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PREFACE

The work described in this report was performed by the Telecommu-—
nications Science and Enginéering Division of the Jet Propulsion
Laboratory.
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ABSTRACT

The S/X~band experiment on the Mariner Venus/Mercury 1973 space—
craft constituted a unique opportunity to demomstrate the capability
of an X-band downlink coherent with the normal S-band dowmlink. This
was both a technological and scientifiec experiment, and the resulis
indicated that it was successful in both cases.

Analysis of the tracking data shows that the new S/X data type
was capable of reducing the miss distance at the planet Mercury by 80%
(post-processed data). The use of 3/X electron content was demonstrated
by comparison with Faraday rotation data. An X-band turnaround telem—
etry experiment showed the feasibility of a planetary X-band link.

In the science area, the model atmospheric enviromment of Venus was
refined. The ionosphere of the planet was measured to a higher accuracy
than before, and the value of the dval-frequency link for measuring the
scale size of turbulence was demonstrated. The estimate of the scale
size was increased from 100 m %o above 5 km.

At the planet Mercury, the S/X data helped establish a minimum
atmospheric density.

The superior conjunction data refined our knowledge of solar
corona density and scintilliation characteristics.

The overall block diagram of the link as well as the implementa-
tion of the spacecraft and ground station were validated. Even those
areas that were troublesome in the mission were of great value in
establishing an experience base for future use of X-band for a tele-
communication link. -
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SECTION I

INTRODUCTION

Mariner Venus Mercury 1973 (MVM'T3) was the first planetary space-
craft to carry a dual-frequency S/X-band transmitter system.

The spacecraft equipment included the standard NASA planetary
coherent turnaround S-band transponder, augmented with an additional
X-band transmitier channel. The carriers of the S- and X-band signals
were phase coherent and could be derived either from the local oscilla-
tor of the spacecraft receiver (when in two-way lock with the ground)
or from an onhoard auxiliary oscillator. Both carriers could be modu-
lated with a common turnaround ranging signal.

Differential doppler and range were measured at the ground station.
The differential doppler was used to measure the rate of change of elec-
tron density, and the differential range was used to measure the total
electron content.

The objectives of the dual-frequency experiment were both techno-
logical and scientific. The technological objective was the demonstra-
tion of the dual-frequency turnaround transponder system in an
interplanetary mission.- The use of this system for navigation enhance-
nent was shown. A turnaround X-band telemetry experiment was performed
to learn about the problems likely to be encountered in this frequéncy
band when used as a communications link. The difficulties associated
with receiving and processing a dual-frequency signal at arground sta-
tion operationally were examined. _

The scientific aspects of these experiments were the responsibil-
ity -of the Celestial Mechanics and Radio Science (CMRS) Team. The
gseientific objectives of this team were to improve the understanding
of the planetary environment, the solar wind, and the solar corona by
means of the data obtained from the radio links. The radilo scientisis
used the dual-frequency measuremenis to obtain the total propagation
path electron content and separste the effects of neutral and charged-
particle atmospheres. The celestial mechanics investigators used the
dual-frequency data to eliminate the effects of charged particles from
the orbit determination and analysis. The scintillation of the carriers
was interpreted to determine inhomogéneities in the propagaiion medium.
Differential amplitude measurements are being analyzed to obtain a
better understanding of the planetary absorption processes.

* This experiment was unique in its funding. Beause of the emphasis
on the use of X-band as a future telemetry link, the NASA O0ffice of
Tracking and Data Acquisition (OTDA) and the Office of Aeronautics and
Space Technology {(0AST) funded the development of the flight X-band
transmitter. The Mariner Venus/Mercury Projeet funded the testing and
integration of this hardware. OTDA also funded implementation of the
additional receiving equipment required to perform the experiment.

-1-1
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SECTION II

COMMUNICATIONS LINK

A. DESCRIPTION OF THE LINK

For MVM'T3 an X-band transponder was added to the regular S-band
turnaround transponder. This was the natural oubtgrowth of several
developing scientific and technological fields—-one which uses the best
characteristics of spacecraft radio systems for the transmission of
engineering and science data while at the same time providing funda-
mental radiometric data for both science and navigation (Ref. 2-1).
Before the MVM mission, telemetry was handled by spacecraft S-band radio
systems. The signal arriving at earth was also used for occultation
measurements of planetary atmospheres and ionospheres (Ref. 2-2).
During the years of development of this capability, it was not possible
to modify the telemetry systems. For that reason, separate scientific
instruments were flown to obtain dispersive measurements of the inter-
planetary medium and environment of Venus (Refs. 2-3, 2-4).

A simplified block diagram of the overall system is shown in
Fig. 2-1. 1In the normal two-way communication mode, a command- and
range-modulated 2115-MHz signal is transmitted to the spacecraft for
reception on its omnidirectional antenna. This antenna was used For
reception throughout the mission to assure that the spacecraft could
receive commands during maneuvers and roll calibrations. The S-band
receiver removed the modulation and provided a phase-coherent output
to drive the 8- and X-band transmitters. In the absence of an uplink
signal, the receiver switched on an auxiliary crystal oscillator to pro-
vide a downlink carrier. The received range code was applied to both
transmitters. The modulated outputs, 20 W at S-band and 200 mW at
X-band in the precise frequency ratio of 3 to 11, were separately routed
to the spacecraft transmitting antenna, a 1.37-m (5Lk-in.) fully articu-
lated paraboloid dish.

For the MVM'T3 mission, simultaneous ground reception of the 8-
and X~band signals was possible at only one station of the Deep Space
Network (DSN)--the 6L-m antenna deep space station (DSS) 14, located at
Goldstone, California. A microwave optical system directs the S- and
X-band signals to separate feed horns, which drive masers tuned %o

8415 and 2295 MHz. System noise temperatures obtained were 21.5 K at
X-band and 13.h4 X at S-band. .

