solving for £ — £, results mn

ae@et]
12—11=(%)[m+k+% (A-10)

For stmplicity assume that there is only one reflection
coefficient in the leakage path and y, = ¢3 = =. Then
equating Eq. (A-9) to Eq (A-10) and manipulation re-
sults in

b=t [E(_m_ﬂli_l_] (A-11)

Sm+1

The condition of Eq. (A-11) must be fulfilled if two-way
range error 1s exactly twice the one-way range value,
To show a practical application of Eq (A-11), one can
find from tmal and error that m = 1] and k=1 are the
mmmum values of m and k which will give f;, ~ 2295
MHz when f. =2113 MHz From substitution of these
values in Egs. (A-11) and (A-9)
f» = 2296 7 MHz

fo— £y = 163 3 cm (536 £t)

and from Eq (A-6)

(€5), = 1089 (—l%)

where (g,), is given in nanoseconds,
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Lower Bound

To find where the two-way lower bound 1s exactly
twice the one-way lower bound, assume that the conds-
tion of Eq. (A-1} exists, and assume further that

6= —(@2n—1)m (A-12)

where n is a positive mteger. Then Egs (A-2) and (A-3)

become
- 2A L—5
- ()5

|

(A-13)

= 40 log,, [1 — A] (A-14)

las

To find the differential path length which produces
these lower bounds, substitute Eq (A-12) into Eq. (A-1)
to obtan

6= —(2n— 1)z — 2k {A-15)

Then substitutions of Eqgs (5) and (6) mto Eqs. (A-12)
and (A-15), respectively, and then solving for £, — £, re-

sults 1n
' Ce[fom—1\ , v
22_1“%[("__2 )m]

b-t=] (E”—“-%i'—zi) | @

(A-16)
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Assummng that . = ¢ =« and then from equatmg
Eq. {A-16) to Eq {A-17), one obtams

fb=fu[n:k]

As an example of the use of Eq. (A-18) one can find
from trial and ermror that values of n =23 and k=2
will give f, =~ 2295 MHz when f, =2118 MHz From
substitutions of these values into Eqs (A-18) and (A-16),
one obtains

(A-18)

f, = 9296.7 MHz
2, — 8 = 3265 cm (1071 f)

and from Eq. (A-18)

(&), = — LT (1—_%)

where (g), is given in nanoseconds.

Although 1n the examples given, the calculated down-
hnk frequency of 22967 MHz 1s only approximately
equal to 2205 MHz, one can expect to find local upper
and lower bounds at differential path lengths close to
163 3 cm {5 36 ft) and 326 5 cm (10 71 ft) It 1s of interest
to note that even for these small differential path length
values, signficant error in the S-band two-way range
will occur if the multipath signal 1s strong. This type of
strong multipath effect for small differential path lengths
on the MVM'’78 spacecraft was pointed out by J R. Smith
(Ref. 8).
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S/X Band Experiment: Effect of Discontinuities on the
Group Delay of a Microwave Transmission Line

R. W. Beatty®
Consultant

° T.Y Otoshi

Communications Elements Research Section

The problem is considered of the effect of reflections from discontinuities at
each end of a transmission line on the group delay at microwave frequencies.
Previous work is briefly reviewed and a general analysis is made. Graphical data
are presented based upon the formulas developed. Experimental resulis are given

which confirm the theory.

I. Introduction

The effects of mismatch on the calculation and mea-
surement of group delay or envelope delay have been
investigated in the past because of the importance of
delay distortion in transmission systems. In recent expern-
ments with space probes, small variations in the delay of
microwave signals have been measured in order to obtain
data on planetary atmospheres and the distribution of

Dr. B W. Beatty was formerly with the National Bureau of
Standards. He 15 presently a Consulting Electronics Engineer at
2110 Fourth Street, Boulder, Colo 80302.
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gaseous matter in space. Small errors in the determination
of group delay have significant effects in these applica-
tions, and a need has arisen for a more thorough analysis
to be carried out.

II. Background

As Lewin et al. (Ref. 1) explained in 1950, the effect of
reflections from discontinuities 15 similar to the multipath
problem (Ref. 2). A small portion of the energy traveling
down the transmission line is reflected back toward the
source and re-reflected to add to the energy transmitted
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to the load. In case of small reflections, one can neglect
multiple reflections and consider only the dominant
effect Smce the reflected wave travels farther than the
main wave, its phase varies faster with frequency varia-
tions. Consequently, the resultant phase shift ¢ of the
transmutted wave does not vary quite linearly with fre-
quency, but has a cyclical variation superimposed on the
Iinear variation. The group delay , 15 related to the phase
shift variation with frequency. At a frequency f, the
group delay is defined as follows

1 dy

T T o =t (1)
Hence, the group delay will also undergo cyclical varia-
tions due to reflections. Such an effect was observed by
Lacy (Ref 3)n 1961

Various analyses of this effect have appeared in the
literature. In 1961 (Ref. 4}, Lacy’s analysis was limited to
the case of reactive shunt discontinwties on lossless
transmission lines and did not yield an explicit expression
for group delay, In 1964 (Ref. 5), Cohn and Weinhouse
gave a clear explanation of the effect and a simple
analysis of the mteraction phase error, stopping short of
an explicit expression for group delay. In 1969 (Ref. 6),
Drazy gave an expression for the error in group delay due
to reflections from test port terminations. His expression
was valid for small reflections and lossless components
but was hmited in application. There may be other treat-
ments of this problem in the literature, but the anthors are
not aware of them,

lll. Theory

The following analysis 15 intended to be more general
than previous work and will serve to clarify the assump-
tions made m calculating and measuring group delay of
transmiussion lines The analysis will be mainly useful for
coaxial transmission line problems, but will be purposely
kept general so as to include most uniconductor wave-
guide applications as well It is not assumed that the
discontinuities must be shunt susceptances, or that the
charactenstic impedance of the transnussion line is 1denti-
cal to the characteristic impedances of the systems on
either side. It is not assumed that the reflections from the
discontmnuities are small or equal The discontinuities can
be lossy or lossless and need not obey the reciprocity
condition

