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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
lished by the Communications Elements Research Section in the Jet Propulsion 
Laboratory's The Deep Space Network Progress Report These articles were 
published during the period January 1973 through October 1975. 

It is hoped that this document will serve as a useful and convenient reference for 
members of the Ranging Accuracy Team, Network Operations, and Navigation 
Team, and others who use ranging calibration data. 
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Abstract 

Within this collection, a set of articles is 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 Mariner-Venus-Mercury 1973 S/X-Band Experiment. 

Another set of articles is concerned with test data obtained at DSS 14 (Gold
stone, California) after installation of the ZDD on the 64-m antenna. It is 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 determining the 
appropriate Z-correction are described. Zero delay test data at DSS 14 during 
the Mariner 10 Venus-Mercury-Encounter periods (1974 Days 12-150) are 
presented. 

The final set of articles is concerned with the theoretical analysis and experi
mental verifications of the (1)effects of multipath and (2) effects of discontinuities 
on range delay measurements. The last article shows how a movable subreflector 
technique and -the multipath theory can be used to isolate 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. XIII, Feb 15, 1973, pp 72-81 

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

Support Test Equipment
 
T. Y Otoshi and 0 B.Parham
 

Communications Elements Research Section
 

This article documents the design of an X-band down converter and a doppler 
extractorreceiver that were speciallydeveloped andsuppliedto the Telecommuni
cationsDevelopment Laboratoryin July 1971 The special equipmentenabledpre
liminarytests to be made on the performanceof a combined SIX-band radio system 
similar to that which will be used for the Mariner Venus/Mercury 1973 mission 

I. Introduction 
The S/X-band experiment to be performed with the 

Manner Venus/Mercury 1973 (MVM 73) spacecraft is 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 uplink signal 
of approximately 2113 MHz will be transmitted to the 
spacecraft from the 64-m-diameter 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 frequen-
cies of approximately 2295 MHz 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 data 
as received back at the ground station provides scientific 

JPL TECHNICAL MEMORANDUM 33-747, VOLUME I 

information required for determining total interplanetary 
electron content 

A Block IV ground radio system currently being de
veloped by the Division will be installed at DSS 14 for the 
S/X expenment The Block IV system will be a phase
stabilized system enabling simultaneous reception of S
and X-band frequencies and will yield dispersive S/X 
doppler and SIX range data 

At the time the preliminary tests were conducted (Sep
tember through October 1971), the Block IV system hav
ing S/X capability was not yet available Therefore, it 
was necessary to utilize a Block III system that had only 
S-band capability. The Block III system was converted 
into an X-band phase-locked loop receiver by means of 
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an X-band to 50-MHz down converter, which will be 
described in this article As was shown in a report by 
Brunn (Ref 2), the preliminary ranging and carrier phase 
test data were successfully obtained. 

II. X-Band Down Converter 

A 	 block diagram of the X-band down converter is 
shown in Fig. 1. An input X-band signal (in the frequency 
range of 8400 to 8450 MHz) is down converted to produce 
a 50-MHz intermediate frequency (IF) output signal This 
output signal is then fed into the 50-MHz IF input stage 
of a Block III receiver The Block III phase-locked loop 
VCO output (nominally 23 4 MHz) is fed back into the 
down converter assembly, doubled, and then added to a 
coherent bias signal of approximately 51 7 MHz, which 
is produced by a frequency synthesizer and a 5-M~z 
frequency standard. An output signal of approximately 
98 6 MHz is then filtered and multiplied by 85 to provide 
a phase-locked local oscillator frequency that is 50 MHz 
lower than the input X-band signal Many of the mixers, 
amplifiers, and multipliers are of the same design as those 
implemented in the Block IV system The Telecommuni-
cations Development Laboratory (TDL) X-band receiver 
system was purposely designed to be similar to the 
Block IV system so that preliminary 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 I 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 again made on the X-band down con
verter The single sideband noise figure of the converter 
for the Channel 19 X-band input frequency (8421 79 
MHz) was determined to be (10 2 ± 0.5) dB as defined 
at the Type N input port of the converter assembly The 
increase in noise figure was attributed to minor adjust
ments made after data of Table I had been obtained 

III. X-Band Doppler Extractor Receiver 
X-band doppler data were obtained by use of an S/X 

translator and an X-band doppler extractor receiver simi
lar to that which will be used in the Block IV system 

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

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

IV. 	Acknowledgment 
The equipment described in 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 I Noise figures and image rejections of
 
X-band down converter
 

Frequen Single-sideband Image
cy, noise figure, rejection, 

MHz dB dB 

8400 122 41 
8405 112 39 
8410 110 37 
8415 106 37 
8420 9 6 36
 
8425 8 6 35
 
8430 8 5 34
 
8435 9 2 31 
8440 10.0 30 
8445 112 28 
8450 12.4 25 
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Fig. 2. TDL X-Band to 50-MHz down converter (a) front view (b) top view; (c) mar view 
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Fig. 2 (contd) 
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Fig. 2 (contd) 
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Fig. 3. Block diagram of TOL X-band doppler extractor system 

Fig. 4. TOL X-band doppler extractor receiver: (a) front view; (b) top view; (c) rear view 
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Reprinted from The Deep Space Network Progress Report, Technical Report 32-1526, Vol. XIV, Apr. 15, 1973, pp. 73-80. 

SIX-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 SIX band experiment is 
described. Preliminary group delay and transtisioncoefficient phase data are 
presentedfor sae of the components in the zero delay device. 

I. Introduction 

The S/X band experiment to be perfrmed 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-
mtely 2113 MHz will be transmitted to the spacecraft 
from the 84-rn 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 

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 directim 
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. 

11. 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 64-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 
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S-band horn. This received 2113-MHz signal is mixed 
with coherent 182 and 6302 MHz local oscillator ire-
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 	 assbly. TeiZr suchorn-daebloincludes te

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, 

III. 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 

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 Coin
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 frequeicy 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 (400F) to 37.8°C (1000F), 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 37.80C (1000F). 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 

Preliminary group and phase delay data have been pre-
sented for some components being installed in the ZDD 
assembly. It was found that for broadband coaxial devices 

such as the step attenuator and coaxial switches, the group 
delays were essentially the same at both S- and X-band 
frequencies. Variations of group delay and phase with 
ambient temperatures were negligibly small over the 
temperature ranges of 4.°C (400F) to 37.80C (1000F). 
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Table 1. Test data for Welnachel Model AE 974W93 stp attenuator 

Attenuator 
setting, dB 2110 

MHz 

Grmp delay, 

2300 
MHz 

ns 

8420 
MIz 

Estiiattl error 
limits, ns 

Trwmsi,ion 

2110 
Mllz 

(eo4ficient ph.,%. dog 

23, 8420 
MIhz MI1z 

Estimated error 
limits,- deg 

0 0.93 0.95 0.93 ±0.12 4.9 -59.7 .30.0 ±0.4 

1 0.95 0.97 0.95 -2.6 -68.0 -0.4 

2 0.94 0.96 0.95 -0.7 -65.6 7.3 

3 0.94 0.96 0.96 -1.0 -66.1 5.7 

4 0.94 0.96 0.94 -0.7 -65.6 7.0 

5 0.93 0.96 0.96 -0.6 -65.8 7.6 

6 0.94 0.98 0.96 -0.2 -65.0 9.2 

7 0.94 0.96 0.95 0.4 -64.2 10.0 

8 0.93 0.97 0.96 1.5 -6.3.2 14.3 

9 0.94 0.97 0.95 0.2 -64.5 11.2 

10 0.96 0.98 0.96 ±0.13 -14.3 -80.6 -46.4 ± 0.5 

20 0.90 0.99 0.96 ±O.14 -10.9 -77.1 -34.1 z 0.5 

30 0.98 1.00 0.99 ±0.16 -16 -85.4 -68.5 -0.6 

40 1.00 0.99 0.97 ±-0.22 -16.8 -8.3.7 -54.6 ±0.8 

S0 1.06 1.03 1.07 ±0.33 -35.5 -102.8 -129.9 ±1.2 

90 1.3 1.1 1.1 ±0.67 -29.5 -98.6 -114.6 ±2.4 

*Manufacturer'sspecs on the HP 8542A automatic network analyzer. 

Table2. Test data for HP 8741A coaxial switch 

Port I toC 

Transmission coefficient 

Fre- Group delay, phase deg 
quency, 

MHz 4.40C 21-1-C 37.8-C 4.4C 21.1C 37.8"C 
(40F) (70-F) (100-F) (40-F) (TOF) (100.F) 

2110 0.24 0.2.3 0.24 -164.4 -164.6 -164.5 

2.300 0.21 0.21 0.21 -178.9 -179.2 -179.1 

8420 0.22 0.22 0.22 662.3 65.3 65.7 

Port 2 to C 

2110 0.24" 0.24 0.23 -164.4 -164.4 -164.5 

2300 0.21 1.21 0.21 - 178.9 - 179.0 - 79.1 

8420 0.22 0.22 0.22 (66.3 65.8 65.8 
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TaMet& Tnt mutb for Tlmoaki TOP 2114400.411 bmdpms fItw 

21.1C Croup delay, s Trmmnfmm coefcient ph ^e deg 
Frequency, (70"F) 

MHz Insertion loss, 4.4-C 21.1C 37.8C 4.4"C 21.10C 3.8"C 
dB (40-F) (706F) (1000F) (40F) (700F) (1009F) 

1750 10.5 - 1.46 - - 1422 -

1800 5.5 - 2.19 - - 110.6 -

1850 1.6 - 2.71 - - 6 -

1910 0.42 2.32 2.37 2.89 2.2 4.1 5.0 

2000 0.47 2.00 .0 LOO -65.7 -64.8 -8.2 

2100 0.53 2.02 2.0 o.0s -137.8 -187.2 -1&9 

2200 0.47 2.22 2.21 2.21 146.2 146.4 140.6 

2290 0.80 3.22 3.24 3.23 62.9 62.7 a.l 

2350 4.7 - 3.13 - - -15.5 -

2400 11.7 - 2.04 - - -0l.4 -
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Fig. 1. Simplified block diagram of ZDO calibration 
system for S/X expermrnt 
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Frig. 2. Preliminary block diagram of ZOO assembly 
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. . . .. .CENTIMETERS 

Fig. 3. Remotely controllable coaxial step attenuator, Weinschel Engineering
 
Model AE 97-69-3
 

Fig. 4. Remotely controllable coaxial switch, Fig. 5. Coaxial 2113MHz bandpass filter, Telonic Industries 
Hewlett-Packard Model HP 8761A Model TOP 2114-400-4EF1 
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S/X-Band Experiment: Zero-Delay-Device Step 
Attenuator Evaluation 

T.Y.Otoshi
 
Communications Elements Research Section
 

Test results arepresented for a coaxalte attenuatorto be used in the zero 
delay device for the SIX-hand experiment. The tes resnd at 182, 2113, 2295,
&302, and 8415 MHz indiate ta the attenuator group delay changes about 0107 
-s over a 69-dB range. Tests made over a temperature range of 4.40C (460F) to 
37.8"C (100*F) indicate that group delay and phase changes as a function of 
temperatureare 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. I 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 attenn-
ator at S- and X-band frequencies. Recently, the attenu-
ato 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 4.40C (400F) 
to 37.80C (100-F). 

I1.Test Results 
Table 1 shows a summary of the test results obtained 

on the step attenuator at 18 2113, 2295, 6302, 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 
Netvork 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 I 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 0C (40 0F) to 37.8 0C (100 0F). 

(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 

where p2,(AdB) and 021(0) are the transmission coefficient 
phases measured at an arbitrary attenuator setting A,. 
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 

-(_ 

(Tf, 	 (2)
 

For example, from Table le it is found that, at 8415 MHz 

and 21.1 0C, the incremental phase shift at the 10-dB 
setting is 

(A4 .4,.. = -47.8 - 28.8 = -76.6deg 

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

(A02)18 = 182 (-76.6) = -1.7 deg 

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

(AtaI),a = -63.5 - (-61.9) = -1.6 deg 

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). 

Ill. 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 60 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 37.80C. 