The telemetry and tracking ground receiver is a coherent dual-
frequency, phase-locked-loop system which demodulates the telemetry and
range code while extracting absolute and differential Doppler informa-—
tion. Range code and Doppler data are fed back to the dual-channel
ranging system for processing. Doppler and range outpubts are available
in printed and plotted form in real time. A separate wideband, open-—
loop receiver system was used for occcultation, with bandwidth selected
to accommodate the full anticipated fregquency excursion of the signal
during planetary encounter. These bands were recorded coherently,

2=1
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Figure 2-1. Block Diagram of MVM'T3 DSS 1k S- and
X~Band Radio System

along with approprigste sampling and timing signals, on analog magnetic
tape recorders. The tapes were later digitized and processed by a digi-
tal simulation of the phase-locked loops. These recordings allowed

the occultation to be "reflown" as many times as necessary to complete
the analysis. They were of particular value at occultation emersion,
where_the recordings could be read backward in time, thus avoiding the
problem of weak 'signal acquisition.

As implemented for Mariner 10, the dual-freguency system has
proven fully capable of performing interplanetary columnar:electron
content measurements while achieving the prime goals of the Celestial
Mechanics and Radio Science Teams at Vernus and Mercury.
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B. ELECTRCN CONTENT MEASUREMENT

The major consideration for setting the specifications for the S/X
experiment was the necessity for measurement of the electron content
(Ref. 2-5). A modulated radio wave propagating through plasma is acted
upon so that the carrier phase is advanced and the modulation, traveling
at group velocity, is retarded. Thus,

tp = —§~ - ——02—3 f Ndl = phase transit time (1)
fl 0
)

t = 5, @53—’[ Ndl = group transit +time (2)
® ¢ fl 0

where
t_ = phase time of flight
t = group time of fiight
S = Barth-to-spacecraft distance (m)
¢ = veloecity of light (2.998 x 108 m/s)
f = radio wave frequency (Hz)
N = electron number density (el/m3)
As seen from Egs. (1) and (2), the interactive effect reduces as
1/f2; thus using two sufficiently separated freguencies permits very

accurate measurements of plasma effects by differencing the two measure-
ments. TFor a differential measurement, we have

s
_ ko3 /1 1
Atp_-_c_(?_?)f a1 (s) (3)
1 2 0
s
_ho.3/ 1 1 .
g = 20 (_z‘f_e)f NaL (s)- ()
. I U

2-3
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Letting I = &?Ndl and observing that the phase delay for n cycles
of S-band carrier frequency (fl) is

we have

I= ne (el/me) (5)

5.3 1 (-2
112 42
1 2

Also, the modulation time delay t_ is related to the modulation phase
- m
shift ¢ (deg) by

N X
m 360 fl
I = be (el/m°) (6)
b 11
1.451 x 10 fm (;5_” f2 -
1 2

These are the basic relationships used for evaluation of electron
content. The relationships can be Turther simplified by evaluating
for the assigned MVM'T3 frequencies, where

| B
I

1 2295,000 000 MHz
f2 = 8L15.000 000 MEz
fm = 0.515,045 MHz
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These are channel center frequencies without Doppler. Using these
values, we have :

S
Atp = -2,36 % 10"26 Na1 (s)
0
s
Atg = 2.36 x 10'26 f Ndi (s)
o -
T = n(1.8% x 1020) (e1/m?)
1= ¢(2.28 x 10"17) (el/m?)

A differential carrier phase detection capability of 0.1 Hz would
allow columnar content changes as low as 1.84 x 1014 to be measured. A
1-ns differential range detection capability would allow columnar con-
tents as low as k.1 x 1010 to be measured. It is seen that carrier
phase measurements are approximately two orders of magnitude more sensi-
tive than group delay measurements. This was reguired to detect small
changes in electron content during a given tracking pass. The phase
reference is lost between passes; therefore, the group delay measure- .
ments were needed to determine total electron columnar content.

For measurements of differential electron content, the stability
of the phase delay through the measurement system during ome pass was
the basis for the specification. A maximum drift in phase of 50 cm on
the spacecraft and 10 cm in the ground station for a 12-h pass was
specified. Additionally, slipping of cycles by the phase-locked-loop
receiver, which would cause a 360-deg discontinuity, was defined as
unacceptable. In the measurement of total electron content, the differ-
ence hetween the absolute range at both frequencies must be known .
throughout the mission. The spececraft maximum Gifferential group delay
drift of 100 cm was established for the entire mission with a calibra-~
tion accuracy of 15 em. TFor the ground station, where daily recalibra-
+ions could be accomplished, the specification was a maximum of 20 cm
drift for a 12~h pass with an accuracy of 15 cm. A drift of 1 m pro-
duces an apparent change in electron content of approximately
1.k x 1017 el/m°.

C. DESIGN OF THE X~-BAND TRANSMITTER
A breadboard model X-band transmitter (XTX) was constructed at JPL

to demonstrate the feasibility of meeting the project requirements. The
critical parameters verified were group and phase stability and de %o RF

2-5
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efficiency. The breadboard model did establish.the feasibility of a
stripline coherent X-band exciter to be used with the standard S-band
transponder. Motorola, Government Electronics Division, was then
avarded a contract to design, document, fabricate, assemble, and test
the X-band transmitter (Ref. 2-6). A complete breadboard and engineer-
ing model system were fabricated during the design portion of the pro-
gram. A prototype (which was later to become the flight spare) and the
flight unit were fabricated.

The key design parameters for the XTX were defined as

(1} Output phase shift (A¢) of less than 1300 deg from 0 %o
55°C.

(2) Ranging time delay (AT) from O to 55°C of less than 1 ns
from the 25°C reading.

(3) X-band output level of +23 + 1 4B from 0 to 55°C.
(4) 19-MHz sidebands, at X-band output, 30 dB down.

(5) . Input power of 11.5 W nominal, 12.7 W maximum, with a 25~
to 50-V -input voltage range.

(6) Corona allowable but with no damage. No multipacting was
permissible.

(7) Maximum weight of 1.58 kg.

(8) Maximum size of 1802 cm3.