Consider a uniform transrmssion line of length £ having
discontinuities at each end. A network model 15 shown in
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Fig. 1, in which the discontinuities are represented by the
2-ports L and N and the energy is assumed to propagate
in the domunant mode from port 1 towards port 2.

The group delay =, is given by Eq (1), where  is now
Y=, the charactenistic phase shift of the model, or the
argument of S,,, its (transmission) scattering coefficient.
If we employ conventional microwave network theory
(Ref. 7), we can calculate S,, for the three cascaded
2-ports and obtain

Inng e r

Spy = o m€ 9)
“ 1 - 222 M€ -2yt (

where {y = « -+ 8] is the propagation constant of the
transmission line and £,,, £;,, 1y, and n,, are scattering
coefficients of the discontinuities, The attenuation and
phase constants of the transmission lines are « and B,
respectively. For a general transmission hne such as a
dominant mode uniconductor waveguide or coaxial line

one can let
S N/ TS
B— A. = E Ac ()

where A4 15 the waveguide wavelength of a dielectrically
filled waveguide, A, 1s the freespace wavelength, & is the
relative permittivity of the dielectric material filling the
waveguide, and A, is the cutoff wavelength, For transverse
electric (TE) and transverse magnetic (TM) waves, A. is
dependerit on the physical dimensions of the waveguide
opening, but for transverse electromagnetic (TEM) waves
Ac is equal to infinity

We can let
k= |4z ny,|e®
= 282 — arg (£,,) — arg (ny)
¢ = B2 — arg (£,) — arg (n=)

Then we can write

]221 nz1[ e~ - et
Sa = T ow

The characteristic phase shift y., is then

21 = arg (Sz) = — [¢ + arg (1 — he#)] {5)
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The group delay is obtained by multiplying Eq (5) by
—1 and differentiating the result with respect to angular
frequency (2=f), and is

g = Tp F 1pn + 1o + Ar (6
where
1 d
e = ;Tfarg (£21)
— i_._._,, (ﬂ )
Tgn 27r df arg 21

and if v, is the group velocity in the dielectric filled trans-
mission hine having phase constant given by Eq (3) and
¢ is the velocity of electromagnetic waves in vacuo,

e L (AR, _ (MY,
Tgo = 2w(d_f 2= 2 = (To)s {7)

Furthermore,

o [dn
hloost = B) S + (d_) .

N, F
T o T— 2hcos b + K2 ®
in which
1 do _ 1 d
T af - 2t T g,y [ () tag(n)] ()
and
1 dh I‘Q 22 nnl
—— —— — g-2ek
O df 2

1 4z 1 diny| da
x[unl F il g P "d?] (10

We can see m Egs. (6) to (10) how a change with fre-
quency of the attenuation or phase shift of the line or the
reflection coefficients of the discontinuities, for example,
might affect the group delay In practical cases where the
delays of the individual discontimmnties are small, and we
are interested in a relatively small bandwidth at mcro-
wave frequencies, we can neglect a number of terms that
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would contribute an msignificant amount to the fmal
result. Then Eq. (6) reduces to

2h(cost — h)
1 — 2hcosd + h?

Ty = Tgo |:]_ + ] = 790 + Ar (11)

One can see that Ar is a function of § which varies with
frequency, so that Ar varies between the following hmits

zfgah 2790’?'
T +R SYSToG 12

or from substitutions

. A
~o[ - (32) <] [t imata]
1+ ]ﬂzzl ]nulJ < ar
g A,
2 Trmid
< (13)
1= o] Jpnr] A

where A = ¢72° 15 the attenuation (power) ratio of the
length of transmission line which has an attenuation A =
—10log;q A. The reader1s reminded that in the expression
given above, A, is for a general case single-mode dielectric
filled waveguide as may be seen from Eq (3). For an
air-dielectric medium we may let ¢/ = 1, and for coaxal
line TEM mode, we set A, = 0. )

IV. Graphical Data

A graph of the limuis of Ar 15 given m Fig 2 It is
assumed for simplicity that |£,,| = |nul, and that 7, =
100 ns If |£:2] 55 |nu), one can assume that the line has
equivalent 1dentical discontinuities at each end where the
equivalent discontinuity has a reflection coefficient mag-
nitude equal to

V| [nu]

For a transmission line having the same line attenuation
but a 7, different from 100 ns, one multiplies the result
obtained from the graph by the ratio of the actual =, in
nanoseconds to 100

As an example of the use of Fig. 2, assume that a trans-
mission line has a delay of 20 ns and a line attenuation of
5 dB prior to adding discontinuities of |£,.] = 04 and
[ft1] = 0.1. Them an equivalent discontinuity placed at
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each end of this line would have a reflection coefficient
magnitude of \/(04) (0.1) = 0.2, From Fig 2, one fmds
that if the reflection coefficient magnitude of each dis-
conhmuity is 02 and the line attenuation 15 5 dB for a
100-ns hne, the himits of cychcal varation are 2.5 ns
Then the limits of cycheal variation for the above 20-ns
line example are =(20/100) (2 5) ns