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 
February1973, Technical Report 32-1526, Vol. XIV, pp. 73-WO. Jet Propulsion 
Laboratory, Pasadena, Calif., Apr. 15, 1973. 
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TaMle 1. Tet data far W"A md AE 974g.3 
sep atnwuatw 

Atten- GrCop delay, Transmission coefficient 
uttr u phse deg 

dB 4.4oC 21.10C 37.81C 4.40C 21.19C 37.8oC 

(a) 182 MHz 

0 1.03 0.95 1.02 -61.1 -61.9 -61.1 
10 1.02 0.96 1.01 -63.0 -63.5 -62.9 

15 1.05 0.98 1.04 -63.7 -64.1 -63.6 
30 0.97 0.97 0.98 -63.6 -63.8 -63.5 
60 1.01 1.00 1.00 -5.8 -65.8 -65.4 

89 - 1.01 - - -64.8 -

(b) 2113 MHz 

0 0.95 0.94 0.98 7.4 3.8 7.4 
10 1.02 0.97 1.03 -11.7 -15.5 -11.8 

15 1.03 0.97 1.03 -17.8 -21.1 -17.3 
30 0.98 0.97 0.98 -18.6 -20.0 -16.2 
60 1.03 0.99 1.03 -33.2 -32.2 -32.7 

69 - 1.00 - - -35.7 -

(c) 2295 MHz 

0 0.95 0.91 0.94 -54.0 -58,0 -54.1 
10 1.00 0.96 0.99 -75.0 -78.7 -75.1 

15 0.99 0.98 0.98 -81.7 -84.7 -81.1 
30 0.97 0.97 0.97 -80.3 -83.6 -79.9 
60 0.97 0.96 0.99 -99.8 -97.5 -98.6 
69 - 0.99 - - -103.3 -

(d) 6302 MHz 

0 0.94 0.93 0.94 24.9 24.5 24.8 
10 0.98 0.96 0.96 -32.5 -32.8 -33.0 

15 0.97 0.97 0.98 -48.7 -48.6 -49.4 
30 0.97 0.97 0.97 -47.7 -47.3 -47.7 
80 1.01 0,99 0.98 -82.3 -80,5 -79.8 
69 1.00 1.00 1.01 -96.8 -96.1 -93.9 

PAGE IS (e) 8415 MHz 

OF OWR QJ I0 
10 

0.94 
0.95 

0.93 
0.95 

0.94 
0.94 

29.5 
-47.5 

28.8 
-47.8 

29.0 
-48.3 

15 0.98 0.98 0.98 -69.6 -69.5 -70.5 
30 0.97 0.97 0.97 -69.8 -69.1 -69.8 
60 1.01 1.01 1.02 -118.0 -115.5 -114.4 
69 0.99 1.01 1.02 -136.8 -134.4 -132.3 

JPL TECHNICAL MEMORANDUM 33-747, VOLUME I 21 



Fie. 1. Remotely controllable coaxial step atteflitor, Wainsciel Enginerng Model AE 9749-3
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S/X Experiment: Preliminary Tests of the Zero Delay Device 
T. Y. Otoshi and P. D. Batelaan
 

Communications Elements Research Section
 

Preliminarytesting of the zero delay device for the SIX experiment was per
formed at the Telecommunications Development Laboratory. The test setup 
consistedof a Block IV exciter, the zero delay device under test, a Block III receiver 
for S-band reception, a Block IV receiverfor X-band reception, and a Mini-Mu 
ranging machine. Group delay through the system was measuredas a function of 
received signal level and zero delay device temperature.The test results are pre
sented and discussed. 

I. Introduction 
Fabrication of a zero delay device (ZDD), developed 

for the S/X experiment (Ref. 1), has recently been corn-
pleted. This device will be installed on the side of the 
Mod-III section of the 84-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. 

II. 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 availableby the R.F. Systems Development Section. 

Figure I shows the ZDD placed in the TDL tempera-
ture-controlled test chamber. For these temperature tests, 
phase-stable cables (Flexco F182) were used for an 
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 Ill 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 0C 

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 340C. 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 340C. 

Ill. Test Results and Discussion 

Group 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 210C 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 
groupdelay at 210C changed about 4 ns when signallevels 
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 210C 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 37.80C temperature range (Ref. 3). Repeatability of 
the ZDD attenuators was typically better than t0.02 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 functons of signal level and tunperatbr 

Temperature, Maximum, Minimum, Difference, 
.Cns m m 

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
 
Postcalibration,
 

21.0 231.07 227.37 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 4.02 
4.4 274.40 272.01 2.39 

34.0 276.24 272.89 3.35
 
Postcalibration, 273.39 272.07 1.32
 

21.0 
21 °C for max; 279.08 272.01 7.07
 
4,40 C for min
 

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

Temperature, Initial, Final, Change, Elapsed 
.Cs s ns time, h 

S-band mean values for signal level 58 dB above threshold 

21.0 230.75 229.98 0.77 1.1 
4.4 229.23 229.41 -0.18 1.3 

34.0 230.76 230.60 0.16 1.5 
Postealibration, 

21.0 229.32 22.17 0.15 1.3 

X-band mean values for signal level 35 dB above threshold 

21.0 277.83 279.39 -1.56 2.1 

4.4 273.65 274.40 -0.75 1.3 
34.0 274.32 273.06 1.26 2.0 

Postcalibration, 272.90 272.41 0.49 1.1 
21.0 
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Reprinted from The Deep Space Network Progress Report 42-20, Apr. 15, 1974, pp. 64-18. 

S/X Band Experiment: Zero Delay Device Antenna Location 
C.T. Stelzried, T. Y.Otoshi, and P. D.Batelaan
 

Cornatunksts Eleests Research Section
 

Represesw t da. are pro ded for the originl Block 3 and Block 4 zero 
delay devces as a fursetion of anteuw elevation angle. Inetab~ltes on the order 
of433 maosecoredsas obtainedwith the originalS-hand Block 3 sysae arereduced 
by relocaton of the zero dsW device (ZDD) hors However. umastftfactonjf per
fonneace at X-band for the Manri Versa/Mercury1973 (MVM73) SIX epert
msent ZDDrequiresa recongunrtionelfinbat die honsand associatedeirpath. 

1.Introduction 
The S/X-band experiment (Re. 1)requires a zero delay 

device (ZDD) for routine calibrations and receiving sys-
tem performance veriffcation tests. The Block 4 ZDD 
(MW. 2) developed for the S/X-band experiment is n 
antenna-mounted transponder that receives an upl sig-
.il of 2113 MHz and reradiates downlink signals of 2 
and 8415 M11 it utilizes the Mu-2 ranging and Block 4ancedng systems, 

This article presents results of some preliminu y tests at 
S-band made to determine the Block 3 ZDD range change 
sensitivity to antenna Upping and horn location. In addl-
tiou, the Block 4 ZDD perfomance at bod S- and X-band 
with antenna Upping is presented. Figure 1 shows the 
DSS 14 84-m antenna and indicates the various test loca-
lon for th ZDD on the dish surface (positions 1-3) and 
the ZDD installation exterior to the Mod 3 area (posd-
tio. 4). 

II.Test Setup 
A series of S-band tests was performed on the 64-m 

antenna at DSS 14from August 1972 to January 1973 to 
evaluate the performance of the ZDD. Three test setups 
were as follows: 

S
(1) The S-band Block 3 ZDD was used and consisted 

of an open-ended WR 430 waveguide/type N coaxial transition and a mixer diode. The local oscilia
tow (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-i ranging for previous flight mission. The ZDD 
was then moved to other locations (Fig. 1, paui
tions 2, 3) and tested. The polarizaton diversity 
S-band (PDS) cone diplex system and P1)S maser 
were used for this test setup. 

JPL TECHNICAL MEMORANDUM 33-747, VOLUME I 33 



(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 wasdetermined 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, 

ill. 	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 multipatb 
phenomena. 

The comparable results for Tests 1and 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 perfornance 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 SiX 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 
MVM'73 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 
SiX 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. Summwy of 0D6 14 zero delay d rm ance In 
$bad antenna tipng trI 

plc/plc range varihtion
Test Ixeription with antenna elevation 

angles between wnith 
and 11 deg, ns 

1 	 Test setup 2 <I 
(Fig. 1.position 4) 

2 	 Test setup 1, Block 3 ZDD,. 33 
orginal position 
(Fig. 1. position 1) 

3 	 Test setup 1, Block 3 ZDD 6 
(Fig. 1, postkn 2) 

4 	 Test setup I Block 3 ZDD 15 
(Fig. 1. position 3'), 1.5 
panels fron antenna edge 

S 	 Test setup 1, Block 3 ZDD, 13 
Mod 3 location 
(Fig. 1, position 4) 

6 	 Test setup 1,smne as Test 5 3 
except pyramidal horn 
added to Block 3 ZDD 

OP PO ORA 
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Fig. 1. DSS 14 64-m antenna showing various locations of ZDD 
test positions (1 through 3) and RF shieled box (position 4) 
used for the Block 4 ZDD installation 
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S/X Experiment: A New Configuration for Ground System 
Range Calibrations With the Zero Delay Device 

T. Y. Otoshi and C.T. Stelzrred
 
Communications Elements Research Section
 

A new configurationfor ground system range calibrationswith the zero delay 
device (ZDD)was recently implemented at DSS 14 forthe SIX experiment.In this 
new configuration,the originalZDD hornsandassociatedairpathsare eliminated. 
The uplink test signal is now coupled out of the transmitterwaveguide path and 
brought directly to the ZDD by calibratedcables of known delays The downlink 
signals generatedby the ZDD areinfected directly into the masersvia calibrated 
cables andwaveguide couplers Preliminarytests on the new system indicate that, 
in the absence of the air path, the ground system range change as a function of 
antenna elevationangle is typically less than 3 ns at S-bandand X-band. 

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 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) in this volume, results of tests showed that large 
changes in 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 is the correct value. It was further reported in 
Ref. 2 that a satisfactory location in the Mod-3 area was 
found for the ZDD at S-band, but the performance at 
X-baud was unsatisfactory. 

tinaue te dwaveZD 
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 arhcle describes the new configuration and 
presents results of some preliminary tests 

II. New Configuration 
A block diagram of the current ZDD calibration system 

at DSS 14 may be seen in Fig 1. This new configuration 
was installed on the 64-m antenna system at DSS 14 on 
January 12, 1974.' In this new configuration, the uplink 
2113-MHz signal is now sampled from a directional cou
pier in the waveguide transmit line and carried .directly 
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 original block diagram for the ZDD was previously 
shown in Refs 3 and 4 

The main disadvantage of the new method is that, by 
elimination of the air path, one is not able to use the 
ZDD to detect problems which might occur in the micro

optics subsystem. With the new ZDD configuration,
one is restricted to testing only the portion of the ground 

A previous smmilar configuration was installed on December 20, 
1973, but is not described in this article This previous system 
could only be used with the 20-kW transmitter. 

38 JPL TECHNICAL MEMORANDUM 33-747, VOLUME I 



system that includes the transmitter, masers, Block 4 re-
ceivers, and associated waveguide and cable paths. Asee-
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 dot 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 
equipment installation in thepointed out that any new 

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 is 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 
more closely represent theilluminator and therefore 

actual spacecraft range configuration. 
dependence of range to quadripod blockage, reflector 
surface distortions and sagging, reflections from antenna-
mounted structures, and subreflector defocussing can be 
studied analytically. 

I|I. Test Results 
Figures 3 and 4 show prelininary results of range tests 

on the new ZDD configuration using the 100- and 20-kW 
transmitters, respectively. It can be seen that the maxi-

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 functions of azimuth 
angles for either the S-or X-band system. These prelimi
nary 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

bfit' of the S-and X-band systems asfunctions of antenna 

tipping The peak phase changes due to doppler phase 

jitter and antenna tipping were typically found to be less 

than ±h30 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 
±18 deg for a 5-MHzerror due to the resolvers is about 

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 ofnot inrepeatability. Since the new configuration does 

-epetai Since the ecofiaton s o in 

clude the air 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 
S/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 to
 
DSS 14 Z-corrections for the new ZDD configuration implemented
 
on January 12, 1974 

Input port Output port
(Figs. I and 2) (Figs I and 2) Measured group delay, w 

2' A 42'35 ±0 09 (1a) 
A B 1411 0.76 (1&). 
B 4 87 38 ±0 12 (la) 
A C 9 49'--0 80 (1a) 
C 7 70 63 ±0 10 (1a) 
2' 3 32 77 ±0 08 (1a) 
3 4 37 57 ± 0.12 (1a) 
6 7 0 91 ±0.03 (1f) 

JPL TEool AG Z. 
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Fig. 1. Block diagram of the new configuration at DSS 14 for ground system range calibrations 
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Fig. 2. Block diagram of the current zero delay device assembly at DSS 14 
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Reprinted from The Deep Space Network Progress Report 42-20, Apr 15, 1974, pp 78-83 

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 
requiredfor the MVM'73 S/X experimentat DSS 14 To properly utilizethe 'zero" 
calibrationprovided by the ZDD, an evaluation of the "Z" term in the ranging 
equationsmust be made An equationforthis term is derived,and values aredeter
mined for several configurations 