D. X-BAND TRANSMITTER SYSTEM DESCRIPTION

Figure 2-2 is a photograph of the completed X-band transmitter.
The X-band transmitter subsystem consisted of an RF switch, four fre-
quency multiplier stages, four power amplifier stages, and a phase
modulator. A block diagram of the transmitter is shown in Fig. 2-3.
The input signal was at 19.125 MHz, with a nominal level of O dBm. The
gystem selected on command one of Iwo_inputs, and amplified, multiplied,
and phase modulated the signal to a nominal power level of 200 MW at
815 MHz. The sequence of multiplication in the transmitter subsystem
is X11 multiplier from 19.125 MHz to 210.3 MHz, gquadrupler from 213.3
to 841.5 MHz, doubler from 841.5 MHz to 1683 MHz, and quintupler from
1683 MHz to 8415 MHz. There are four power amplifiers involved in the
system design, as shown in the-block diagram. Table 2-1 presents the
‘performance data.

The multiplier/amplifier configuration provided the following
advantages to the transmitter design and performance:

2-6
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Figure 2-2. Photo of XTX Flight Package

By using X11 as the first multiplier, instead of a higher-
order multiplier, phase variations as a function of temper-
ature were minimized. The X11 also minimized the filtering
problem since the X11 filter could have a wider fractional
bandwidth. This wider bandwidth also allowed easier phase
compensation. By adequately filtering the 19.125-MHz side-
bands after the X11, the filters after the modulator could
have wide bandwidth and contribute a minimum of group delay
variations with temperature.

The phase modulator was designed at the highest practical
frequency to achieve the required modulation parameters.
The group delay stability requirement was more easily
attained as the modulator frequency was increased because
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Table 2-1. Key Parameter Data
Specified
Parameter performance Typical data-

Frequency

Input 19 MHz + 45 ¥Hz 19 MHz + 45 kHz

Output 8415 + 19.8 MHz 8ki5 + 19.8 MHz
DC input power

Wominal 1.5 W 1.0 W

Maximum 12.7 W 2.0 W
R input power 0 dBM % 2 4B 0 dBm + 2 dB

Rf output power
Fa (0 to 55°C) + 23 £ 1 dBm
TA (-20 to T5°C) + 23 + 3 dBm
Carrier phase stability

(0 to 55°C)

1300 deg max,

Harmonics (related to 19-MHz input)

2041 to 2166 MHz
- All others (including -30 dB
1st 19-MHz sidebands)

Modulation
May. input level
Tmpedance
Sensitivity

Bens. stability

FA (0 to 55°C)
Ta (-20 to +75°C)

Linearity

Amplitude modulation (AM)

No modulation
With modulation

-80 4Bm max.

Wot specified
50 5+ j5Q

1 rad/v

5%

£T%

2% of BSL up
to 1.5 rad
1%

2%

24 £ 1 dBm

sl 1 amm

500 deg

.~93 dBn

-35 dB

2 V peak
ho + JO

1.4 rad/V capability

+84%
*15%

2% of BSL up to
3.0 rad

0.5%
1.0%

2-9
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Table 2-1. Xey Parameter Data (Continuation 1)

Specified
Parameter performance Typical data
Group delay stability %1 ns +2.5 ns -
+30,
Weight 1.6 kg 1.78

(3)

(k)

(5)

of the wider bandwidth and fewer tuned circuits that passed
the modulated signal.

Maximum efficiency was achieved since the high-frequency,
high-power multipliers were of low order.

Each multiplier was preceded by a saturated amplifier to
keep the drive level into the multipliers as stable as pos-~
sible under temperature fluctuations. This stable drive
kept the multiplier phase shift to a minimum, and minimized
the phase shift for stable time delay characteristiecs. The
saturated amplifier designs were also used as a method for
meeting the 1 dB maximum output power variation require-
ment with temperature {0 to 55°C). -

The block diagram allowed maximum mechanical flexibility in
terms of the compartmentation necessary for shielding
between stages. The low-frequency modules (through the
phase modulator) were mounted on one side of the center web
and the high-frequency modules (through the output coupler)
on the other side.

PHASE CONTROL APPROACH

The phase shift (A¢) was controlled by the following technigues:

(1)

The “phase” Shiff at the module level was kept to a minimum
by use of wideband and phase compensation techniques.

Phase shift due to drive level variations in the multipliers
was kept to a minimum by operating the multiplier driving
amplifiers in the saturated region, thereby keeping the
amplifier outputs constant over the temperature range.

The phase shift was reduced to manageable levels by con-—
trolling module and interface drive levels, and a phase
control network was added to the RF switeh to provide a
method for.controlling variations from unit to unit. The
RF switch was selected for the phase control network since
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a l-deg phase shift at 19.125 MHz gave 440 deg at 8415 MHz.
Both the flight unit and spare had approximately +500 deg
~of Ap from O to 55°C.

F, TIME DELAY CONTROL APPROACH

The time delay (AT) was -controlled by using wideband RF and
baseband designs. The basic goal was to keep the absolute time delay
small (approximately 25 ns) so that the AT with temperature could be
kept to a minimum.

The original allotment for the X5 multiplier was 0. I ns, but the
Tinal design was apbroximately #1.7 ns at 25+Jg°C

The actual time delay measured on the engineering model unit was
*2.5 ns and *2.0 ns on the prototype. The flight units was 2 ns from
+15 to 55°C but varied % ns from 0 to 55°C. The module or modules
causing the excessive tlmP delay from O to +15°C are not known.

Early in the design phase, time was spent in considering a system
AT zdjustment such as a minimum loss network with a variable phase slope
with additional variability as a function of temperature. The decision
was made not to implement such a device mainly because of size limita-
tions. A system AT adjustment was necessary to be able to consistently
meet a *2 ns AT specification.

G. X-BAWD TRANSMITTER SUPPORT EQUIPMENT

One of the most difficult aspects of the XTX program was the
development of the appropriate support equipment (SE). The objective
of this equipment was to provide the facilities necessary for complete
calibration of the XT¥, both in a stand-alone mode and in the space-
craft environment. The test equipment was required to calibrate
instabilities in phase and group delay as a function of temperature,
input voltage, transmitter drive, mode change, gain, and change in
redundant components. Phase variations of 1/2 m in 12 h and delay
changes of 1 m in 6 months were the desired characteristices. Signal
power was to be measured to +1% and modulation index of the X-band
ranging to %£2.5%. Differential phase measurements were required between
the S-band uplink and the 8 and X downlinks. Differential phase between
the S- and X-band downlink in the one-way mode was also required.