V. Experimental Results

Experimental results were obtained to confirm the
theory for the case of fauly large reflections Metal disks
having a diameter of 6.12 mm (0.241 m.) and 2 thickness
of 0.152 mm (0.006 in.) were attached to the center con-
ductors of short sections of 7-mm coaxial hne to form the
discontinuities L and N in Fig 1 The discontinuity assem-
blies may be seen in Fig 3. Over a frequency range of
8.365 to 8465 GHz, a value of 0.42 for |2,;| and |n,,| of
the disk assemblies was caleulated using computer pro-
grams developed for 2-port standards (Ref. 8). Over the
same frequency range a value of 0.43 was measured using
an automatic network analyzer

The 30-ns coaxial line delay standard shown m Fig. 4
was connected between the discontinuities Measurements
of v, and of —20 log.e [Sx| usmg an automatic network
analyzer are shown m Figs 5 and 6, respectively. The
group delay and the measured attenuation equal to —10
logye e7*** of the transmssion lme plus the short sections
of 7-mm coaxial line with disks removed are also shown
A comparison of calculated and measured results 1s shown
in Table 1 The tabulated results show only limits near

the center of thefrequency range but are typical of the
results over the frequency range of 8.365 to 8.465 GHz.
The calculated limits do not include the additional effects
of reflections from the coaxial line connectors. Closer
agreement was obtained by measuring the [£;.] and |n,,|
takimg into account the coaxial connectors.

Good agreement between theory and experiment was
also obtained when additional measurements were made
with different disks, different transmussion line lengths,
and at an additional frequency range of 2235 to 2.355
GHz. The details are not given here but will be included
1n a subsequent issue of this publication.

VI. Conclusions

No attempt was made to experimentally confum all
aspects of the general theory. However, for the special
case considered [identical discontinuities at each end, and
neghgible frequency dependence of a, |22, [, arg(£z1),
arg(n,), arg(Ls.), and arg(n,,) over the bandwidth of
interest], adequate confirmation of the theory was ob-
tained.

The analysis presented applies both to transmission
lmes operatmg in the TEM mode or to single-mode
propagation in waveguides in general The graphical data *
presented can be useful for: (1) estinating the limits on
the variation of group delay with frequency or (2) deter-
mimng how much reduction of discontinuities is necessary
in order to achieve a given accuracy in predicting group
delay.
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Table 1. Comparison of calculated and measured upper and
Iower limits of group delay and loss of a 30-ns line with a
discontinuity assembly at each end

Calculated Measared

Parameter value values Difference

Maximum delay 3460 ns 34.38ns 0.22 ns
at 8 407 GHz

Mmmum delay 26 568 ns 26.70 ns —0.14 ns
at 8415 GHz

Maximum loss 6.51 dB 6.42dB 0,02 dB
at 8.415 GHz

Mimimum loss 5.36dB 525dB 011 dB
at 8 407 GHz

2The frequency mterval between successive upper and lower

hits 15 1/ (4r,,)
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JPL TECHNICAL MEMORANDUM 33-747, VOLUME I : 109



T =9 =0
-—l _222--—{ }——-’ " I—-
|
— T
| [rossvoR II LOSSY OR
LOSS LOSSLESS
Zon 201 |3-poRT | “02] ZgasY z Zy

| L]

|

I

|
[z = VOLTAGE REFLECTION COEFFICIENT OF GENERATOR AT PORT 1
[l = VOLTAGE REFLECTION COEFFICIENT OF LOAD AT PORT 2

Fig. 1. Network model of transmission line and discontinuities
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Fig. 2. Calculated linuts of cyclical variation of group delay of a
100-ns transmission lme with dentical discontinuities at each
end

Fig, 3. 7-mm coaxial line discontinunty assembites
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Fig. 5. Measured group delay of a 30-ns transmission line plus short end sections of
7-mm lines with and without 6.12-mm (0.241 in.) diam disks
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Fig. 6 Measured —20 log,, |S,, | of a 30-ns transmission line plus short end sections of
7-mm lines with and without 6 12-mm (0.241 in.) diam disks

JPL TECHNICAL MEMOR}ANDUM 33-747, VOLUME 1 113



Reprinted from The Deep Space Network Progress Report 42-29, Qct 15, 1975, pp 20-32

S-Band Zero-Delay Device Multipath Tests on the 64-Meter
Antenna at DSS 43, DSS 63, and DSS 14

T.Y Otoshi
Communications Elements Research Section

Ths article presents the results of a study to correlate the results of zero-delay
subreflector tests with the multipath theory. Good agreement between theory and
experiment was obtained on both S-band range and signal level data at DSS 43,
DSS 63, and DSS 14 It is shown that a movable subreflector techmque can
be used to isolate the principal multipath errors and enable a more accurate
determination of the actual ground station delay.

l. Introduction

Wiath the exception of DSS 14, at Goldstone, Cahfornia,
all stations of the Deep Space Network use the conven-
tiona! zero-delay ranging configuration, in which the
zero-delay device (ZDD) 1s mounted on the paiaboloidal
reflector (dish) surface. A zemth range measurement via
the aupath to a dish-mounted ZDD and a Z-correction
(Ref 1) provide necded giound station bias corrections
for determning the true range to the spacecraft,