I. Introduction II.Discussion 
A new dual frequency (S-band and X-band) zero delay By referring to Figs. 1 and 2, it is possible to write 

device (ZDD) was required for the MVM'73 S/X experi- an equation for the ranging machine "gross indicated" 
ment at DSS 14 (Refs 1,2) 1To properly utilize the "zero value of round-trip light time (RTLT) while tracking the 
calibration provided by the ZDD, an evaluation of the Z spacecraft: 
term in the ranging equations must be made (Ref 3) An 
equation for this term is derived and values are deter- A210 () = [Bu+Bu+Cu-D +Eel +Fs 
mined for several configurations 

'Discussions of the prelminary location tests and calibration of this + [Es - D + C,, + B'D8 + B~s] (S-band) 
ZDD are presented by C. T Stelzned, et al and by T Y Otoshi 
and C T Stelzned elsewhere m tis isue (1) 
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where 	 Similarly, equations can be written for the ranging ma
chine "gross indicated" value of round-trip light time 

Asia = ratging machine "gross indicated" round-trip while "tracking" the ZDD: 
light time while locked on the spacecraft (S/C), 
i.e., time for ii signal to go from the ranging AZDD(s) = [Bu + Gu] + Hs + [GOs + B0 s] (3) 
machine, through the complete2 system and back A288 (1,= [B 0 + Gu] + Hr + [CDX + BDX] (4) 
to the ranging machine 

-where 

Bu= time for a signal to travel from the ranging ma-
AZDP = ranging machine "gross indicated" round-tripchine 	to the uplink sampling point for the ZDD 

light time while locked on ZDD, i.e., time for 
B=	time for a signal to travel from the uplmk sam- a signal to go from the ranging machine, 

plmg pbint for the ZDD to the radio frequency through the complete system and back to the 
(RF) ,center of the ground antenna feed born ranging machine 

C= 	time for a signal to travel from the feed-horn Go = time for a signal to travel from the uplink sam
phase center, through the diehroic feed system, ping point to the input port of the ZDD 

ture plane of the paraboloid H = two-waysubreflector and parabolic surface to the aper- or round-trip time for a signal to 
travel from the ZDD input port through the 

D = distance (in equivalent tume units) between the ZDD and back to the appropriate output port
aperture plane and the antenna "bench mark" 

Go = time 	for a signal to travel from the ZDD out-
E = time for a signal to travel between the ground put port to the appropriate downlink injec

antenna bench mark and the spacecraft antenna tion point 
aperture planeaperure laneNow, subtract Eq (3) 	from Eq (1) and combine terms 

F = two-way or round trip time for a signal to travel 

from the S/C antenna aperture plane, through Asc (a)- AZDD (2) = Bu + B', + Cu + Co8 - 2D + E, 
the S/C radio subsystem and return to the S/C 

+Es+ Fs- [Gu +GDS +Hal
aperture plane 
(5)


B = time for a signal to travel from the HF 0 center 

of the ground antenna feed horn to the ZDD Rearrange
 
simulated downlink injection point + Es= As,0 s- AZDD (2) - FS
 

BD = 	time for a signal to travel from the ZDD simu
+ 2D + '+ C+ C])lated downhnk injection point to the ranging 

machine + 2D + G,+ Gas + H,] (6) 

Subscripts U and D indicate uplink and downlink, respec- The corresponding X-band equation is
 
tively, and S indicates S-band X will indicate X-band
 
Where no S or X designation appears, the terms are iden- (Es+ Ex)= As - - Fx
3 c(x) A7D (X) 


tical for S- and X-band signals. + [ - (Bu+ BA + Cu+ Cox)
 

+2D+G,+C 8 x+Hx (7)
A similar equation may be written for X-band-

Now, compare Eqs. (6) and (7) with the R/D S/X ranging
 
As/c (x)= [Bu + Bc + Cu - D + Es] + F, equation (repeated here for convenience) of Ref. 3.
 

+ [E, - D + CDX + B'x + BD] (X-band) 	 1 M64X2 
(2) RTLT = RU (128) (48) F, + M-3F 

2"Tunes" discussed here mean equivalent free-space light times - BIASD, 1 - BIAS,,, + Z
 
SFor DSS 14, the "bench mark" designated here is the intersection (128)(48)FT
 

of the azimuth and elevation axes (8)
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The results of this comparison, term by term, are (2) Then, the term D further moves the resulting RF 
reference from the aperture plane to the "bench 

(E + E) = RTLT (9) mark" 

(3) The 	terms (-B', + G) and (--B" + GC) compen-
A 2, = RUT + M X2" (10)

(128) (48) F, 	 sate for the fact that the ZDD is not at the ground 

1 antenna feed horn phase center when taldng a "zero 

AzDD = BIAS 8s, (128) (48) Fr (11) delay" reading 

(4) 	Finally, term H is exactly analogous to the S/C 
F = BIAS,, (12) term F where each corrects for the signal turn

and finally, around tune of its appropriate device. 

(B'u + BID + Cu + Cn) + 2D + G + C, + H] = Z 
(13) 	 The differential (S)- (X) Z term can be determined 

simply by subtracting the S and X forms of equation (13), 

(The frequency subscripts S and X have been omitted the Z equation: 
for convenience as the comparison applies to both 
frequencies.) Zs - - (B'es - Bgx + CDs - CDX 

Some comments on the terms comprising the expression - GDs + 0G x - Hs + Hx) (14) 
for Z are in order: 

(1) 	The term C has the effect of moving the RF refer- Notice that since uplink terms are common to both S- and 
ence point from the ground antenna appropriate X-band signals, virtually all of them have dropped out of 
feed horn phase center to the aperture plane. the differential (S) - (X) Z term 
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Appendix A
 
Values of Z.and Z, for DSS 14 for the Period 12/21/73
 

Through 1/12/74
 

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

Zs = - 169.00 ±t 0 86 ns, la
 

Zx = - 137.58 -t 0 86 ns, la
 

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

Parameter 

B : 

Be = 

%oX = 

Cu = 

CDs = 

Cox = 

D = 

Gu = 

D = 

CDo = 

He = 

Hz = 

Table A-1. Values of parameters 

Value, ns 

91.29 ± 0 26 

47.37 ±0 28 

3 52.±:0 08 

168.95 ±0 02 

168.95 ±0.02 

160 01 ±0 06 

58.62 ±0.01 

88.83 ±0 09 

87 38 --0.12 

70.63 ±010 

14 11 ±:0.76 

9A9 ±080 

Source 

r23 (Ref 4) + r (2113 feed and 
components) (Ref 5) 

r3 4 (Ref 4) + r (2295 feed and 

components) (Ref 5) 

s, (Ref. 4) + r (8415 feed and 

components) (Ref. 5) 

Ray optics tracing of path from 
S-band feed horn to aperture 
plane via diehroic system, 
subreflector and paraboloid 

Ray optics tracing of path from 
S-band feed horn to aperture 
plane via dichrote system, 
subreflector and paraboloid 

Ray optics tracing of path from 
X-band feed horn to aperture 
plane via dichroic system, 
subreflector and paraboloid 

Ref 6andprmtO437255
 

r,, (Ref. 4)
 

T., (Ref. 4)
 

r07 (Ref 4) 

rAn (Ref. 4) 

rA, (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 point was moved from the 10/20 kW transmitter 
in the MOD 11 area to the junction of the megawatt transmitter filter (MTF) and 
the 4th harmonic filter in the MOD III area. This was done so that the sampling 
point would be independent of which transmitter was in use: 10, 20, 100 or 400 kW. 
Because of this relocation, the values of Zs and Zx have changed to: 

Zs = -16650 ± 0,86 ns, la 

Zx = -135 08 ± 0 86 ns, lo 

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

Table B-1. Values of parameters 

Parameter Value, ns Source 

B6 = 4231 ±-026 r, 3 (Ref 4) + T(2113 feed and 
components) (Ref. 5) 

%S = 4737 -028 r,- (Ref. 4) + r (2295 feed and 

components) (Ref 5) 
%'Dx = 3 52 0--008 r, (Ref 4) + T(8415 feed and 

components) (Ref. 5) 

Cu = 168 95 ± 0.02 Ray optics tracing of path from 
S-band feed horn to aperture 
plane via dichroic system, 
subreflector and paraboloid 

Cos = 168.95 ."0.02 Ray optics tracing of path from 
S-band feed horn to aperture 
plane via dichroc system, 
subreflector and paraboloid 

CDx = 160 01 k 0 06 	 Ray optics tracing of path from 
X-band feed horn to aperture
plane via dichroc system,
subreflector and paraboloid 

D = 5862 ±001 	 Ref Oandpnnt943725 

Cu = 4235 -1009 	 r,(Ref 4) 

CDs = 87.38 ±0.12 	 raB (Ref 4) 

Cox = 7063 ±:010 ro,(Ref.4)
 

He = 14.11 -0 76 r, (Ref 4)
 

Hx = 9.49 .0 80 r,, (Ref 4)
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S/X Experiment: DSS 14 Pre- and Post-Track Ranging
 
Calibrations for Mariner 10 Tracking Passes
 

and Associated Problems
 
T Y. Otosh
 

Communications Elements Research Section 

Ground system ranging calibration data for DSS 14 are presented for 1974 
Day 12 throughDay 150. Associated rangingproblems are discussed and recomn
mendationsfor calibrationimprovements are presented. 

I. Introduction 

Ranging calibrations on the ground system at DSS 14 
are currently being performed with the Zero Delay 
Device (ZDD) in the cable configuration that was de-
scribed in Ref. 1. The ranging calibrations are normally 
done during pre- and post-calibration periods of 
Mariner 10 tracking passes at the signal levels and fre- 
quencies applicable 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 8) 

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 in plotted form for convenient reference purposes 

II. Calibration Data 

Systematic tabulation of ranging calibration data for 
the SIX 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 ranging calibrations for Mariner 10 track
ing passes from 1974 Day 12 through Day 150. 

From Day 47 through Day 85, unexpected Block 4 
doppler instability problems made accurate ranging val

ues very difficult to obtain. 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 receiver doppler insta
bilities 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 s for S-band and 
X-band It is of interest to observe that the jitter in the 
data noticeably decreased around the time of Mariner 10 
Venus and Mercury encounters, which were Days 86 and 
88, respectively 

It can be seen that a significant change of range occurs 
whenever different transmitters (klystron amplifiers) are 
used. The ground system S-or X-band group delay is 
anywhere from 5 ns to 18 ns longer 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 S 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 8, the X-band 
range delay through the DSS 14 ground system is about 
19 ns shorter. 

The ground station range delay using the Block 4 sys-
tern has recently been found to be strongly dependent 
on received 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 SIX Ground System Ranging Tests). This 
signal level change is a long-term effect, however, 
and does not explain the short-term peak-to-peak vail-
atfons Some of the short-term variation is correlated with 
ambient temperature changes. The dependence on tern-
perature, however, is not conclusive because this effectapp ears to be nonlinear and only a limited amount of 

pelial dt benlie aailal allong-term 
reliable data has been available 


Ill. 	Discussion of Ranging Problems 


and Recommendations 

It has been found that many variables or factors can 
affect the ranging calibration values on a day-to-day 
basis Therefore, it is important 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 calibrations or introduce errors are. 

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

(2) Interchanging receivers (Receiver 8 or 4 for S or X). 

(8) 	 Interchanging exciters (Block 8 or Block 4). The 
Block 4 exciter is not currently used during pre
and post-calibrations or tracking passes. 

(4) 	 Maser gain and tuning 
(5) 	Ambient temperature. 
(6) 	 Replacement of components or cables in the signal 

path 

(7) 	Received 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-controllcd 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, it 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 calibiations have 
been performed. Operator errors described by factors (9) 
through (11) dan be minimized only by operator care and 

familiarity and training of DSS operators on the 
new S/X system and Mu-2 ranging machine Data im
provement would result from operator verification of 
correlation voltages Data with bad correlation voltages
should not be reported. Calibrations not within 10 ns or 
0010 ps of previous calibrations indicate a need for 

recalibration. 

It should be possible to eliminate inaccuracies due to 
factors (11) and (12) by using the Engineering Cal 
Program' (DOI-5899-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 8/PEA and Block 4/ 

Mu-2 configurations. Data from this program can be sent 

'This 	 program was written by Harvey Marks of Informatics Inc, 
Canoga Park, California 
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to the Mission Control and Computing Center (MCCC) 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 done at all

Ikthe DSN program library and is now at all stations m the stations of the DSN with the Engineering Cal Program 
DSN including CTA 21 (DOI-5399-SP). 
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S/X Experiment: DSS 14 S/X Ground 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 transmitterpower, (2) downlink S-and X-band signal levels, 
and (3) antenna elevation and azimuth angles via the cable path and via the 
airpath 

I. Introduction 

On 1974 Day 12, a 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 in that the zero delay device (ZDD) 
uplink and downlmk signals are transmitted through 
calibrated cables instead of through the airpath. Some 
limited 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 S/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 S/X ground system at DSS 14 as func-
tions of various ground station parameters. Pre- and post-

track calibration data for the Mariner 10 tracking passes 
and discussion of S/X calibration problems are discussed 
in the preceding article of this volume (T. Y. Otos-, 
"S/X Experiment: DSS 14 Pre- and Post-Track Ranging 
Calibration for Mariner 10 Tracking Passes and Associ
ated Problems). 