The block diagram of this system is shown in Fig. 2-4. The SE

was designed around the Hewlett Packard 84104 network analyzer, which
was modified to measure S-band, X-band, and S-(3/11)X phase comparisons
as well as being used for a frequency reference. The XTX SE was used in
conjunction with the Radioc Frequency System (RFS) SE to perform all the
combined RFS-XTX system testing in the spacecraft thermal vacuum and the
prelaunch tests at Cape Canaveral. The Reference Signal System supplied
frequency references to the RFS and the 8- and ¥-bend phase comparators.

2-11
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The RFS SE then supplied the uplink to the RFS, which in turn gave a
reference to the XTX. Since the reference in the S and X phase
comparators was coherent with the uplink, phase shift between the three
freguencies could be accurately measured. The S-X differential phase
comparator compared the phase difference between the S-band downlink and
the X-band downlink multiplied by 3/11. The data were accumulated
locally and logged on the Mission Test Computer (MTC) (Ref. 2-7).

The XTX-SE also successfully measured X-band power and range modu-
lation index. The range delay measurements, however, were unsatisfac-—
tory. The signal-to-noise ratio was inadequate to perform this task
in an analog fashion. The decision was therefore made to make all the
range delay measurements using a sequential digital ranging machine
working with a DSN-type receiver-exciter system.

H, TELECOMMUNICATIONS DEVELOPMENT LABORATORY FLIGHT HARDWARE TESTS

The Telecommunications Development Laboratory (TDL) was equipped
with an S-band exciter, 8- and X-band receiver, and a seguential rang-
ing machine, all of which were functionally similar to those used at the
6h-m DSN station at Goldstone. A block diagram of the test configura-
tion is shown in Fig. 2-5. The Radio Frequency System Mission Data
System (MDS) and XTX were installed in a Tenney temperature control
chamber, which, along with its associated operational support eguipment,
was located in an RF-shielded room with interconnections to the ground
test equipment (Refs. 2-8, 2-9, 2-10). } ’

I. RANGE DELAY CALIBRATIONS

Range delay calibrations at 5~ and X-band were performed as a
function of uplink signal level, temperature, and radio operating mode.
The measurements were made with a sequential ranging machine of a type
similar to the DSS 1k Mu-2 ranging subsystem. Prior to performing
these calibrations, comparative measurements were made using the Mu
ranging machine and the TDL ranging test set. Delay measurements of the
proof test model (PTM) RFS/engineering model (EM) XTX were found to
agree within <2 ns vhen either machine was used. Also, the transponder
delay was within 3 ns of a measurement made U4 months previously. Based
on this data plus other measurements made on Mariner Mars 1971 (MM'71)
flight equipment and delay standards, the measurement accuracy is
estimated to be betiter than *10 ns. The delay data is for RFS5 and XTX
subsystems only and does not include antenna cables.

Delay as a function of uplink signal level is shown in Fig. o-6.
This curve is very similar in shape and magnitude to the previously
tested units.

Differential delay versus level is shown in Fig. 2-7. Approx-
imately 5 to T ns change was observed.
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Group delay versus temperature is showvn in Fig. 2-8. The slopes
are approximately 0.22 and 0.6L4 ns/°C for 8- and X-band, respectively.

Group delay as a. function of telemetry operating mode was mea-
sured and was found to be invariant.
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dJ. PHASE DELAY CALIBRATIOWS

8/X phase delay measurements were performed For selected radio
operating modes under conditions of slowly varying chamber temperature.
To assure reasonably constant temperature distribution throughout both
subsystems, the temperature rate was held to approximately 5°C/h. At
this rate, a considerable amount of time was required to complete a
temperature sweep over the normal flight approval (FA) range of 0 to
55°C. Therefore, the temperature sweep was limited to 20 to 50°C, which
was the anticipated temperature range for cruise and .encounter phases.
The S/X ranging channel was off for all phase tests.

The procedure followed for each temperature sweep was to allow
approximately 2 h of stabilization of 20°C in the selected radio mode.
Data acquisition began 30 min prior to start of sweep and was continu-
ous throughout the test.

A considerable amount of data was generated by operating on each
of the parameters or in determining correlations between parameters.
The most significant data is that which relates differential phase to
the temperature transducers since these were the in-flight observables.
A complete typical set of data, including the raw data plots, is shown in
Fig. 2-9. The data shown is for the radio mode 024 (exeiter 1,
traveling-wave-tube amplifier -(‘TWDPA) 1, high-power-mode, ranging orf,
and transmitting via high-gain antenna port). The temperature plots
show that temperature distribution is reasonably uniform throughout the
radio subsystem and the XTX temperature tracks well with the RFS. Note
that the actual flight transducers were being monitored.

Switching exciters or TWTAs or going from low power to high power
significantly altered the rate of divergence of the two phases and
even caused sign reversal. The magnitudes of the changes are relatively -
small and probably represent a worst case compared to the in-flight
environment. The spacecraft temperature changes during any 12-h period
are much smaller in magnitude and rate; hence the effect upon the elec-
tron content change measurement was expected to be very small indeed.
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All RFS and XTX parameters measured in the TDL were found tc be
within specification. The performance of the subsystems operating in
conjunction with engineering models of the ground tracking equipment
indicated that the objectives of the MVM'T3 radio experiment would be
met.