Results of airpath tests at DSS 14 showed that large
changes m 1ange occurred as a function of antenna cle-
vahion angle when a ZDD was mounted on the 64-m
- antenna dish surface (Ref 2). Other airpath tests made on
the 64-m antenna S/X system at DSS 14 showed that
large 1ange changes also occurred when small changes
weie made m aval focusing of the hyperboloidal subie-
fHector. Simmlar type phenomena were also observed

1i4

-

on the 64-m antenna systems at DSS 43, Canberra,
Austraha, and DSS 63, Madud, Spam (Ref. 3) Smce the
range dependence on elevation angle could be due to a
multipath phenomenon, one cannot assume that a zentth
measured value is the correct value, Beeause of the de-
seribed arpath problems, the ZDD configuration at DSS
14 has been operated m a cable configuration (Ref 4}
since January 12, 1974 However, DSS 43 and DSS 63
have contimued to operate in the awrpath configmation

Because of the current range residuals of 10 to 15
meters behween DSS 63 and DSS 43 for Maiiner 10 1¢-
sults (Ref 5), some attention has been devoted to the
study of multipath as a possible cause of this discrep-
ancy. A theory has recently been derived wlnch results
in good agreement between the multipath theory and
eperimental data. The purpose of this article is to
present the results of some of this recent work. It will be
shown that the multipath theory (with the aid of a com-
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puter program) can be used to determine the true 1ange
delay of the station in the absence of multipath and
theieby determine a correction to the observed station
delay m the presence of multipath Furthermore, the
theory can be used to determine the physical location of
the multipath source and 1ts magmtude.

I[f. Theoretical Equations for
Subreflector Tests

In the subreflector test, ranging measurements are per-
formed wia the awrpath to a ZDD mounted on the dish
suiface The test configmation may be seen mn Fig 1
The 1ange-coded uphnk signal, radiated out of the 1adio-
frequency (RF) feed homn, is reflected off the hypa-
boloidal subreflector toward the dish swface The
dish-mounted ZDD hoin 1ecaves a poition of this
ene1gy, and after mixing with a coheient local oscillator
frequency, a coherent downhnk signal is 1adiated back
toward the hypeiboloidal subreflector and reflected back
toward the RF feed The 1ange-coded downlnk signal
received by the RF feed travels to the recewver system
and subsequently aiives at the 1anging machine

In the 1anging test, the total system 10und trip delay
time 1s measwed as a function of subreflector position
If the major part of the multipath signal is mteractmg m
the 1egion between the feed hoin and the feed cone o1 1ts
support structwme, the subreflector movement will cause
the multipath signal to go m and out of phase with the
pumaiy signal Smce the only 1equied modification to
pievious theoretical woik published by this author (Ref.
6) 1s to cxpress the differential path length m teims of
mdwcated subieflector position, only the equations will
‘be mesented The denvations can be found m Ref 6

For the configmation of Fig 1 the equation for two-
way 1ange can be evpressed as

(i‘y),, =K, + g0t e (1)

where

K, =total system group delay (uplmk and
downlmk) m the absence of multipath, s

£go = 1101 1 the uplink delay due to multpath, s
£gn = cn201 in the downhink delay due to

multipath, s

For simpherty, assume that the primary and leakage paths
are the same for the uphnk and downlmk signals (see
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Fig. 1). Then from the equations derived in Ref 6, and
assuming a frec space media for both leakage and pn-
mary paths,

(e — 1) A+ cos b, o
eg"_( ¢ A\TT 24Acosl, T A&° 2)

R — 1) A+4cosp -
Egb_( ¢ )A 1+ 2Acos 6, + A* ®

where
8" = _2677](“ (‘Q-‘ _ 11) 1 Sl'a (4)
-9
b= 2 ) + o ®)
and

A = 1atio of the magmtudes of the leakage and
primary signals as measured at the output
port of the ZDD hom (see Fig 1)

2;,8; = physical path lengths, 1espectively, of the
prumary and leakage paths gomg one-way,
cm

¢ = speed of hight (=3 X 10 cm/s)

farfy = uplink and downlink frequencies,
respectively, Hz
Yasyn = phase angles of 1cflection cocficients (:f any)

in the leakage path for uplink and downlink
signals, 1espeetively, 1ad

The exact 1clationship of (2, — £,) to subreflectol move-
ment 15 dificult to derive due to defocusing effects and
the changes in medence angles that differ for the pri-
may wave and the multipath wave As 2 first-order
approuuntation,

2. — by = (AL, + 28,) 254 (6)

wheie

A2, = differential path length when the indicated
subreflector position is zero, 1

e a1
S, = indhcated subreflector position, m.

iThe subreflector position on the equipment 15 mdicated m mches
rather than m centimeters ‘To be meanmgful this mdicated position
Jwould not be converted to the metrie system
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The automatic gain control {(AGC) downlink signal level
change obseived by the ground receiver will vary ac-
cording to the relationship

|Fr| . = 10log: [(1+ 2A cos 0, + A%)(L + 24 cos 6+ A%)]

(7)

and the AGC signal level (in dBm) observed at the
ground 1eceiver 1s

les

AGC =K.+ |Frlrm (8)

where K, =the AGC signal level winch would be ob-
served 1 the absence of multipath (in dBm)

Ill. Theoretical and Experimental Data

A. Subreflector Tests

Figures 2 thiough 7 are computer puntouts and plots
showmng a comparison of theoretical and experimental
data obtamed from subieflector tests at DSS 43, 63, and
14 The uplnk and downlnk test frequencies were ap-
proximately the Helios spacecraft frequencies of 2115
and 2297 MHz, respectively