II. Test Configuration 

A block diagram of the present ZDD configuration for 
the S/X ground system calibrations at DSS 14 may be 
seen in Fig. 1 As was described in Ref. 1, the ZDD is a 
ground station antenna-mounted transponder that sani
pIes the.uplink 2118 MHz from the transmitter and gener
ates coherent downlink S-and X-band test signals of 
2295 MHz and 8415 MHz. Transmission 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 being calibrated at DSS 14 consists of the 
Block S exciter, the 100- or 20-kW transmitters, the S/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 Experiment1 

A sample output from the program may be seen in Fig. 2 
This program has many of the features of the Momtor 
Program (DOI-5046-OP), and can be used to test range 
and cumulative doppler phase at any DSN station having 
the Block S/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 including OTA 21. 

Ill. 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
Dta roram s al estobaied with 

Cal Program are presented mn graphical form in Figs S 
through 14 Figures 3 and 4 show plots of round-triprange delay as functions of uplnk power from the 

100-kW transmitter It can be seen that the variation of 
delay is less than 2 ns for either the S- or X-band system 
when the transmitter power is varied from 75 kcW 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 is 
found to be significantly dependent upon signal level 
when Receiver 4 of the Block 4 system is used for either 
S- or X-band and less dependent when Receiver 3 is 
operated for either S-or X-band. In the signal level range 
of - 185 dBm to - 145 dBm, the range change is approxi-
mately 0S ns/dB for Receiver S and 0 8 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 

'This program was written by Harvey Marks of Inforniatics, Inc., 
Canoga Park, California 
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(MOC) 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 inthe 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 performing a similar test with both the 
Block 4 translator and the ZDD and comparing the 
results. This test should give a valid 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 m front of the klystron 
Amplifier. 

Figures 13 and 14 show the results of range tests with 
the ZDD in the airpath configuration. The large variation 
of about 25 ns in the airpath for the X-band is about the 
same as was reported previously in Ref 2. The cause of 
tis change in range is still not known Several tests were 
made to isolate possible multipath signals in the airpath 

One test involved the temporary installation of an EF 
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 significantly by 
axial focusing of the subreflector at each elevation angle 
for optimum antenna gain at X-band. However, optimiz
ing for X-band senously affected the S-band performance. 
Although the strange behavior in the airpath is not clearly 
understood at present, it is felt that airpath tests are still 
useful for trouble shooting potential problems in the S/X 
reflex feed system. 

IV. Conclusion 

Data from special ranging tests on the S/X system at 
DSS 14 have been presented. These data may be useful 
for indicating improvement areas needed on the ground 
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system for future missions such as Viking '75. In addition, tured noise in the differenced range versus integrated 
'these data could be helpful in explaining some of the doppler (DRVID) data seen in the Mariner Venus/ 
ranging anomalies seen during the Mariner 10 mission Mercury 1978 mission was correlated to ground station 
(Refs. 3 and 4). It has been reported that part of the struc- received signal level changes (Ref. 5). 
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Reprinted from The Deep Space Network Progress Report 42-23, Oct 15,1974, pp 45-51 

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

T Y.Otosh , 
Communications Elements Research Section 

A study has been made of the effects of the outside air temperatureat DSS 14 
on ground system range calibrations Some correlationwas found on range data 
obtainedwith the 20-kW transmittersystem configuration,but no correlationwas 
found for the 100-kW transmittersystem configuration 

I. Introduction 
•In a previous report (Ref. 1), Mariner 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 Tins article presents 
the result of this study. 

II. Calibration Configuration 

Ranging calibrations on the ground system at DSS 14 
are currently being 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 

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

A block diagram of the present ZDD configuration for 
the S/X ground system calibrations at DSS 14 is shown 
in 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 transmitter and generates 
coherent downlink S-and X-band test signals of 2295 
and 8415 MHz These test signals are transmitted to the 
respective masers through calibrated cables of known 

delay. 

Figures 2 and 8 show the ZDD in the cable configura

tion as it is currently installed in the Mod-S section of 
the 64-m antenna at DSS 14. Since this ZDD assembly 
is located in the air-conditioned environment of the 
Mod-3 area, this portion of the range calibration system 
should not be affected by outside air temperature 
changes It is believed that most of the range changes 
attributed to outside air temperature changes will occur 
in the uplink and downlink cables between the tricone 
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area and the control room. Only about 97.5 m (820 ft) 
round trip cable length is actually exposed to the outside 
air temperature environment Most of this cable run is 
Spiroline RG 252 cable, but about 12.2 m (40 ft) of round 
trip RG 214 cable is used m the elevation cable wrapup. 

Ill. Test Results 

As was discussed m 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 transmitter calibrations. Through the use of range 
change versus signal level curves presented in Ref 5 
it 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; it 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-ltW transmitter system 
for both S- and X-band. 

For the purposes of comparison, X-band group delay 
data as a fuiction of temperature are shown in Figs. 8 
and 9 for 3 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 transmitter system data. This lack of correlation 

for the 100-kW transmitter 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. 

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 stability 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 include the large temperature 
change periods. 

Although time at DSS 14 had been scheduled for per
forming 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 analyticalexpression is presented for calculatingthe effects of multipath on 
group delay. The expression was experimentally verified by tests made at the 
Telecommunications Development Laboratory using the Mariner Venus/Mercury 
1973 Radio Frequency Subsystem, Block 3 receiver and the Mu I 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-rn 
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, 

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 to = group delay of the primary wave traveling 
that surprisingly large errors on range measurements through path 1 only, s 
could be caused by multipath. One expression derived t,= group delay of the leakage wave traveling 
by J. R.Smith (Refs.6, 7) is based on the phase shift through path 2 only, s 
produced on the envelope of a carrier that is phase
modulated with a square-wave. The analysis was done Itisalso shown in the Appendix that the carrier phase 
for the range-clock modulation and detection processe delay in seconds is 
actually employed by the Planetary and Mu-Ranging sys
tems. The second expression, which was derived inde- = tp1 + e4 (4) 
pendently by this author, is based on the conventional 
definition of group delay where the output phase of where 
a carrier wave is differentiated with respect to frequency. 1 t [ A sin 1 
It was shown by Smith (Ref. 7) that for low range-clock = t LI1 + Acos0 (5) 
modulation frequencies, the two independent derivations The differenced range versus integrated doppler (DRVID) 
reduced to the same mathematical expression. can be calclated from (See Ref. 8) 

This article presents the theoretical expression derived DRVID =to- 1, (6) 
by this author and the test data obtained at the Tele
communications Development Laboratory (TDL), show- and relative carrier amplitude in dB from 
ing good agreement between theory and experiment. 

II. Summary of Theoretical Expressions (7) 

Figure 1 shows the multipath configuration for which Assuming that t,, > t,,, and = -9.4 where m is a 
the theory was derived. Path 1 is the primary path, and positive integer, the group delay and amplitude errors 
path 2 is the leakage path. The group delay (in seconds) simultaneously reach their upper bounds while the phase 
for a signal to travel from the input port to the output delay error given by Eq. (5) goes to zero. When 
port can be expressed as 0= -(2n - 1)w where n is a positive integer, the group 

delay and amplitude errors simultaneously go to their 
to = to, + co (1) lower bounds while the phase delay error goes to zero. 

However, in the case where t.2 < t.., the group delay 
where ti.is the group delay which would be observed in error and carrier amplitude simultaneously reach opposite 
the absence of multipath, and e, is the deviation from t4 bounds. The expressions for upper and lower bounds on 
caused by multipath. As derived in the Appendix, this phase delay, group delay, and carrier amplitude are given 
error term is given by in the Appendix. 

_ A + cos 0 " Figure 2 shows plots of the upper and lower bounds
 
A1 + 2Acs8 + A2 (2) of group delay in a free-space media for cases where
 

ta > t>,. The upper bound is obtained when the leakage
 
where and primary waves are in phase. The lower bound is
 

obtained when the signals are out of phase. If to,< to,,
 
= -(s- pill) (3) the opposite polarity must be assigned to the a! and
 

error-bound values of Fig. 2. For this latter case, the 
and where new upper bound will be reached when the signals are 

= ratio of the magnitude of the leakage wave to out of phase rather than in phase. (See Case 2 in theA the magnitude of the primary wave Appendix.) The signal level ripple shown on the plot isthe peak-to-peak carrier signal level change as observed 
#,e, = phase constants, respectively, of paths 1 and when 0 is varied 360 deg or less. The ripple was calcu

2,rad/m lated from 

1,1. = physical path lengths, respectively, of paths I Ads 2,tfo,,. +01/1(8) 
and 2,m og tIi A) (8)E .. 0ogio 
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The curves shown on Fig. 2 may be useful for isolating 
possible sources of leakage waves on the 64-rn 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-mn 
antenna can be of the order of 30 m. 

Ill. 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 I 
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 2118 MHz that was transmitted to an MVM73 
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
five 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 Eqs. (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 
Eqs. (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 I 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-rn 
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. 
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Table 1. Results of one-way range tests with the multipath device (frequency = 2.295 0Hz) 

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

Range change, ns
Phase Approx. 
shifter receivedTest conditions 
setting, l m Theoretical Measured 

deg sig1, measured minus 

dBm valuvl 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 -896 1.7 1.9 - 0.2 

Phase shifter adjusted to obtain minimumn 
received signal - 45.9 -91.2 - 2.5 - 2.3 - 0.2 

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 4.8 5.1 - 0,3 

Phase shifter adjusted to obtain minimum 
received signal - 45.9 -93,5 -10.1 - 9.3 - 0.8 

3. Attenuator adjusted to make leakage signal be
 
-5.65 dB relative to primary signal
 

Phase shifter adjusted to obtain maximum 
received signal -224.9 -86.7 7.3 7.9 - 0.6 

Phase shifter adjusted to obtain minimum 

received signal - 45.9 -97.0 -26.4 -25.1 - 1.3 

B. Measured delay via path 2 alone is 93.2 as longer than path I 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 -8915 7.6 7.8 - 0.2 

Phase shifter adjusted to obtain minimum 
received signal -218.0 -91.1 - 9.2 - 9.4 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 - 0.6 

Phase shifter adjusted to obtain minimum 
received signal -218.0 -93.3 -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 32.3 - 1.2 

Phase shifter adjusted to obtain minimum 

received signal -218.0 - 97.0 -91.2 --105.2b 14.0 

aNumber of 30-see integration data points used to obtain average value was typically 20. The calculated standard error associated 
with the average was typically ± 0.2 ns. 

'The average theoretical range change over the frequency range of 2295.0 ± 0.5 MHz is -96.4 ns. 
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Fig. 2. Limits of one-way range error due to multipath in a free-space media 
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Fig. 3. Multipath device for experimental verification of theoretical derivations: 
(a) completely assembled, (b) partially disassembled 
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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 is sufficient 

to 	show the effect of inter-to consider the basic case 
ference on group delay Let the wave at the input port 
be expressed as 

E. =Ej. Iexp (o.) (A-i) 

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 

Eut- E. + E2 

-E 	 Iexp (ip) + IE Iexp(QA) (A-2) 

and (A-2)
Then from Eqs. (A-) 

Et = E. exp (1, - S6)+ E exp [1(A - 0.)]
(A-a) 

Let 

= --. 1 (A-4)0. 