K. THERMAL VACUUM TESTING

The most realistic prelaunch test of the S/X system was performed
in the thermal vacuum environmental test chamber between July 18 and 23,
1973 (Ref. 2-11). The test configuration was the same as that shown in
Fig. 2-4 with the spacecraft in the thermal vacuum chamber. The test
consisted of three major events of concern to the S/X system: (1) ther-
mal simulation of solar radiation increased from that at 1 AU (1 sun) to
twice that radiation level (2 sun); (2) increase from 2 sun to 4.8 sun
(the level expected at Mercury encounter), and {3) Mercury solar occul-
tation. Differential phase measurements were made during these periods
with the 8/X SE. The sudden changes in sun intensity are not character-
istic of our solar system; hence the thermal transient induced repre-
sents an extreme worst case. The effect upon the differential phase
measurements after each of the intensity changes is shown in Table 2-2.
As may be seen, the phase changes are extremely small. The major change
of 11.9 deg was probably due to switching TWTAs rather than the i1lumi-
nation intensity shift.
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Table 2-2. Differential Phase Change vs Variation
in SBun Simulated Intensity

. Total change in
M
Event .easurement time aifferential
after event
N phase

1l sun to 2 sun

and switch from 4 h 42 min 11.9
TWTA 1 to TWTA 2

2 sun.to 4.8 sun ) 2 h 33 min S 1.0

Sun occultation 2h 0.5

One of the major radio science objectives was detection of
Mercury's abtmosphere. This was to be done by measurement of the dif-
ferential phase change as the radio waves propagate through the atmo-
sphere prior to and after earth occultation. A major concern was what
the effect of the solar occultation (which oceurs just prior to earth
occultation) would be on the differential phase measurement. As seen
from Table 2-2, the effect was negligible. This result is attributed
to the combination of the good phase tracking of the .S. and. X execiter
chains and the large thermal inertia of the spacecratt.

Since differential phase measurements were performed only during
a station view period (8 to 12 h) and large thermal transients (such as
induced during thermal vacuum testing) were not to be expected, it was
conceluded that the spacecraft equipment stability was adequate to
support the (MRS goals.

L, THE SPACECRAF'T ANTENNA SYSTEM

The spacecraft antenna system (SXA) consisted of a high-gain
antenna, a low-gain antenna, and a high-gain antenna probe assembly
(Ref: 2-12); 'Phe high-gain antenna was & focal point fed 1.37-m .
paraboloidal reflector. The feed was a circularly polarized coaxial
design. The central cavity consisted of an open-ended ¥-band circular
waveguide. Circular polarization was achieved by loading the circular
waveguide with capacitive pins to produce a guarterwave plate. The
S-band portion of the feed was built coaxially, with the X-band feed in
the center. The S-band cavity was fed by two probes at 90 deg from
each other. The power input from the trsnsmitter was divided in a
stripline hybrid, which was built into the feed structure. The hybrid
circuit gave the two probes a 90-deg phase guadrature. Figure 2-10 is
a photograph of the SXA high-gain antenna feed. The high-gain antenna
was the only antenna on the spacecraft capable of transmitting X-band.
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Figure 2-10. SXA High-Gain Antenna Feed

The low-gain antenna was a biconical horn fed by a slotted
cylinder formed from the outer conductor of the rigid coaxial trans-
mission line which also served .as a support boom. The low-gain antenna
was used for all uplink reception. It was never used for transmission
in the S/X mode. The high-gain antenna probe was used for prelaunch
RF testing.

M. DSS 14 S/X CONFIGURATION

The Deep Space Network 64-m antenna tracking station at Goldstone,
California, was used for all the X-band investigations (Fig. 2-11).
The microwave feed system was modified to permit simultaneous trans-
mission of S-band and reception at both S- and X-band. The major
design constraint for the microwave optics system was that there be no
degradation below the S-band-only performance prior to the modification.
This requirement was met (Refs. 2-13, 2-1k, 2-15).

The system employed combined a pre-existing S-band feed system
with a new X-band feed. The 64-m antenna feeds were mounted in a
tricone structure (Fig. 2-12a, b). In the original tricone geometry,
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one of the three feeds would be at the convex focus of the hyperboloid.
The hyperboloid could be rotated so that any one of the three feeds
could be in focus. The reflex feed system permitted a virtual phase
center of the S-band horn to be translated so that it would be coin-
cident with the X-band feed phase center. This was done by using an
ellipsoidal reflector over the S-band feed and a dichroic reflector
over the X-band feed (Figs. 2-13, 2-14), The planar dichroic reflector
was transparent to X-band and reflective at S-band. Since S-band was
the prime communication frequency, all performance tradeoffs at the

two bands were made to optimize S-band performance.

The output of the S-band feed went to a newly designed maser using
a shortened and cooled input transmission line, which resulted in a
maser temperature of 2.1 K. Superconducting magnets were used to pro-
vide the maximum phase stability by eliminating interactions with the
earth's magnetic field as a function of antenna orientation (Ref. 2-16).
The X-band signal went to a traveling-wave maser with a noise temper-
ature of 6.5 K. Push-pull pumping resulted in complete saturation and
improved stability over previous X-band masers (Ref. 2-17). This maser
also used a superconducting magnet.

From the masers, the signals went to the new Block IV receivers.
These receivers were designed for maximum stability of both phase and
group delays. The Block IV receiver is a quadruple conversion,
superheterodyne, phase-locked receiver capable of either S- or X-band
operation. Figure 2-15 shows a basic block diagram of the receiver
(Ref. 2-18).
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Figure 2-13. Conceptual Reflex-Dichroic Feed System
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Figure 2-14. Detail of Reflex-Dichroic RF Optics

The incoming signal is converted to a first intermediate fre-
guency (IF) of 325 MHz and then mixed down to a second IF of 55 MHz,
where a non-gain-controlled output is made available for noise temper-
ature measurements or radio science experiments. The signal is then
coherently automatic gain controlled (AGC'd) to provide three constant
signal level outputs at 55 MHz. The S55-MHz IF is mixed with a L45-MHz
reference to generate a third IF freguency of 10 MHz.

One oubstanding feature of the exciter and Doppler extracltor is
the inclusion of an exciter reference multiplier chain. This chain is
a low-level, ultrastable multiplier that provides a stable reference
to which the exciter or the klystron amplifier cutput may be phase-
locked to provide maximum long-term phase stability of the transmitted
gignal. In addition, the exciter reference multiplier, when mixed with
the output of the appropriate frequency shifter, provides the trans-
lated exciter frequency as a reference to the Doppler extractor.
Mixing this signal with the receiver.local oscillator (L0) yields a
representation of the true S- or X-hand Doppler for further processing.
This technigque of extracting the Doppler at S- znd X-hand allows the -
carrier tracking loop to track out any drift in the receiver LO multi-
plier chain so that these drifts do not appear in the Doppler ocutput.
This feature is very important in maintaining long-term Doppler
stability. With the exciter transmitting at S-band, Doppler can be
extracted from one receiver operating at S-band and another operating
at X-band in the S/X mode.