The printouts and plots were generated by a computer
program to perform a least squares fit of theoretical
values to expeumental data. The theoretical data are
based upon Egs, (1) thiough (8), and a best fit is made
first to the experimental ranging data to determine the
best fit value of (1) true station delay K, 1 the absence of
multipath, (2) the differential length Af, as defined by
Eq. (6), and (3) the 1elative strength of the leakage signal
A expressed mn decibels The program then uses these
best fit values of A%, and A to calculate the theoretical
AGC signal levels as a function of subieflector settings

This sequence for best fit was chosen because the range
data are a 1esult of long term averaging, while the AGC
data are erther typically noisier o1 generally lag belund
1eal-hme changes The AGC data are also dependent
upon the accuacy of the cahbration cmves and operation
only at the signal levels where the calibration curves

apply

Note from the computer prmtouts on Figs. 2, 4, and 6
that the best fit values of A4, are typically about 3827.4
em (1810 in ). This value compares favorably with values
of approximately 33325 em (1812 in.) obtamned from
measurmmg physical path lengths on scaled drawings (see
table in Fag. 1) From Fig. 1, 1t can be seen that this value

116

is associated with a multipath wave 1eflected off the
cone platfoim. The values of approumately —15 to —20
dB for A agree with those calculated independently by
Ludwig (Ref. 7) These values are also consmistent with
beam efficiency values published 1n Ref 8 for the portion
of the beam 1illummating the cone platform -An attempt
to explain the higher value of about —~10 dB for Ay, at
DSS 63 will be made later after discussion of the plotted
curves,

Exammation of the plotted curves shows that reason-
ably good agreement was obtamned between theory and
experiment for DSS 43 and DSS 14. The typical devia-
tions in range are about 3 ns, and typical deviations in
AGC are about 03 dB. These deviations imght be due to
another smaller multipath effect caused by a wave bounc-
ing off the cone roof and not accounted for by the theory

The larger disciepancy for DSS 63 was previously
attributed to a cone missing from the cone platform.
However, 1t was recently learned that a cone was also
missing from the cone platform on the DSS 43 antenna
during 1974 and duung the subreflector test Therefore,
the stronger multipath effect and larger discrepancy at
DSS 63 mught be due to the location of the missing cone
with respect to the location of the ZDD The ZDD loca-
tions and tricone configurations at DSS 43, DSS 63, and
DSS 14 for the subreflector tests are shown in Fig. 8
Note that at DSS 63 the missing cone is at Bay 1, while
at DSS 43, the mmssmg cone is at Bay 3. Because of the
different locations of the mussing cone with respect to the
ZDD, a stronger multipath signal could exist at DSS 63
than at DSS 43.

The large disagreement of calculated and experimental
AGC values at DSS 63 can be explamed as follows. The
AGC calibrations at DSS 83 were performed in the region
of —140 to —170 dBm while actual multipath tests were
performed at —120 dBm The measured signal levels for
the tests weie outside the calibiated region, and there-
fore the measured AGC variations were much smaller
than the actual variations. G. Pasero at DSS 63 stated that
when the test was repeated for AGC data only at a later
date m the calibiated range of the receiver, the peak-to-
peak AGC vauaton observed was about 10 dB Tlus
peak-to-peak vanation agrees favorably with the caleu-
lated values shown on the plots

All of the subreflector test results presented apply only
to the antenna pomted at zemth and at the S-band test
frequencies involved. Results of subreflector tests at 45
and 20 deg elevation angles have been reported in Ref 3,
but as yet no cmve fit has been made to these data.
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B. Antenna Tipping Test

Another airpath test that is often performed 1s the
antenna tipping test. In this test the total system range
delay 1s continuously measmed while the antenna 1s
slowly tipped from the zemth position to the horzon
Figmes 9 and 10 show the results of the tipping test for
DSS 43 and DSS 63, respectively, No current tipping test
data were obtained at DSS 14. The tippmg tests were
performed on a different day from the subreflector tests,
and the measured zenith range delays differed by about
10 to 20 ns To avoid confusion, the tipping test data were
converted to show changes relative to the zemth position
A polynomial curve fit was made to the data to show
tiends only. The polynomal curve fit 1 not based on the
multipath equations. However, 1t 15 interesting to note
that when the antenna 1s tipped from the zenith position
to the honzon, the subreflector moves from the normal
operating pomt outward about 05 to 0.7 in (Ref. 9), If
one examines the subreflector data for DSS 43 and DSS
63, (see Figs 8a and 5a) and moves from the operating
pomt to a point about 05 in in the positive dnection,
the magnitude and phase (sign) of the range change gen-
erally agiee with the antenna tipping data. Therefore one
can assume that the phenomena associated with the
antenna tipping tests are correlated to the same multipath
phenomenon observed on the subreflector test

[V. Corrections to Measured Station
Range Delay

In the precedmg section it was shown that the true
statton delay could be determined wath the aid of a com-
putel progiam The definition of true range is that which
would have been measured in the absence of multipath.
Since the subreflector position during pre- and post-track
ze10-delay cahibiation 1s known and since the true range
15 given by the computer piogram, one can caleulate a
coirection foi.the measured station delay. In addition,
one can predict what the observed range residuals would
be between stations For example, let

BIAS/,.. =measured DSS round trip delay in the
presence of multipath

BIAS 5y = true DSS 10und trp delay in the absence
of multipath

Using the equation in Ref 1 the measured round-trip
hght time (RTLT) will be

RTLT’ = Rypts; — BIASsjc — BIAS),., +Z  (9)
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but the true RTLT 1s
RTLT = Rfo;a; b BIAS,\‘/G - BIASB,S\' +Z (10)

where Ryoi; 15 the total measured range and Z 1s the
Z-coirection

" If BIAS',«, BIAS,. are given m nanoseconds the
range 1estdual 1n meters 1s computed from