-	 0= -,212 (A-5) 

where 

1, = physical length of path 1, m 

2= physical length of path 2, in 

,132 = phase constants, respectively, of paths 1 and 

2, rad/m 

Substitution of Eqs. (A-4) and (A-5) into Eq (A-S) gives
i x) / + x p ( l i"E-[- u E- u ~ 

E. " r ,.' e - -m 
- exp(-1~ i +WEix [j1 J 

(A-B) 

The ratio IE,1E is a parameter that is generally of 
interest so that it is convenient to let 

=A	 (A-7)2
EL 


Furthermore, let 

0 = - t921) (A-8) 

and 

F = 1 + AeO 	 (A-9) 

so that substitution into Eq. (A-6) gives the output signal
magnitude ratio of 

= 11 + A e (A-10)
E,. 

and relative phase of 

a/Eo..arg ,-E -,,+arF (-1 

where 

A sinarg F = tan-' IT+ Acos 01 (A-12) 

From substitution of Eq (A-11) into the definition of 

phase delay (Refs 9, 10) given as 
-1 F" /Eo~t\il 

t,=-[iarg tr-)J (A-is) 

we obtain 

where 

(A-15) 

! 1 - Asin " 
= -- ta-'A sin -1 (A-16) 

Ll + AcosOJ ( -6 

From setting the differential of ep with respect to 1, 
equal to zero, one finds that e, becomes maximum when 

-0 = -cos 1 (-A)so that the upper and lower bounds of 
phase delay error are 

1 /A\ 
()u = + I tan- ArA-) (A-17)

M 
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1taA ) solutions of the values of 6 which give upper and lower 
" t a n-(Q =- (A-18) bounds of E, for t~vo different cases These are given as 

follows 

The worst possible case occurs when A--> 1 and the error 
bounds become ±l/(4f). For example, at 2 0 GHz the Case 1 Upper Bound 
worst-case phase delay error that can be caused by multi- Assume t.2> t, and 0= -2 7 m where 0was given by_ 
path is ±0 125 us. Eq (A-8) and m is a positive integer. In practice, m will 

usually be an integer greater than 10.The definition of group delay (Refs. 9, 10) is 

d r 'R, For these conditions, the leakage and primary waves 
to = arg (A-19) are in phase and the group delay as given by Eq. (A-28) 

reaches an upper bound-of 

From substitution of Eq. (A-1l) into Eq. (A-19), we - A A) 
obtain (e)u (t 2 - ti1 ) + (A-28a) 

= t+ (h-20) 
At the same time, note from Eqs (A-10) and (A-16) that 

where the output signal magnitude ratio and phase delay error 

become(A-21) 
41 .J1 

d. !EoiI= E, (I + A) (A-10a)d E Ed
f~ 


,=- argF (A-22) = 0 (A-16a) 

where arg F was given by Eq (A-12). Note that t0 , is the It is interesting to note that both the group delay and 
group delay that would be obtained in the absence of magnitude of the output signal reach an upper bound 
multipath and E, is the group delay error or deviation simultaneously while the phase delay error goes to zero. 
from t,, 

(A-22) and assuming Case 1 Lower BoundPerforming the operation of Eq 
that over the frequency interval of interest Assume t, 2 > t2, and 0 = -(2n - 1)i where 0 is de

fined by Eq (A-8) and n is a positive integer. In practice, 
A =0 n will usually be an integer greater than 10. 

For these conditions, the leakage and primary waves 
we obtain are out of phase and the group delay error as given by 

Eq. (A-28) reaches a lower bound of 
(A-2) 

, A( 4 1t) ~"A+ cos 0 

)L (t 2 - t ) --A ) (A-2b)
where ++(E 

and the output signal magnitude ratio as given by Eq./dP2\
t2 = v-) 4 (A-10) also reaches a lower bound of 

(dfi' Eout I E,I
t9,= 1 O(1I - -A) (A-10b) 

Note that t,, is the delay through path 1 only in the ab- 'In the differentiation, it is assumed that the radian frequency w is 
sence of the multipath signal, while t0 , is the delay sufficiently large so that large changes of 0 occur with small changes 

of 12 Then m the interval over wich 0 undergoes a 360-degthrough path 2 only. 
change, at,2 /a/2 - 0 For those special cases where these assump
tions are not valid or where more accuracy is required, one can 

Performing a differentiation' of Eq (A-28) with respect obtain the exact bounds from incrementing I. and performing 
to 4. and setting the results equal to zero leads to the numerical computations of Eq (A-23) 

JPL TECHNICAL MEMORANDUM 33-747, VOLUME I 87 



while the phase delay error as given by Eq. (A-16) is 
zero. 

Case 2 Upper Bound 

Assume t, 1> t 2 and 0 = (2n - 1),r 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 pnmary waves 
are out of phase, but in contrast to Case 1, the group 
delay error reaches an upper bound of 

(69)" = (t,.- t' 2) (! A A) (A-28o) 

when the output signal magmtude ratio reaches a lower 

bound of 

SE.(A-20) 

=T= (i- A) (A-l c) 

and the phase delay error as calculated from Eq. (A-16) is 
zero. 

Case 2 Lower Bound 

Assume ti > t,, and 6 = 2rm where 0 is given by 
Eq. (A-8) and in is a positive integer. In practice, ma wil 
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 

=-( t- t 2) (1+A) (A-28d) 

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

I,= ILl (I+ A) (A-ld) 

E.. E1A 
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 - tA (A-24) 

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

-(Ifi I3 

/ A + cos 6 
+ A(t, - t,1) '.4 + 2A cosO0 + A-) 

+ ;tan-i [ os j (A-25) 

Note that in a dispersionless system 

dl _ P, 
d W 

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
 
Communications Elements Research Section
 

Equations are presented for determining 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 uphnk 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-I 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. 

I. Introduction 

In this article, the term "one-way" range will be used 

to refer to either uplink 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 
experiment the uplink frequency transmitted to the 
spacecraft transponder was 2113 MHz, while coherent 
S/X band downlink 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 in Ref. 1 
and by J. R Smith in Ref. 2 Theoretical equations for 
one-way range errors were verified expermentally by use 
of a multipath device, MVM'73 Radio Frequency Sub-

system, Block 3 receiver/exciter subsystem (RCV) and
the Mu-i ranging machine. 

This report presents theoretical equations which can 
be used to analyze the effects of mulipath on two-way
 
range.In addition, some experimental data, which show
 

ge.I addit soe ermental dt whs how 
good agreement with the theory, will be presented. 

II. 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 is 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 The terms 0a and ob m Eqs. (5) and (6) have been added 
for generality. It is assumed that the reflection coefficient 

(t)= (t 1) + {tn) , + Es + eb (1) phase angles do not change with frequency over the 
frequency interval of interest and, therefore, only affect 

and the two-way range error as the location of the upper and lower bounds of range 
error (see Appendix A).

S= e + -Pb (2) 
It is also of interest to examine the effects of multi

where path on the AGC signal level as observed on the ground
receiver. If the transponder is similar to that of the 

Sgroup delay of the uplink signal in the ab- MVM'73 spacecraft where the downhnk output signal of 
sence of multipath, s the transponder is kept constant even if the uplink 

= 	group delay of the downlink signal in the signal is varying, then the AGC signal level error at the 
absence of multipath, s ground receiver will vary according to the relationship. 

error in the uplink delay due to multipath, s (Ref. 1):
Ega = 

Egb = 	 error in the downlink delay due to multi- IFb,IB = 10 log 0 [1 + 2A cos 0b + A2] (7) 
path, s 

If the transponder is a translator or a zero delay device, 
For simplicity, assume that the primary and leakage the AGC signal level error measured at the ground re
paths are the same for the uplink and downlink signals ceiver will vary according to the relationship 
(Fig 1) Then from the equations derived in Ref. 1, and 
assuming a free-space media for both leakage and pri- IFTIdB = 
mary paths 10 log1 . [(1 + 2A cos 64 + A2) (1 + 2A cos 6b + A2)] 

(8) 
E 	 (2 A A+ cos a A6 9 (8) 

B. 	Approximate Formulas 

(1,-) A ( A + cos 0b '\ The exact equations presented above are somewhat 
I + 2A cos 0b + A2 difficult to analyze because the uplink and downlink 

where phases change at different rates In the cases of small 
leakage one can make approximations which show a 

---- (~1 1) + (5) type of modulation effect produced by the uplink and2 

c downlink error functions adding together. If x repre
sents the terms having factors of A in the denominators 

-2fb ((. - j.) + (6) of Eqs. (8) and (4) one can use the small x approxi
e mation that (1 + x)- 1 - 1 - x Then, from substitutions 

and into Eq (2), omitting higher order terms of A after multi
plication and the use of trigonometric identities, one 

A = ratio of the magnitudes of the leakage and obtains the approximate formula
 
primary signals as measured at the input
 
port to the transponder (Fig. 1) /f 12 - 1
 

, = physical path lengths, respectively, of the (L c ) 
prmary and leakage paths going one-way, m X [cos 0 + cos Ob - A (cos 2A, + cos 20b)] 

o = speed of light (- SX 10s m/s) 	 2Ai'F( cos - Qcos11(O(Ob + 

f, fb = uplink and downlink frequencies, respe-c- 2 

tively, in Hz - A cos (6b - 6) cos (4%+ o)] (9) 

0', *b = phase angles of reflection coefficients (if any) 
in the leakage path for uplink and downlink The accuracy of the above approximate formula is better 
signals, respectively, in radians than 3% if A < 0.1. If the difference between the uplink 
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and downlink signals is small, then the error curves will 
be similar to an amplitude-modulated signal where the 
envelope of the modulation is proportional to cos 
[(1/2) (Ob - 0,,)] and the earner signal is given by cos 
[(1/2)(6Ob + 6,)] 

Sinilarly, when the small leakage signal approxima-
tions are used in Eq (8), the following approximate 
formula is obtained 

IF,. --101ogio[I+4A cos4( - i(()bcos+ 0)] 

(10) 

C. SampleCases 

Figures 2 through 13 are sample case plots of Eqs 
(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 applicable for 2113-MHz uplink and 
2295-MHz downlink cases, while Figs 8 through 13 are 
applicable to 2113-MHz uplmk and 8415-MHz dowrlink 

cases For these sample cases, the leakage path is mitally 
assumed to be 3048 cm (100 ft) longer than the primary 
path Then the leakage path is increased and errors are 
plotted as a function of increasing differential path 
lengths Error curves for other differential path lengths 

will be similar in shape, but the amplitudes will differ 

by the ratio of the differential path lengths At some 
cntical 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 is of interest to note the 
similarity of the perodicity and shapes of the range and 

signal level error curves This fact can be used to ad
vantage, as will be described in the following suggested 
experiment 

D. Application 

Although the two-way theory is complex, the multi-
path effects can be separated out in practice Picture an 
experimental 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 simultaneously 
lecorded as a function of the zero delay device horn posi-
ton To obtain at least two cycles of change, the S-band 
zero delay horn should be moved a minimum of 27 2 cm 
(10 7 in) while at X-band, the ZDD horn should be 
moved at least 11 4 cm (4 5 in.). After the experimental 
data has been obtained, a curve fit can be made to the 
experimental AGG signal level data using Eq (8) Then 
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determining 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 is also zero (Figs 2 
to 13) This piocedure should produce an error of only 
a few nanoseconds if the peak-to-peak AGC signal level 
change is less than 2 dB For larger AGC ripples (inch
cating severe multipath conditions) a curve fit of experi
mental data should be made to both theoretical range 
and signal level equations given by Eqs (2) and (8) 

Ill. Experimental Verification 

Ranging tests were performed at the Telecommum
cations Development Laboratory (TDL) using the 
Block 3 RCV, MVM'73 Radio Frequency Subsystem, 

and the MU-1 ranging machine. The multipath device, 
described in Ref 1 was inserted into a cable path that 
simultaneously carried both the uplink 2113 MHz and 
downhnk 2295 MHz range-coded signals A block dia
gram of the test setup at TDL may be seen in Fig 14 
For the two-way range tests, the initial 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 inserted into 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 varied by means of a phase 
shifter (line stretcher) in the leakage path. Two-way 
range changes and received signal level were measured 
as functions of the phase shifter setting 

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 experimental range 
values were typically better than 2 ns From Table 1 it 
can also be seen that the theoretical values of signal level 
changes agreed with experimental values to within 0 5 
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 is known that the group 
delay of the spacecraft receiver system changes as a 
function of received uplmk signal level, no attempt was 
made to correct the experimental data for these changes 

iThe isolators in the multipath device were replaced by short lengths 
of Uniform Tubes UT141 semi-ngid 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 
rails 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 in 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. Results 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
Phase 

shifter f2 - 14, Measured-, Theoreticalb, Difference, Measured, Theoretical, Difference, 
setting cm ns ns ns dB dR dR 

0 68400 000 0 00 000 - +111 

10 68483 - 527 - 513 -014- 000 00 000 

20 68567 -1044 -1081 087 - -085 

80 68650 -1475 -1470 -005 -154 -103 -051 

40 68783 -15.75 -1566 -009 -109 -045 -064 

50 68817 -1509 -1459 -050 -002 059 -061 

60 68900 -1223 -1188 -085 +119 171 -052 

70 68983 - 822 - 686 -186 - 268 

80 69067 - 432 - 131 -301 297 344 -047 

90 69150 016 257 -241 348 895 -047 

100 69288 234 515 -281 877 422 -045 

110 69317 421 663 -242 383 423 -040 

120 69400 545 720 -1.75 865 401 -086 

130 69488 510 693 -188 824 858 -029 

140 69567 429 576 -147 - 281 

150 69650 214 848 -184 154 186 -032 

160 69733 - 179 - 014 -165 037 076 -039 

170 69817 - 643 - 4 96" -1.47 - -081 

180 69900 -1074 - 942 -182 - -099 

-Calculated standard error on the measured relative range was typically :L0 5 ns 

bBased on A = 0297 (-10 55 dB) 
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Appendix A
 