A new dual-channel ranging system called Mu-2 was designed, con-
structed, and installed to permit accurate and flexible absclute and
differential range measurements (Ref. 2-19).
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The relationship of the Mu-2 to other ground-based subsystems
and to the spacecraft is shown in Fig. 2-16. The ranging process starts
with the generation of the range code in the transmitter coder.
Derived from a 66- or 132-MHz frequency reference by successive
division by powers of two, the appropriate code is selected by the
ranging computer. This code is phase modulated onto the uplink carrier
and transmitted to the spacecraft. A transponder aboard the spacecrarft,
which is phase-locked to the uplink carrier, multiplies the carrier
frequency by 2k0/221 and 880/221 to develop, respectively, S— and
X-band coherent downlink carriers. Concurrently, the received range
code is coherently detected, filtered in a 1-MHZ passband channel,
hard-limited, and used to remodulate the two downlink carriers. Note
that the two-way doppler will be affected by the carrier frequency
multiplication, whereas the range code will not. The downlink sighnalis
are received by two Block IV receivers, phase-locked respectively to
the B- and X-band carriers. These receivers provide 10-MHz IF signals
modulated with the range code to the Mu-2. Utilizing these codes, the
Mu-2 independently measures the S~ and X-band range. The Mu-2 has two
separate and identical receiving channels, one for S-band and one for
X-band.

The maximum—frequency ranging code used in the MVM mission was
500 kiz. Lower-freguency components were used as required Lo remove
range ambiguities.
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SECTION IIXT

MISSION OPERATICNS

A. S/X~-BAND MISSION OPERATIONS

The S/¥-band system functioned will within specifications for the
Venus and Mercury encounters. During the cruise phase of the mission,
however, antenna pointing and ground receiver problems were experienced.

The SXA half-power beamwidth was 1.9 deg for X-band and 6.3 deg
for S8-band. Silnce the primary communication freguency was S-band, the
mejor emphasis in gttitude control requirements was for satisfactory
pointing of the S-band high-gain antenna., In flight operations, the
high-gain antenna pointing proved to be z major problem at X-band.

One cause was the relatively coarse incremenis in the antenna pointing
updates. This in turn was due to memory storage limitations on the
spacecraft and the requirement for storing all commands for an
"automatic mission.”

The ground software for generating update pointing commands was
very time—consuming and therefore resulted in severe limitations on
the number of commands generated during the mission. Figure 3-1 shows
the received X-band signal level as measured by the auvtomatic gain
control voltage. The 3-month curves are the predicited value and the
upper and lower tolerance 1imit {Ref. 3-1).
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Figure 3-1. X-Band Received Bignal Level
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The S/X receiving system at DSS 14 was a research system which
was not originally scheduled for mission support. The greater
accuracies required for the radio science experiment made the use of
the untested Block IV receiver necessary.

Installation of the R&D S/X-band equipment, except for the
Command Modulator Assembly switch, was completed at DSS 1k in late
October 1973. However, completion of checkout and an cperable.status
were not achieved by January 1, 197L, as plammed, due to a number of
problems. First, S/X-band checkout during November-December 1973 at
DSS 1k was very difficult and at times impossible because of conflicts
with the load, configuration control, and freeze imposed at the station
for Pioneer 10 encounter. Secondly, subsystem interface cable noise
problems and faulty assembly modules further delayed achievement of
valid data. Most problems exhibited themselves in the X-band rather
than 5-band data in the form of frequency Doppler cycle slips and off-
sets (Ref. 3-2).

The antenna pointing problem at the ground station was virtually
eliminated by employment of a semiautomatic conical scan tracking
technique using the antenna pointing system computer (Ref. 3-3).

On December 25, 1973, the spacecraft high-gain antenna expe-
rienced partial failure, resulting in a drop of observed RF power.
The high-gain antenna was observed to experience a number of fail-heal-
fail cycles during this period. Degradation of the downlink varied
from 2 to 6 4B below the design value, and thHe Fesulting signal )
bolarization was linear rather than the normal circular. Approximately
3 dB of the high-gain antenna loss was attributed to the cross-
polarization between the circular polarization of the deep space
station antennas and the nearly linear polarization of the spacecraft.
In respouse to the Project's request, and to meet Mercury TV experi-
ment objectives, the Deep Space Network initiated emergency action to
provide, ship, and install linear polarization equipment at each of
the three 6L-m stations. This task was planned to be completed shortly
before Mercury encounter.

Concurrently with these critical events, the Project and the
DSN pushed on with some planned experiments. Using DSS 1k, an X-band
telemetry data experiment was conducted wherein data were modulated on
the uplink ranging channel. The spacecraft turned these data around
much like the ranging code on the S/X-band downlink. Therefore, DSS
14 then used the Block IV receiver to acquire the S/X-band signal
containing telemetry date, thus giving a measure of the X-band
frequency performance for telemetry transmission. This experiment was
conducted on January 11 and again on January 15, 19TL.

Shortly prior to Venus encounter, grouwnd and flight test data
showed that the spacecraft auxiliary oscillator had a frequent one-
half-cycle offset when operating in the one-way mode. Instability
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of this nature would have masked Venus' atmospheric effects on the RF
signal, thus severely degrading radio secience occcultation results. It
was determined that proper auwxiliary oscillator performance could be
obtained in the two-way mode, but to do this required use of the newly
implemented 100-kW transmitter at DSS 14 to gain adeguate link perfor-
mance. Furthermore, the Venus near-encounter seguence had been planned
to be conducted in a one-way, listen-only mode to enhance performance
for high-rate video acquisition. The decision was made in favor of
radio science support, and the DSN with the Project had to develop a
new two~way, 100-kW sequence between February 1, 1974k, and Venus
encounter on February 5. Detailed planning and coordination continued
until Venus encounter minus 1 day (Ref. 3-4).