Range
Restdual = [RTLT' — RTLT] {0.15] (11)
{meter) (ns) (ns)

Substitutions of Egs (9) and (10) into Eq. (11) gives

Range
Residual = [BIAS,sv — BIAS, . ] [0.15]  (12)
(meter) (ns) (ns}

For DSS 43, the 1974 pie- and post-track ZDD calibra-
tions were done with the subreflector at 0 in Then from
the data on Fig 2

BIAS,s, — BIAS;,, = 31984 — 32272

= —288ns

Range Residual = —43meters

For DSS 63, the 1974 pre- and post-track ZDD-cahbra-
tions were done with the subreflector at —05 m. From
the data on Fig. 4,

BIASDS\' - BIAS"

25

= 4210.8 — 4155.9
= 54.9ns
and

Range Residual = 8 2 meters

Since DSS 14 does not operate m the airpath configura-
tion, there 1s no need to compute 1esiduals for DSS 14

It is mteresting to note that the above residuals are in
excellent agreement with the residuals pubhshed by
Christensen for Mariner 10 at Mercury Encounter I on
March 29, 1974 (Ref. 5). Unfortunately, the results pre-
sented here eannot be used conclusmively to explain the
residuals The mamn reason 1s that during Manner 10
Mercury Encounter I on Maich 29, 1974, the ZDD horn
at DSS 43 was located at the outer edge of the 64-m dish
suface The ZDD horn was moved to a new location
closer to the center of the antenna on August 1, 1974 (sce
Fig 8). The DSS 48 test results reported in this article
were obtained at the new location
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Another reason why the resuits may not apply to the
Mariner 10 residuals is the slight differences in test fre-
quencies If one were to assume that the same multipath
conditions existed at DSS 63 as during the Marmer 10
Mercury Encounter I period, calenlations show that for
the Manner 10 uphnk/downlink trequencies of 2 11352
GHz/2.29523 GHz, the range residual would have been
+50 meters, It can generally be expected that the
multipath-caused residuals will change significantly with
uplink/downlink frequency changes as small as 1 or
2 MHz.

Since the multipath error can change m magnitude and
phase with (1} frequency, (2) ZDD horn location, or (3)
the RF feed configuration, it is important to document
these parameters for future reference. The test configura-
tions for the tests done at DSS 43, DSS 63, and DSS 14
are shown in Fig. 8 Table 1 shows the critical param-
eters of interest which if altered would invalidate the
range correction data obtained

V. Summary and Recommendations for
Future Work

It has been shown that even though multipath effects
are present on the antenna, the effect can be separated
out by the movable subreflector techmque, This method

assumes that the dominant interaction is occurring be-
tween the subreflector and the cone or its support struc-
ture. If there are multipath effects outside this region,
one must use a movable ZDD horn on the dish sur-
face such as that described in Ref. 8. Range measure-
ments made over a band of frequencies right also reveal
multipath effects and enable 1dentification of multipath
sources

if the station penodically (every 3 months) obtains
data from the subreflector test, then through the use of
the computer program, one could determine the station
delay more accuiately Since the computer program also
assists 1n locating the multipath source, a simple antenna
redesign might be done to ehminate the problem entirely.
One solution may be to restore the hyperboloid vertex
plate which is not present en 84-m antennas

Although good agreement was obtained between theory
and experiment for the tests described 1n this article, 1t
is still desirable to confirm the location of multipath
source. Plans are bemng made to perform an expermment
placing absorbers on the cone platform of the DSS 14
64-m antenna and seemng 1f the dommant multipath cffect
disappears for both S- and X-band. The results of this
test will be reported m a future issue of this pubheation
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Table 1. Multipath test configuration and tabulation of eritical multipath-dependent parameters

Test frequencies N
» ormal subreflector §/X dichroe Approumate period
DSS CHz operatmg positien, ZID Dthom 5-band plate for which test
Uphink Downlink n 0cation cone installed results are valid
August 1, 1974
{new horn location )
Dish surface to
43 2 115770 2 297670 0 as mndicated SPD No February 13, 1975
onFig 8 {when XRO? cone and
S/X feed installed)
Throughout 1974
5 Dish surface to
63 2115700 2 297593 —0 as mdicated SPD No February 1975
(05m IN) onFig 8 (when §/X feed
mstalled)
ff;d"l’;ls‘de of March 19, 1975
—05 : b when SPDY cone/
2 297540 Section on SPD Yes XRO cone installed )
14 2115650 = {05 m. IN) same level as ¢
cone platform a ;
(F.lg 8) presen

2X-band recetve only
bS-band polanization diversity

120
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ol DAREA \ wpn o | s 240
+8 cm 27
VERTEX OF
Getocone |91 en  HyreraoLoi g 756920 | 4231.64 3337 .56
BASE {252 in.) l {2980} {1666) (1314)
569 em 233,606 em w. { 7
{224 1)} (91.971 in.} \
s
FOLDING P
GUARDRAIL ACCESS HATCHES P A
TOP VIEW 1137.994 em | TR
NO SCALE (8.0} o7 /| #] N\
(CROSS=HATCHED Wopr 2710927 cm
AREA REPRESENTS POTENTIAL 7 1 {.f AL (1067294 in.)
MULTIPATH SCATTERING } Iy y FOCAL LENGTH
SURFACES) P NORMAL TO iyt
P HYPERBOLOID (1 Af ) | AL
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MULTIPATH (LEAKAGE) 2 (MULTIPATH | 4 |1
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! 4
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ZERO DELAY ZDD LOCATION "A"
{Jé‘*c'fﬁgg",[‘é, {DASHED LINE)
843.3 cm ]
(33w~ MODULET PRIMARY RAY FOR
ZDD LOCATION "A" | PARABOLOID
(SOLID LINE)
MODULE 1 ,
iy I |
ZERO DELAY
PARABOLOID DEVICE (Z0D)
HORN LOCATION
SECTION A=A A