Upper and Lower Bounds for Two-Way Range Error
 

As can be seen from the sample case plots (Figs. 2 
to 13), the error for two-way range will be at a local 
upper or lower bound when the modulation envelope is 
at a maximum or minimum. At some critical differential 
path length, the two-way range error 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 0 and ob as given by Eqs (5) and (6) be related as 
follows 

Ob = Ba - 2rk (A-i) 

where k is a positive integer. Then the two-way range 

error given by Eq. (2) becomes 

(e f fr\2A} 1+ 2A cos 04+ AG 

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

IF ri = 20 log 0 [1 + 2A cos 6a+ A'] 
(A-S) 

From Eq (A-3), it can be seen that the peak-to-peak 
change m signal level will be 

1++_FA 
=-- log i-A (A-4) 

which is 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) exist, then 

assume further that 

9= ~-2,m (A ) 

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

/2A\/ -- \
 
(E X -+A )( ) (A-6) 

IFr = 40logo (1 + A) (A-7) 

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 critical differ
ential path length which produces these conditions, first 
substitute Eq (A-5) into (A-i) to obtain 

&= -2(m + k) (A-8) 

Then substitutions of Eqs. (5) and (6) into Eqs. (A-5) 
and (A-8), respectively, and solving for £: - .4 results in 

11 (A-9)
[o) MI- + 

For simplicity assume that there is only one reflection 
coefficient in the leakage path and *,a=qb = w.Then 

equating Eq. (A-9) to Eq (A-10) and manipulation re
sults in 

=[2 (n+k)+ 1 (A-11) 

The condition of Eq. (A-11) must be fulfilled if two-way 
range error is exactly twice the one-way range value. 
To show a practical application of Eq (A-I), one can 
find from trial and error that m = 11 and k= 1 are the 
m mum values of m and k which will give fb = 2295 
MHz when f1= 2113 MHz From substitution of these 
values in Eqs. (A-11) and (A-9) 

fb = 2296 7 MHz 

2- = 163 3cm (536 ft) 

and from Eq (A-6) 

(E = 10 89 ( A) 

where (E,), is given in nanoseconds. 
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Lower Bound 
To find where the two-way lower bound is exactly 

twice the one-way lower bound, assume that the conch-

tion of Eq. (A-i) exists, and assume further that 

0 = - (2n - 1) r (A-12) 

where n is a positive integer. Then Eqs (A-2) and (A-3) 
weroe isubstitutions 

=6) 2A '(12-1' (A-i3)(~ 

IFr IdB = 40 log 0 [1- A] (A-14) 

To find the differential path length which produces 

these lower bounds, substitute Eq (A-12) into Eq. (A-i) 

to obtain 

= - (2n - 1) v - 2rk (A-15) 

Then substitutions of Eqs (5) and (6) into Eqs. (A-12) 
and (A-15), respectively, and then solving for 12 - re-
stilts m 

12-I = [ (2n ) + -'a (A-16) 
T+ 

S- = c[(F2n- 1 + 2k) + 2'] (A-17) 

Assuming that 4'= 'b = r and then from equating 

Eq. (A-16) to Eq (A-17), one obtains 

r n + k 1 

fb = Ln- (A18) 

As an example of the use of Eq. (A-18) one can find 
from trial and error that values of n = 23 and k = 2 

will give fb = 2295 MHz when f. = 2118 MHz From 
of these values into Eqs (A-18) and (A-16), 

one obtains 

fb = 2296.7 MHz 
, -2-1 = 326 5 cm (10 71 ft) 

and from Eq. (A-iS) 

(c)= 21.77 f A 

where (e0), is given in nanoseconds. 

Although m the examples given, the calculated down

link frequency of 2296 7 MHz is only approximately 
equal to 2295 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 is of interest 
to note that even for these small differential path length 
values, significant error in the S-band two-way range 
will occur if the multipath signal is strong. This type of 
strong multipath effect for small differential path lengths 
on the MVM'78 spacecraft was pointed out by J R. Smith 
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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. 
Previouswork is briefly reviewed and a general analysis is made. Graphicaldata 
arepresented based upon the formulas developed. Experimentalresults are given 
which confirmthe 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 experi
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. R W. Beatty was formerly with the National Bureau of 
Standards. He is presently a Consulting Electronics Engineer at 
2110 Fourth Street, Boulder, Colo 80302. 

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 is 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 Fig. 1, in which the discontmuities are represented by the 
multiple reflections and consider only the dominant 2-ports L and N and the energy is assumed to propagate 
effect Since the reflected wave travels farther than the in the dominant mode from port 1 towards port 2. 
main wave, its phase vanes faster with frequency varia
tions. Consequently, the resultant phase shift q of the The group delay r, is given by Eq (1), where ' is now 
transmitted wave does not vary quite linearly with fre- , the characteristic phase shift of the model, or the 
quency, but has a cyclical variation superimposed on the argument of 521, its (transmission) scattering coefficient. 
linear variation. The group delay ro is relatef to the phase If we employ conventional microwave network theory 
shift variation with frequency. At a frequency f,, the (Ref. 7), we can calculate $2i for the three cascaded 
group delay is defined as follows 2-ports and obtain 

e 1 .do f = (1) 1 21n21 (2) 
2 df S21 - 222 it1 1 e(2 

Hence, the group delay will also undergo cyclical varia
tions due to reflections. Such an effect was observed by where [y = a + j/3] is the propagation constant of the 
Lacy (Ref 3) in 1961. transmission line and 12, 222, nj and n21 are scattering 

coefficients of the discontinuities. The attenuation and 

Various analyses of this effect have appeared in the phase constants of the transmission lines are a and 8, 
literature. In 1961 (Ref. 4), Lacy's analysis was limited to respectively. For a general transmission line such as a 

the case of reactive shunt discontinuities on lossless dominant mode uniconductor waveguide or coaxial line 
one can lettransmission lines and did not yield an explicit expression 


for group delay. In 1964 (Ref. 5), Cohn and Weinhouse 2 / \2
 
gave a clear explanation of the effect and a simple p = - =- / -- 1 (3)
 
analysis of the interaction 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 where X, is the waveguide wavelength of a dielectrically 
to reflections from test port terminations. His expression filled waveguide, A0 is the freespace wavelength, E'is the 
was valid for small reflections and lossless components relative permittivity of the dielectric material filling the 
but was limited in application. There may be other treat- waveguide, and X. is the cutoff wavelength. For transverse 
ments of this problem in the literature, but the authors are electric (TE) and transverse magnetic (TM) waves, X. is 
not aware of them. dependent on the physical dimensions of the waveguide 

opening, but for transverse electromagnetic (TEM) waves 

III. Theory A,is equal to infinity 

The following analysis is intended to be more general We can let
 
than previous work and will serve to clarify the assump

-
tions made in calculating and measuring group delay of h = 1R2, nij e 20 
transmission lines The analysis will be mainly useful for 
coaxial transmission line problems, but will be purposely 0 = 2,$1 - arg (22) - arg (n.,) 
kept general so as to include most uniconductor wave
guide applications as well It is not assumed that the 0 = fP - arg (2)- arg (11.) 
discontinuities must be shunt susceptances, or that the 
characteristic impedance of the transmission line is identi- Then we can write 
cal to the characteristic impedances of the systems on 
either side. It is not assumed that the reflections from the jij l 

discontinuities are small or equal The discontinuities can S= = 112, n2 - , (4) 
be lossy or lossless and need not obey the reciprocity 1 - he - l) 
condition 

The characteristic phase shift 0'2i is then 
Consider a uniform transmission line of length I having 

discontinuities at each end. A network model is shown in 021 = arg(S2 1) = - [0 + arg (1 - h0-)] (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 (2ff), and is 

-r = T + r . + r 0 + Ar (6) 

where 

1 d
 
r= - arg(1=) 


1 d 
= --- arg (n=) 

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

/ d1ti 2 2/A 0 \ , 
roo ) _V9 ' (7) 

Furthermore, 

do d 
h(cose - h) -L + sin 0 

A- 1 (1-f-)
2 1 - 2h cos 0 + h2 8) 

in which 

1 dg2 d 
q7 2 2 d [arg (1 .) + arg (n.,)] (9)

-go 

and 

1 Ak niT - e-2.2 
2,r df 2r 

I__ _ +l 1 dln,i dInI1 21 (10) 
L.21 df fn..1 elf 

We can see in Eqs. (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 discontinuities are small, and we 
are interested in a relatively small bandwidth at micro-
wave frequencies, we can neglect a number of terms that 
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would contribute an insignificant amount to the final 
result. Then Eq. (6) reduces to 

F 2h(cosO -h) 1 
t0 0

J== TO I+ 1- 2hcosO+h 2 o+ Ar (11) 

One can see that Ar is a function of 0 which varies with 
frequency, so that AT varies between the following limits 

2 T, h 2 roh
hf <AT< (12)

1+/i 1-h 

or from substitutions 

2 -"-][121 In, 1A 
< Ar 

1 + 12221 InIJ 

2 [L(- ) '1[[j2 1In11-4]
<_X L.(13) 

1 11221 IflIJ 13 

where 4 = e -2a is the attenuation (power) ratio of the 

=length of transmission line which has an attenuation A 
- 10 log,0 ,A.The reader is reminded that in the expression 
given above, X,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 e' = 1, and for coaxial 

line TEM mode, we set X. = wc. 

IV. Graphical Data 
A graph of the limits of Ar is given in Fig 2 It is 

assumed for simplicity that 21 = Ir11i, and that ro = 
100 ns If 11221 In11l, one can assume that the line has 

equivalent identical discontinuities at each end where the 
equivalent discontinuity has a reflection coefficient mag
nitude equal to 

For a transmission line having the same line attenuation 

but a 70 , different from 100 ns, one multiplies the result 
obtained from the graph by the ratio of the actual r, 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 1222 = 04 and 
In~l = 0.1. Then an equivalent discontinuity placed at 
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each end of this line would have a reflection coefficient 
magnitude of (N/4) (0.1) = 0.2. From Fig 2, one finds 
that if the reflection coefficient magnitude of each dis-
continuity is 0 2 and the line attenuation is 5 dB for a 
100-ns line, the limits of cyclical variation are ±2.5 ns 
Then the limits of cyclical variation for the above 20-ns 
line example are ±(20/100) (2 5) ns 

V. Experimental Results 
t peoyfr t t esufls lre rbtaieectionietal dtheory for the case of fairly large reflections Metal disks 

having a diameter of 6.12 mm (0.241 in.) and a thickness 
of 0.152 mm (0.006 in.) were attached to the center con
ductors of short sections of 7-mm coaxial line 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 8.465 GHz, a value of 0.42 for 1f±±1 and Ijn I of 
the disk assemblies was calculated 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 in Fig. 4 
was connected between the discontinuities Measurements 
of r2 and of -20 log 0 JS±jI using an automatic network 
analyzer are shown in Figs 5 and 6, respectively. The 
group delay and the measured attenuation equal to -10 

- 2a log 0 e of the transmission line plus the short sections 
of 7-mm coaxial line with disks removed are also shown 
A comparison of calculated and measured results is shown 
in Table 1 The tabulated results show only limits near 

the center of the-frequency range but are typical of the 
results over the frequency range of 8.365 to 8.465 GHz. 
The calculated lmits do not include the additional effects 
of reflections from the coaxial line connectors. Closer 
agreement was obtained by measuring the 12 and Inil 
taking into account the coaxial connectors. 

Good agreement between theory and experiment was 
also obtained when additional measurements were made 
with different disks, different transmission line lengths, 
and at an additional frequency range of 2 235 to 2.355 
GHz. The details are not given here but will be includedin a subsequent issue of this publication. 

V Conclusions 

No attempt was made to experimentally confirm all 
aspects of the general theory. However, for the special 
case considered [identical discontinuities at each end, and 
negligible frequency dependence of a, 112.21 InI, arg(± 1), 
arg(n±,), arg(12.), and arg(ni,) over the bandwidth of 
interest], adequate confirmation of the theory was ob
tained. 