On February 5, 1974, at 1T7:01:04 GMT (spacecraft time), the-
Mariner 10 spacecraft reached closest approach to the planet Venus.
Closest approach activities were visible only to the Goldstone complex,
thus limiting participation to DSS 1% (the prime site) and DSS 12 (the
backup site), and was noteworthy from a tracking system standpoint in
that it marked the first use of the Block IV S- and X-band receiver
(at DSS 14) during a critical phase of a planetary encounter.

An important factor of the Venus encounter was the extremely
large refractive effect of the Venusian atmosphere during the period
between geometric enter and exit occultation. (At its peak, this
refraction amounted to approximately 13 kHz, two-way S-~band.) This
refractive effect evidenced itself very strongly during the pre- . |
encounter tracking operations planning phase in three areas:

(1) As the signal refraction increased, its attenuation
increased and, as no information existed regarding
the accuracy of the attenuation data, uncertainty arose
as to when lock would drop and when spacecraft uplink and
downlink would be reacguired.

{2) No information was available regarding the accuracy of the
atmospheric Doppler predictions, impacting the selection
of .an acquisition sweep range.

(3) The DSN Prediction Program did not model planetary atmo-
spheric refraction, so that the refraction predictions had
to be manually factored into otherwise computerized
prediction data for the various encounter strategy studies.

Figure 3-2 shows the S-band frequency as MVM'T3 approached the
planet and went into occultation. The frequency scale is relative to
the nominal 2295-MHz signal transmitted by the spacecraft. .If the
spacecraft were receding from the earth at a uwniform velocity, the
dovnward trend would be a straight line. However, it was being
accelerated by Venus' gravity field, and the downward trend was

3-3
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Figure 3-2. 8S-Band Venus Occultation Doppler Shift

inereasing., causing curvature. Suddenly, as the MVM'T3 radio signal
hit the atmosphere, the freguency reversed direction and at the same
time began to fade away. The spacecraft high-gain antenna, under
preprogrammed computer control, was steered to keep the earth at the
peak of the main beam. The spacecraft went behind the planet, but the
signals remained locked onto by the earth receivers. About 6 min
behind the. planet, the spacecrafi recelvers lost lock of the signal
transmitted from earth, and the spacecraft switched to its backup
oscillator. Since its frequency is different from that on earth., the
ground-based receivers lost lock--but they picked it up in less than
a minute and tracked it for an additional 30 s (Ref. 3-2).

At the same time, these signals were received by some receilvers
that do not lock on but instead record all the frequencies of interest.
These are called the "open-loop'" receivers. The penalty paid for
recording everything is the necessity to computer process the data
later. It is a slow, but very detailed and completely adaptable
technique. There is no error, for the computer can fly by the planet
as many times as necessary. H. T. Howard's postprocessing of the
open-loop tapes indicates that the S-band signal was detectable
throughout the occultation (Ref. 3-5). Table 3-1 indicates the in-
and out-of-lock times for the Venus encounter.

In summary, tracking operations during the Vemus encounter phase
were extremely successful, especially in light of the considerable
gifficulties posed by the confluence of new equipment at DSS 1h
(Block IV receivers) and the large uncertainties associated with the
Venusian atmospheric effects on telecommunications. The one minor
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Table 3-1. Summary of DSS Receiver Events

Ground received
Bvent time, GMT
(February 5, 1974)

Enter atmospherea 17:00:10
Enter geometric occultationa 1T7:00:23
Block IV X-band out-of-lock 17:10:k5
Block IIT prime and backup out-of-lock 17:1L:58
Block IV 8-band oub-of-lock (two-way) 17:15:35
Block IV S-band out-of-lock {one-way) 17:16:30
Block III backup in-lock 17:25:48
Block IIT prime in—lock 17:26:03
Block IV S~band in-lock 17:28:58
Exit geometric oceultation™ 17:30:17
Exit atmoépherea 17:30:28
Two—waya 17:32:50
Block IV X-band in-lock 17:40:58

aBest estimates from actual‘encounter data,.

problem during this phase was the late acquisition by the Block IV
recelvers at exit occultation, which was explained in large part by
the unexpectedly lengthy lock at enter occultztion and a degree of -
unfamiliarity with the new equipment. Furthermore, the late acquisi-
tion entailed no loss of data since

(1) The DSS 1h Block III receivers locked up extremely early in
the exit occultation, successfully receiving all spacecraft
data. ‘

(2) The DSS 1k open-loop receivers successfully acquired data
during both enter and exit ogccultation, thus satisfying
radioc science requirements.
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The geometry at Mercury during the MVM'T3 occultation as seen
from earth is.shown in Fig. 3-3. Conduct of the experiment was nearly
identical to that described for Venus encounter.

On March 29, 1974, at 20:46:31.9 GMT (spacecraft time), the
spacecraft reached closest approach to the planet Mercury. This
encounter was simultaneously visible to both the Goldstone and the
Australian complexes, thus allowing prime participation by two 64-m
deep space stations, DSS 1h and DSS 43. Significant elements of the
configuration at the stations during the encounter included the Block
IV 8- and X-band receivers at DSS 14 and the digital controlled oscil-
lators and open-loop receivers at both DSS 14 and DSS 43. The
following combination of circumstances contributed to improving tracking
operations results:

(1) Mercury has essentially no atmosphere, thus greatly
reducing the signal refraction and the corresponding
unéertainties in the times of and Doppler at enter and exit
occultation.

{2) The mass of Mercury is relatively small, thus inducing only
a small- perturbation in the near-encounter Doppler.

(3) Although the Block IV receivers and the digital controlled
oscillators were relatively new, considerable operaticnal’
experience with them had been obtained in the previous
b to 6 months, and especially during the Pioneer 10 Jupiter
and MVM'T3 Venus encounters.

{The positive effects of the first two were anticipated.) Table 3-2
presents the times of critical Mercury encounter events.