Fig 1. 64-m antenna geometry for multipath tests



0S5 43 SUBREFL TESTS AT ZENITH» 1974 GMT DAY 362
FAS  2,115770 6HZ FB= 2.297670 GHZ
AUBLS«24,0000 DB ADBU=~15.0000 DB
oLZL= 1295.000 INCH DLZU= 1325.000 TNCH
SUBREF EXPER. CALC. RANGE FXP CALC
FOSITION RANGE RANGE DIFF. AGC AGC
LINCH) DELAY DELAY (NS) (DAM} [{al:L
(NS} (NS)
=3.000 3226.80 3223.15% 3,646 ~121.18 ~=120.72
=2,500 3227.90 3227.77 «126 =120.00 -120,25
~2.000 3202.20 3203.23 =1,028 =122.34 ~122.47
=1.500 3162.60 3164.89 =-2.286 =125.59 ~12%.20
=1.000 3171.20 3178.40 =3,203 =125.22 +124,55
=500 3210.80 3211.96 =-l.164 =121.98 =121.70
-000 3227.20 3226.98 «220 =119.87 =~120.%5
«500 3210,480 3212.25 =1.845 =121.07 =121.66
1.000 3181.%0 3178.36 35,040 =12&,05 =124,21
1.500 3178.60 3172.65 5.954 =124,55 =124,70
2.000 3195,50 3196.94% «1l.440 =122.81 =127.79
BEST FI1T VALUES FOR OPTION 1
K1 ADB nLZ K2
(NS) top) LINCH) [{a]:100]
FIRST ESTIMATE 3198.51 =15.45 1311.%00
FINAL ESTIMATE 3194.41 -1%,38 1311.786 =122.6793

AGC
nIFF«
(DB)

o821
252
+135%

-+385

=668

=272
<481
«5B6
«165
«15%
-.026

Fig.2 Sample printout of computer program
far DSS 43 subreflector tests

122

3220

OPERATING
POINT AT
ZENITH

210
B
> 3200
3
g1
(=
W
o
z 30 CALCULATED
p VALUE OF TRUE
RANGE DELAY
3180 .
(70 - N
3160 1 l ] |
=119 T T T T
(b} OPERATING POINT
E/_- AT ZENITH
-120 _ 0O -
-121 _
€ L
3 CALCULATED
- VALUE OF TRUE
o 1 SIGMNAL LEVEL
5 =122
o
= e
S it Eotiily S lei b W :
O 123
(7]
L&)
A
Lo
~124
=125
o
~124 - ] 1 J |
-3 -2 -1 0 1 2

SUBREFLECTOR POSITION, in.

Frg 3. Companson of theoretical and experimental res_ults for
subreflector tests at DSS 43 on 1974 GMT Day 362 (zenith mea-

suremen

t): (a) Range delay, (b) Downlink recewed signal level
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0S5 63 SUuREFL TESTS AT ZENLITHe 1975 M7 DAY 29
FA= 24135700 6HZ  FB= 5.29;595 6HZ
ADEL=~24,0000 DB AQ@U==12,0000 0B

COLZLE  1295.000 INCH DLZu= 1325,000 INCH

SUBREF EXPER., CALC, RANGE EXF CaLc

FosI110N RANGE RANGE DIFF. ASC ABC

(INCH) DELAY DELAY (HS) (caH) (oam}
{NS) (NS}

w2:000 4E1T+20 H19B445 184746 =127,47 =129.64

=d+500 4258.40 %255.99 24415 =127,27 ~=12%.21

~2.000 §2%3,.10 u263.42 =10e317 -127,27 ~123.17
*la50U0  4213.350 4235.4) ~22.106 =127.30 *~126.62
«1le000 Gl22.60 #139,17 =11.572 =12y,25 =133.43
=eb0U  4155.90 4159.15 «3.2780 =12g8,16 +132.18

00U  9253.30 4205.23 8,070 =127,33 ~125.%58
+500 4276.90 H254,77 12.128 =127,27 =122.9%
14000 4256410 250,93 5169 =127,27 =12&.90
LeS0U  H201,10 41T78.04 2)e06% ~127,67 =131.02
€000 NH122.80 4121.47 «53% ~128,69 +133.94

£eBUU  HZDLl.70 H223e11  =21.406 =-127,71 127,08
S2000 4259.60 MH20l1.05 =le4d6 =127,28 *~123.56

BES] F11 VALUES FOR OPTION

Kl ADb pLZ K2
NS} ({1 H] (InCHY (DBM)

FIRST ESTIMATE &215.310 ~12400 1299,500
FINAL ESTIMATE G210.83 =976 1299,573 =127.8646&

Al
DIFF.
(Dg}

20173
~3+057
=4el05

-+677

Selpb

54020
=174l
=-4+275
-2+373

32352

Se24?7

=«026
=3+718

Fig. 4 Sample prmtout of computer program for
DSS 63 subraflector tests

ORIGINAT, PAGE
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4280

4260

4240

4220

4200
VALUE OF

—

4180 DELAY

RANGE DELAY, m

160 -

4140 =

AN20

4100 1

TRUE RANGE

OPERATING
POINT AT
ZENITH

~122
®

-124

T

T

-126
-mﬁ ——————

~130

AGC SIGNAL LEVEL, dBm

-132

-13% 1

CALCULATED
VALUE OF
TRUE SIGNAL

LEVEL -\!L

0}

I

OPERATING
POINT AT
ZENITH

] [

-3 -2

=1

0 1
SUBREFLECTCR POSITION, mn.