The analysis presented applies both to transmission 
lines operating in the TEM mode or to single-mode 
propagation in waveguides in general The graphical data 
presented can be useful for: (1) estimating the limits on 
the variation of group delay with frequency or (2) deter
mining 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 
lower limits of group delay and loss of a 30-ns line with a 
discontinuity assembly at each end 

Paramneter Calculated Measured Differencevalue value-

Maximum delay 34 60 s 34.88 as 0.22 ns 
at 8 407 GHz 

Minimum delay 26 58 ns 26.70 as -0.14 s 
at 8 415 GHz 

Maxmaun loss 6.51 dB 6.42 dB 0.09 dB 
at 8.415 GHz 

Minmaum loss 5.36 dB 5 25 dB 0 11 dB 
at 8 407 GHz 

aThe frequency interval between successive upper and lower
 
limits is 1/(,4rg,)
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Fig. 1. Network model of transmission line and discontinuities 	 Fig. 2. Calculated limits of cyclical variation of group delay of a 
100-ns transmission line with identical discontinuities at each 
end
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Fig. 3. 7-mm coaxial line discontinuity assemblies 
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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.) diem disks 
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Fig. 6 Measured -20 logl 1S211of 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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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
 

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

I. Introduction 
With the exception of DSS 14, at Goldstone, California, 

all stations of the Deep Space Netwoik use the conven-
tional zero-delay ranging configuration, in which the 
zeio-delay device (ZDD) is mounted on the paiaboloidal 
reflector (dish) surface. A zenith range measurement via 
the airpath to a dish-mounted ZDD and a Z-correction 
(Ref 1) provide needed giound station bias corrections 
for determining the true range to the spacecraft. 

Results of airpath tests at DSS 14 showed that large 
changes in iange occurred as a function of antenna cle-
vation 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 iange changes also occurred when small changes 
wele made in axial focusing of the hyperboloidal suble-
flector. Similar type phenomena were also observed 

on the 64-m antenna systems at DSS 43, Canberra, 
Australia, and DSS 63, Madiid, Spain (Ref. 3) Since the 
range dependence on elevation angle could be due to a 
multipath phenomenon, one cannot assume that a zenith 
measured value is the correct value. Because of the de
scribed airpath problems, the ZDD configuration at DSS 
14 has been operated in a cable configuration (Ref 4) 
since January 12, 1974 However, DSS 43 and DSS 63 
have continued to operate in the airpath configniation 

Because of the current range residuals of 10 to 15 
meters behveen DSS 63 and DSS 43 for Maiinei 10 ic
suIts (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 which results 
in good agreement between the multipath theory and 
experimental data. The purpose of this article is to 
present the results of some of this recbnt work. It will be 
shown that the multipath theory (with the aid of a com
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putel program) can be used to determine the true lange Fig. 1). Then from the equations derived in Ref 6, and 
delay of the station in the absence of multipath and assuming a frec space media for both leakage and pn
theleby determine a correction to the observed staton mary paths,
 
delay in the presence of multipath Furthermore, the
 
theory can be used to determine the physical location of (I2 - 1))/ A + cos &
the multipath source and its magnitude. Sc Ak- +2Acosea+A2 (2) 

( 1) +2Acos 0+ 

II. Theoretical Equations for C 'I) A A +cos Ob (8) 

Subreflector Tests 
wvhere 

In the subreflector test, ranging measurements are per

formed via the airpath to a ZDD mounted on the dish 
suiface The test configuiation may be seen in Fig 1 O. + 

The iange-coded uphnk signal, radiated out of the iadio
frequency (11F) feed born, is reflected off the hypci- -- 2fb 
boloidal subreflector toward the dish suiface The Ob- (I.- ) + 4'b (5) 
dish-mounted ZDD hoin ieceives a poition of this 
eneigy, and aftei mixing with a cohelent local oscillator and 
frequency, a coherent downlnk signal is iadiated back 
toward the hypeiboloidal subreflector and reflected back A = iatio of the magnitudes of the leakage and 
towaid the RF feed The lange-coded downlink signal pIimary signals as measured at the output 
received by the RF feed travels to the receiver system port of the ZDD horn (see Fig 1) 
and subsequently ariives at the ianiging machine, = physical path lengths, iespectively, of the 

pimary and leakage paths going one-way,In the langing test, the total system lound trip delay 
Cltime is measuied as a function of'subreflector position 

If the major part of the multipath signal is inteiacting in c = speed of light (,8 X 101' cm/s) 
the legion between the feed hon and the feed cone oi its 

escb aid donlink frequencies,
suppolt structuie, the subicflectoi movement will cause f = up1ly 

iespcctivcly, Hzthe multipath signal to go in and out of phase with the 
piimaly signal Since the only iequiicd modification to 4',4, = phase angles of lflcction coefficients (If any) 
plevious theoretical woik published by this authol (Ref. in the leakage path foi upbnk and downlmk 
6) is to express the diffeiential path length in telms of signals, lespecti'ely, lad 
indicated subleflectol position, only the equations will 
,be piesented The deivations can be found in Ref 6 The exact iclationship of (12 -1 ) to subreflectol move

ment is difficult to deiive due to defocusing effects and 
Fol the configniation of Fig 1 the equation for two- the changes in incidence angles that differ for the pri

way iange can be expressed as maiy wave and the multipath wave As a first-ordei 

(1 approximation,
4 K, + + 

h1- k1 ,(Af 0+ 2S,)2 54 (6) 
where 

K, = total system group delay (uplmk and whele 
downlink) in the absence of multipath, s Al,, = differential path length when the indicated 

E, = ciioi 111 the uplink delay due to multipath, s subreflector position is zero, in 

e,, = erioi in the downlnk delay due to S, = indicated subreflector position, in.' 
multipath, s 

'The subreflector position on the equipment is indicated in inches 
Fol simlihcty, assume that the primay and leakage paths rather than in centimeters To be meaningful this indicated position 
aic the same foi the uphink and downhnk signals (see 0houldnot b converted to the mctric 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 

IFr~dB=101og 0 [(1 + 2A cos 04+ A2)(1 + 2A cos 6b+ A2)] 

(7) 

and the AGOD signal level (in d~m) observed at the 
ground ieceivel is 

AGO = K. + IFI[, (8) 

where K. = the AGe signal level which would be ob-
served in the absence of multipath (in dBm) 

Ill. Theoretical and Experimental Data 

A. Subreflector Tests 

Figures 2 thiough 7 are computei piintouts and plots 
showing a comparison of theoretical and experimental 
data obtained from sublefiector tests at DSS 43, 63, and 
14 The uplink and downlink test frequencies were ap-
proximately the Helios spacecraft frequencies of 2115 
and 2297 MHz, respectively 

The printouts and plots were generated by a computei
program to perform a least squares fit of theoreticalprorams tNote 
values to expeiimental data. The theoretical data are 

based upon Eqs. (1) thiough (8), and a best fit is made 
first to the expenimental rahth 


bes fi 

firt tepenent! anging data to determine the 
vlueof(1)tre station delay K, in the absence ofbest fit value of (1)t i 

multipath, (2) the differential length Al, as defined by
Eq. (6), and (3)the ielative strength of the leakage signal 
A expressed in decibels The program then uses these 
best fit values of Atl and A to calculate the theoretical 
AGC signal levels as a function of subleflector settings 

This sequence for best fit was chosen because the range 
data are a esult of long term averaging, while the AGC 
data are either typically noisiel ol generally lag behind 
ieal-time changes The AGC data are also dependent 
upon the accuiacy of the calibration craves and opeiation 
only at the signal levels where the calibration curves 
apply 

Note from thd computer printouts on Figs. 2, 4, and 6 
that the best fit values of Al. are typically about 8827.4 
cm (1310 in). This value compares favorably with values 
of approximately 8382.5 cm (1812 in.) obtained from 
measunng physical path lengths on scaled drawings (see 
table in Fig. 1) From Fig. 1, it can be seen that this value 
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is associated with a multipath wave 1efiected off the 
cone platfoim. The values of approximately -15 to -20 
dB for A,,,, agree with those calculated independently by 
Ludwig (Ref. 7) These values are also consistent with 
beam efficiency values published in Ref 8 for the portion 
of the beam illuminating the cone platform -An attempt
to explain the higher value of about -10 dB for A,,, at 

DSS 63 will be made later after discussion of the plotted 
curves.
 

Examination of the plotted curves shows that reason
ably good agreement was obtained between theory and 
experiment for DSS 43 and DSS 14. The typical devia
tions in range aie about 3 ns, and typical deviations in 
AGC are about 0 3 dB. These deviations might 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, it was recently learned that a cone was also 
missing from the cone platform on the DSS 43 antenna 
during 1974 and diing the subreflector test Therefore, 

stonger multipath effect and larger discrepancy at 
DSS 63 might be due to the location of the missing conewith respect to the location of the ZDD The ZDD loca

tions and tricone configurations at DSS 43, DSS 63, and 
DSS 14 fol the subreflectoi tests are shown in Fig. 8that at DSS 63 the missing cone is at Bay 1, while 

DSS 43, the missing cone is at Bay 3. Because of the 
diffelent locations of the missing cone with respect to the 

ZDD, a stronger multipath signal could exist at DSS 68than at DSS 43. 

The large disagreement of calculated and experimental 
AGO values at DSS 63 can be explained as follows. The 
AGC calibrations at DSS 63 were performed in the region 
of -140 to -170 dBm while actual multipath tests were 
performed at -120 dBm The measured signal levels forthe tests wele outside the calibiated region, and there
foie the measured AGC variations were much smaller 
than the actual variations. G. Pasero at DSS 63 stated that 
when the test was repeated foi AGO data only at a later 
date in the calibiated range of the receiver, the peak-to
peak AGC vaiation observed was about 10 dB This 
peak-to-peak variation agrees favorably with the calcu
lated values shown on the plots 

All of the subreflector test results piesented apply only 
to the antenna pointed at zenith 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 cuive fit has been made to these data. 
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B. Antenna Tipping Test 

Another airpath test that is often performed is the 
antenna tipping test. In this test the total system range 

delay is continuously measuied while the antenna is 
slowly tipped from the zemth position to the honzon 
Figmes 9 and 10 show the results of the tipping test fol 
DSS 48 and DSS 63, respectively. No current tipping test 
data were obtained at DSS 14. The tipping 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 wele 
converted to show changes relative to the zenith position 
A polynomial curve fit was made to the data to show 
tiends only. The polynomial curve fit is not based on the 
multipath equations. However, it is interesting to note 
that when the antenna is tipped from the zenith position 

to the honzon, the subreflector moves from the normal 
operating point outward about 0 5 to 0.7 in (Ref. 9). If 
one examines the subreflector data for DSS 43 and DSS 
63, (see Figs 3a and 5a) and moves from the operating 
point to a point about 05 in in the positive dnection, 
the magnitude and phase (sign) of the range change gen
erally aglee with the antenna tipping data. Therefore one 
can assume that the phenomena associated with the 
antenna tipping tests are correlated to the same mnultipath 
phenomenon observed on the subreflector test 

IV. 	 Corrections to Measured Station 
Range Delay 

In the preceding section it was shown that the true 
station delay could be determined with the aid of a com-
putei progi am 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 
zelo-delay calibiation is known and since the true range 
is given by the computei plogram, one can calculate a 
coirection foi the measured station delay. In addition, 
one can piedict what the observed range residuals would 
be between stations For example, let 

BIAS'- = measured DSS round trip delay in the 

presence of multpath 

BIASs true DSS iound trip delay in the absencev 
of multipath 

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

RTLT' = Rtot 1 - BIASsI/ - BIAS',,, + Z (9) 
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but the true RTLT is 

where R,,,, is the total measured range and Z is the 
Z-coirection 

If BIAS',,m, BIAS,,, are given in nanoseconds the 
range iesrdual in meters is computed from 

Range 
Residual = [RTLT' - RTLT] [0.15] (11) 
(meter) (ns) (ns) 

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

Range 
Residual [BIAS, 2s - BIASSRV [0.15] (12) 

(meter) (ns) (ns) 
For DSS 43, the 1974 pie- and post-track ZDD calibra

tons were done with the subreflector at 0 in Then from 
the data on Fig 2 

BIASDjj - BIAS,,,., = 3198 4 - 3227 2 

= -28 8 ns 

Range Residual = -4.8 meters 

For DSS 68, the 1974 pre- and post-track ZDD-calibra

tions were done with the subreflector at -0 5 in. From 
the data on Fig. 4, 

BIASsv - BIAS' = 4210.8 - 4155.9 
= 54.9 ns 

and 

Range Residual = 8 2 meters 

Since DSS 14 does not operate in the airpath configura
tion, there is no need to compute lesiduals for DSS 14 

It is interesting to note that the above residuals are in 
excellent agreement with the residuals published by 
Christensen for Mariner 10 at Mercury Encountel I on 
March 29, 1974 (Ref. 5). Unfortunately, the results pre
sented here cannot be used conclusively to explain the 

residuals The main reason is that during Marinei 10 
Mercury Encounter I on Mal ch 29, 1974, the ZDD horn 
at DSS 48 was located at the outer edge of the 64-m dish 
surface The ZDD horn was moved to a new location 
closer to the center of the antenna on August 1, 1974 (see 
Fig 8). The DSS 48 test results reported in this article 
were obtained at the new location 

117 



Another reason why the results may not apply to the assumes that the dominant interaction is occurring be-
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 Mariner 10 
Mercury Encounter I period, calculations show that for 
the Manner 10 uplink/downlink trequencies of 2 11352 
GHz/2.29523 GHz, the range residual would have been 
+5 0 meters. It can generally be expected that the 
multipath-caused residuals will change significantly with 
uplink/downhnk frequency changes as small as 1 or 
2 MHz. 