Fig 5. Comparison of theoretical and experimental results for
subreflector tests at DSS 63 on 1975 GMT Day 29 (zaj.mth mea-
surement}: (a) Range defay, (b} Downlink received signal level
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HELTO5 PASS 215 POST CAL DSS lhe 1975 GMT NAY 193

FAZ  2.1156%0 6HZ
ADBL=-2k,0000 DB

DLZL= 1295,000 INCH DLZU= 1325.000

SUBREF  FXPER.
POSITION RANGE
({INCH) DELAY
(NS)

=3.000 3276.20
“2+500 3255.90
~2.000 3286.10
=1.500 3%064.30
=1.000 3305.%0
~+500 3279.60
000  3766,50
500 3276.60
1.p00 3295.00
1.500 3%06.70
2.000 3289.00
2+500 3266.60
3.000 3278,70

FB= 2.297540 GHZ

ADBU==15.,0000 DB

CALC.
RANGE
DELAY
{NG)
3272.T4
3263 .34
3285.53
3305.28
3304.02
32B2.72
3263.51
327599
3298.83
3305.02
329037
327071
3271.84%

RANGE
DIFF.
{NS)

3465
=5, 442
574
=983
1,275
~3.118
2.995
«505
=3.834
1.685
=1,370
=4,107
6.856

BEST FIT VALUES FOR OPTION 1

Kl
(NS}

FIRST ESTIMATE 3286.38
FINAL ESTIMATE 3286.46

ADB
Qe):}]
=19.,05
~1%.15

INCH

FXp
AGC
(OAM)

~135.64
=136,50
=134,68
=132,40
=132,73
~134 .88
~136.14
=135.32
=133,22
=-132,75
=-134,72
=136.36
=-135.35

nLz
(INCH}
1308.500
1308.%580

CALC
AGC
(D)

=135.57
=136,%4
=-130,61
~132,93
~133,05
=134%,R1
=136.19
~135.29
=133.50
=132,97
=-134,17
=135.67
=-135.59

Lt
{nBu)

=134,4510

AGC
DIFF.
nal

=sD70
=363
=066
«532
+«31R
=071
051
- 026
«277
217
=.5uUR
-.687
236

Fig. 6. Sample printout of computer program for
DSS 14 subreflector tests

124

RAMGE DELAY, ns

AGC SKGNAL LEVEL, dBm

3310

3300

T I T 1

CALCULATED
VALUE OF TRUE
RANGE DELAY

2290
3280~ 3
o
e
P
3270 ZENITH
3260
O
\
3250 1 1 1 ! 1
-132,0 T 1 T T T
(b}
o
~132,5 -1
(u] ]
-133.0} -
T CALCULATED
0,5 dB VALUE OF TRUE
aask L SIGNAL LEVEL -
1340~
SMSsE T T T T T
.ﬂ35.0 -
OPERATING !
135,55 POINT AT
ZENITH
~135,0 -
=135,5 l | ! H !
3T = " 0 1 2 3

SUBREFLECTOR POSITION, in.

Fig 7. Companson of theoretical and expenmental results for
subreflector tests at DSS 14 on 1975 GMT Day 193 (zenith mea-
surement): (a) Range delay, (b) Downlink received signal level
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ZDD LOCATION ON

DISH SURFACE (640 em
FROM PARABOLOID CENTER)
AFTER 1974 GMT DAY 213

BAY 3 NO CONE
{XRO CONE INSTALLED
AFTER FEB, 1975)

BAY 2
SPD CONE
(NO ELLIPSOID)

EDGE OF DISH LOCATION
OF ZDD FRIOR TO 1974
GMT DAY 213

GROUND

Dss 63 ZDD ON DESH |
SURFACE (648 cm
FROM PARABOLOID

QUADRIPOD CENTER

LEG

BAY 3

XRO CONE BAY 2

{NO DICHROIC $PD CONE
PLATE} {NO ELLIPSOID)

GROUND

BAY 3
XRO CONE D35 14
(FIXED DICHROIC

LATE)

BAY 2
SPD CONE
(FIXED ELLIPSOID)

Op
Q IGD\TAL NOT TO SCALE
[#)
ZDD LOCATED IN
BOX ON SAME LEVEL
AS CONE PLATFORM
XKR CON ON SIDE OF MOD I

E
(NO DICHROIC PLATE) SECTION

i szzzzz444
GROUND

f
BAY 1

Fig. 8 DSS 43, DSS 63, and DSS 14 zero-delay device locations
and tricone configuration for subreflector tests
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Fig. 9. DSS 43 antenna tpping tests at S-band, 1974 GMT Day

ELEVATION ANGLE, deg

359: (a) Range delay change, {b) Downlink received signal level
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Fig. 10. DSS 63 antenna tipping teéts at S-band, 1975 GMT Day
27: (a) Range delay change, (b) Downlink received signal level
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