Since the multipath error can change in 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 48, 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 forFuSu r W k Rsource. 
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 technique. This method 

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. 6. Range measure
ments made over a band of frequencies might also reveal 
multipath effects and enable identification of multipath 
sources 

If 	 the staton 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 acculately Since the computer program also 
assists in locating the multipath source, a simple antenna 
redesign might be done to eliminate the problem entirely. 
One solution may be to restore the hyperboloid vertex 
plate which is not present on 64-m antennas 

Although good agreement was obtained between theory 
and experiment for the tests described in this article, it 
is still desirable to confirm the location of multipath 

Plans are being made to perform an experiment
placing absorbers on the cone platform of the DSS 14 
64-m antenna and seeing if the dominant multipath effect 
disappears for both S- and X-band. The results of this 
test will be reported in a future issue of this publication 
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Table 1. Multipath test configuration and tabulation of critical multipath-dependent parameters 

Test frequencies, Normal subreflector S/X dichroic Approximate period 

DSS GHz operating position, ZlD horn S-band plate for vhich testUptnk Downhnk i installed results are valid 

August 1, 1974 
Dish surface (new horn location)to 

43 2115770 2297670 0 as indicated SPD No February 13, 1975 
on Fig 8 (when XROa cone and 

S/X feed installed) 

Throughout 1974 
Dish surface to 

63 2115700 2297593 -05 as indicated SPD No February 1975 
(0 5 in IN) on Fig 8 (when S/X feed 

installed) 

Box on side of 
Mod III March 19, 1975 

-05 section on when SPD b cone/ 
14- 2115650 2297540 (0 5 i. IN) same level as SPD Yes XRO cone installed) 

cone platform to 
present(Fig 8) 

IX-band receive only 
bS-band polarization diversity 
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~Fig 	 1. 64-m antenna geometry for multipath tests 
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3210 	 1 

> 3200 -

Z 3190 -	 CALCULATED 
VALUE OF TRUE 
RANGE DELAY 

OSS 43 SUBRFFL TESTS AT ZENITH, 1974.GMT DAY 362
 

3180
FA= 2.115770 GHZ 	 FB= 2.297670 GHZ 


AOBL-24.0ono Da ADBU--15.0000 D 

OLZL 1295.000 INCH DLZU= 1325.000 INCH 	 3170
 

SUREF EXPER. CALC. RANGE CXp CALC AGc
 
POSITION RANGE RANGE DIFF. AGC AGC IFF.
 

(INCHI DELAY DELAY INS) (DRM) (BM) (0) 3160
 
ENS) NS)
 

-3.000 3226.80 3223.15 3.646 -121.14 -120.72 -. 421
 
-2.500 3227.90 3227.77 .126 -120.00 -120.25 .252 -119
 

2.000 3202.20 3203.23 -1.028 -122.34 -122.47 .135 (b) 
-1.500 3162.60 3164.89 -2.286 -125.59 -12n.20 -. 385 OPERATING POINT 

-1.000 3171.20 3174.40 -3.203 -125.22 -124.55 -.668 	 AT ZENITH
 
•000 3227.20 3226.98 .220 -119.87 
 -120.15
-. 50O 3210.80 3211.96 -1.164 -121.98 -121.70 -.272 ".481 -120 - 0 

.500 3210.40 3212.25 -1.845 -121.07 -121.66 .586
 dB
3.040 -124.05 -124.21 .1651.000 3181.40 3178.36 
 |
5.954 -124.55 -124.70 .1551.500 3178.60 3172.65 

2.000 3195.50 3196.94 -1.440 -122.81 -12P.79 -.026 -12 	 0 

L

BEST FIT VALUES FOR OPTION 1 	 E 

nL 1( 	 CALCULATED 
VALUE OFTUEK? AB 


ENS) (08) (INCH) (OBU SIGNAL LEVEL 
FIRST ESTIMATE 3198.51 -15.45 1311.500 > -122 A 
FINAL ESTIMATE 319A.41 -15.38 1311.'66 -122.6793 .
 

Fig. 2 Sample printout of computer program L -123
 

for DSS 43 subreflector tests
 

-124
 

-125 

0, 

-126 - 0 1 1 1 
3 -2 -1 0 1 

SUBREFLECTOR POSITiON, n. 

Fig 3. Comparison of theoretical and experimental results for 
measubreflector tests at DSS 43 on 1974 GMT Day 362 (zenith 

surement): (a) Range delay, (b) Downlink received signal level 
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4280 (±) 

ions4260 TT 

4240 

4220, 
0 

>4200 LL M ELCULATED
 
VALUE OFTRUE RANGE 54.9 s 

480 DELAY
 
E 

DSS b3SLJREFL ESTS AT £ENITH. 1975 bT DAY 29 -

FAZ 2.115700 6HZ F8= d.297593 GHZ
 

ADSLt-24.000o Db ADdU=-12.0000 O 4140 -- OPERATING 
4140 PEINTATNPOINT AT 

DLZL= 1295.0U0 INCH DLZU= 132b.000 INCH 
 ZENITH 
SUUREF EXPER. CALC. RANGE EXP CALC AGC 4120 

1O511104 RAN&,E RANGE OIFF. AGC AGC DIFF. 
(INCH) DELAY DELAY (NS) (DBM) (am) Dai 

(NS) (NG0 
4.000 4217.20 .298.45 18.746 -127.47 -129.64 2.173 4(I0
 

-9.500 4258.40 4255.99 2.415 -127.27 -124.21 -3.057
 
-2.000 4253.10 4263.42 -10.317 -127.27 -123.17 -4.105 -122
 
I.SOU 4213.40 4235.41 -22.106 -127.30 -126.62 -.677 (b)
 
I.4.o0 412.60 4134.17 -11.572 -128.25 -133.43 5.186 
.5ou 415b.90 4159.18 -3.278 -128.16 -132.18 4.020 1dB 
.000 425,3.O 4245.23 8.070 -127.33 -125.58 -1.748 -124 
,600 4276.90 '264.77 1a.128 -127.27 -122.99 -4.275 

&.501 4201.10 4178.04 23.064 -127.67 -131.02 3.352
 

4.0U 4122.40 4121.87 .534 -128.69 "133.94 5.247 CALCULATED 
4.bU 4201.70 4225.11 -21.406 -127.71 "127.b8 -.026 VALUE OF 
3.000 4259.60 4201.05 -1.446 -127.28 -123.56 -3.718 -126 OFNAVALRUE 

REST F11 VALUES FOR OPTION I TRUESIL 

K.1 ADU OLZ K2 o FE - -2T 
151 (08) (IN4CH) (DBN) > -128 - a3 

FIRlST ESTIMATE 421b.10 .12.00 1299.500 0 
FINAL LSTIMATE 4210.83 -9.74 1299.573 -127.8646 - OPERATING

POINT AT-130 ZENITH
SZ 

Fig.4 Sample printout of computer program for 


DSS 63 subreflector tests O
 

-132
 

-134
 

1-136 1 I 1 
1 2 3

-3 -2 -1 0 

SUBREFLECTCR POSITION, n. 

Fig 5. Comparison of theoretical and experimental results for 
on 1975 GMT Day 29 (zenith measubreflector tests at DSS 63 

Ou'±TNAr, PAG IS surement): (a) Range delay, (b) Downlink received signal level 
OF POOR QUALITy 
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3310 (a) I I I 1 

CALCULATEDVALUE OF TRUE 

o3280 -Ni- 9 
320 

z POINT ATOPERATING
HELIOS PASS 215 POST CAL OSS 14, 1975 GMT nAY 193 3270 ZENITH 

FA- 2.115610 GHZ FB= 2.297540 GHZ 0
 

ADBL=-24.0000 OR ADBUL-15.0000 08 

DLZL= 1295.000 INCH DLZUt 1325.000 INCH 3260 

SUREF FXPER. CALC. RANGE FXP CALC AGC 
POSITION RANGE RANGE DIFF. AGC AGC DIFF. 0 

(INCH) DELAY DELAY (NS) (DOR) (DR.) CrIBI 
INS) (NS) 

-3.000 3276.20 3272.74 3.465 -135.64 -135.57 -.070 3250 1 1 1 r 
2.500 3255.90 3261.34 -5.442 -136.50 -136.34 -.163
 
-2.000 3286.10 3285.53 .574 -134.68 -134.61 -.066 -132.0
 
-1.500 310.30 3305.28 -.983 -132.40 -132.q3 .53P (b)
 
-1.000 3305.30 1304.02 1.275 -132.73 -133.05 .31A
 
-.500 3?79.60 3282.72 -3.118 -134.88 -134.11 -.071 03
 
.000 3P66.50 3263.51 2.995 -136.14 -136.19 .051 132.5
 
.500 3276.60 3275.99 .605 -13S.32 -135.29 -.026
 

1.000 3P95.00 3298.83 -3.834 -133.22 -133.50 .277 0 0 
1.500 3106.70 3305.02 1.685 -132.75 -132.07 .217
 
2.000 3289.00 3290.37 -1.370 -134.72 -134.17 -. 54 -133 CALCULATED 
2.500 3266.60 3270.71 -4.107 -136.36 -135.67 -.687 
3.000 3278.70 3271.84 6.856 -135.35 -135.59 .236 0.5 dB VALUE OF TRUE 

BEST FIT VALUES FOR OPTION I E -133.5 .. SIGNAL LEVEL 

KI ADS LZ Ke n--
INS) (08) (INCH) (ram) -134.0 

FIRST ESTIMATE 3206.38 -19.05 1308.500 
FINAL ESTIMATE 3286.46 -19.15 1308.580 -134.4510 

C

-134.5 Z_
Fig. 6. Sample printout of computer program for 0 

/DSS 14 subreflector tests 

-135.5 -OPERATING 
POINT AT 
ZENITH 

-136.0 

-136.5 1 1 0 
-3 -2 -1 0 1 2 3 

SUBREFLECTOR POSITION, in. 

Fig 7. Comparison of theoretical and experimental 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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DSS 43 

ZDD LOCATION ON 
DISH SURFACE (640 cm 
FROM PARABOLOID CENTER)
AFTER 1974 GMT DAY 213 

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

BAY 2 
S CONE 
(NO ELLIPSOID) 

EDGE OF DISH LOCATION 
OF ZODPRIOR TO 1974 
GMT DAY 213 ! BAY I 

SLU 
COE 

GROUND 

QUADRIPD 
LEG 

U 
SURFACE (648 5, 
FROM PARABOLOIDCENTER 

XRO CONE 
(NO DICHROIC 
PLATE) 

BAY 2 

SPD CONE 
(NO ELLIPSOID) 

AY 

GROUND
 

BAY 3 4 
XRO CONE DSS14 QUADRIPOD
(FIXED DICHROIC LEGPLATE) 

SPD CONE 

(FIXED ELLIPSOID) 

OP POO-4-1 .AG .NOT TO SCALE 

ZDD LOCATED IN 
BOX ON SAME LEVEL 

BAY I" AS CONE PLATFORM 
XKR CONE ON SIDE OF MOD I11 
(NO DICHROIC PLATE)SECTKON 

GROUND
 

Fig. 8 DSS 43, DSS 63, and DSS 14 zero-delay device locatiops 
and tricone configuration for subreflector tests 
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-2 0 

RANGE DELAY CHANGE = RANGE DELAY CHANGE 0 
1

(RANGE(RANGE AT ZENITH)0 O AT ELEVATION ANGLE) (RANGE AT ELEVATION ANGLE)
- (RANGE AT ZENITH) 0
 

-251 -10
 

-120.0 ) Z1 I -127.30 I I I I I 

-120.5 T -127.35 T 
0.5 dB 0.05 dB 

A-121.0. E-127.40 1 
N7thOO RDER 

7 5.4 L-12 CURVE FIT6 POLYNOMIAL6th-ORDER/n UhRLE~fM/POLYNOMALLO n 
4 

- 127 .5 0 -
U~~~UV CUVEIT'-275O-122 .0Q 

-122.5 -127.55 

-123.0 1 1 1 1 1 1 1 -127.60 
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 

ELEVATION ANGLE, deg ELEVATION ANGLE, deg 

Fig. 9. DSS 43 antenna tipping tests at S-band, 1974 GMT Day Fig. 10. DSS 63 antenna tipping tests at S-band, 1975 GMT Day 
359: (a) Range delay change, (b) Downlink received signal level 27: (a) Range delay change, (b) Downlink received signal level 
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