EXIT FROM EARTH

QCCULTATION ENTRY INTO EARTH

OCCULTATION

T SUN

Figure 3-3. Geometry of Mercury Occultation
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Table 3-2. Spacecraft and DSS Events During Mercury Occulta%ion

Gfbund receiyed
"Event .~ time, GMT
(March 29, 197k)

Enter occultation 20:56:11.69
DSS 43 drop lock ©20:56:12
DSS 14 S-band Block IV drop lock 20:5?:12
D85 14 X-band Block IV drop lock 20:56:12
Exi% occultation one-way 21:07:33.03
Downlink one-way to two-way 21:07:43.55
DSS 43 acquire downlink 21:07:46
DSS 14 S-band Block IV acquire downlink 21:07:46
DSS 14 X-band Block IV acquire downlink ‘ 21:09:56

On March 31, 1974, at the start of an outgoing TV mosaic sequence,
a spacecraft power subsystem problem cccurred which resulted in large
power dissipations in the spacecraft bus. The voltage transients which
accompanied this event caused the transmitter to exhibit two failure
modes. One was a spectrum consisting of a discrete carrier suppressed
by approximately 2 dB, with odd harmonic nonsymmetrical sidebands
spaced approximately 5.6 kHz from the carrier. In this mode, all
telemetry indicators were normal and normal tracking and ranging could
be achieved., The second mode resulted in a spread spectrum in which
the carrier was suppressed by at least 20 dB and there were no measur-
able sidebands. In this mode, the output power telemetry monitor read
low, and the ground receivers could not lock to the signal.

Bench tests at Motorola were able to reproduce these modes by
failing certain components  in the XTX de-de converter. The consensus
was that the failure was caused by a large power transient.

It was found that operationally the XTX would be caused %o
recover from the spread spectrum mode by either momentarily turning the
unit off or by going from two-way to one-way and then back to two-way
transmission. This was accomplished by momentarily turning off the
ground transmitter (Ref. 3-6).

3-1
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B. EXTENDED MISSION

The ability of the S/X system to measure total path electron con-
tent made the extended mission extremely interesting from the Radio
Science Team's point of view. At the time of solar superior conjunction
on June 6, 19Tk, the dual-channel S-—band and X-band radio signals
emanating from MVM's high-gain antenna passed within 1.67 deg of the sun's
surface as viewed from earth., Effects of the solar corona's electron
cloud on these signals were recorded at DSS 1k using open-loop
receivers and the R&D Block IV closed-loop receivers. Primary effects
of the solar corona on the radio signals were scintillation and dif-
ferential S/X-band group delay. MVM'T3 was the. first space mission in
which an X-band signal was used to probe the sun's environmment. In
addition, dual-channel 5/X-band ranging data were gathered. Data
quality remained good despite low signal strength and high noise con-
ditions. The influence of the sun's coronasphere upon the range values
became increasingly significant as the date of superior conjunction
approached. Figure 3-4 is a plot of differential delay for the periocd,
vwhere it can be seen that differential delay exceeded 3 us. The right-
hand axis presents delay in terms of total electron content, and the
measured content is shown to be quite variable compared to that pre-
dicted by a smooth, quiet l/r2 model. Much greater delays are expected
for future missions, where the sun-earth-probe angle will be smaliler.
The measurement will be a vital correction for relativity experimenters
and of great interest to solar physicists.’
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Figure 3-4. Differential Range Delay Near Superior Conjunction
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MVM'T3 solar superior conjunction sctivities cecurred during the
period May 24 through June 21, 19Tk. Recovery of dual-frequency S/X-
band Doppler data, range, and open-locp receiver data itypes was
required. In addition, it was desired that calibration tracks be pro-
vided beyond the stated intervals. Since MVM'T3 provided the first
opportunity for spacecraft dual-frequency analysis of solar corona and
gravity effects, the DSN gave considerable emphasis to arranging proper
support at DSS 14, Originally, DSS 1hk's Block IV 8/X-band receiver
was scheduled for removal and rework in preparastion for Viking test
support in mid-June 1974, following superior conjunction on June 6,
19Th. The expanded observation period required negotiation of the
removal date and was subsequently set for July 1, 1974. Support by
the special Block IV receiver trouble-shooting team was planned to
continue in effect until July 1, 1974. Telecommunications performance
during this period was influenced by the sun-earth-probe angle, the
level of solar activity, and the communications modes used.

Typically, during solar conjunction, the bit error reste increased
as the sun-earth-probe angle decreased, with no total loss of data
during the entire period. Also, usable two-way S-band Doppler and
S-band ranging were received, although the Doppler noise level greatly
increased. X-band ranging and Doppler were of limited use due to the
multiplication factor in the noise on the X-band downlink.
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SECTION IV

INVESTIGATION, DESCRIPTIOﬁ, AND RESULTS

A TECHNOLOGY EXPERIMENTS WITH THE X-BAND MVM SYSTEM
1. The X-Band Telemetry Bxperiment

The X-band telemetry experiment using the MVM'T3 spacecraft and
DSS 1 ground facility had the following major purpose and objectives:

(1) To demonstrate, using an in-flight spacecraft and an opera—
tional DSS, that X-band high-data-rate, convolutionally
coded (plus Golay algebraic cddes) telemetry data can be
reliably transmitted, received, and processed in accord with
performance predictions.

(2) To uncover and identify potential design or operational
problems that may exist relative to the use of X-band telem~
etry on future spacecraft missions so that early corrective
measures can be taken.

(3) To quantitatively measure the performance of the X-band
telemetry link to assess the effects of weather, system
temperature as a function of elevation, phase noise, coded
burst-error statistics, ete., and to gain a better knowl-
edge of performance parameters and thelr tolerances.

(k) To complement the MVM'T3 radioc science experiment by pro-
viding an assessment of short-term effects.

Two types of experiments were plamned: (1) a very-high-data-rate
(100 ¥bps) qualitative demonstration and (2) a series of quantitative
experiments at a medium data rate (10 kbps). The qualitative experi-
ment involwved simulating, to the greatest extent possible, the condi-
tions proposed for the Voyager 1977 high-rate telemetry channel.

In order to achieve the goals set for the gualitative experiment,
it was necessary to conduct the experiment within the first 6 weeks of
the flight of the spacecraft, or before December 15, 1973. Unfortun-—
gtely, the problems involved in bringing the Block IV X-band receiver
system to an operational status took priority in the time schedule,
such that the qualitative experiment had to be cancelled.

The intent of the series of guantitative experiments was to gather
data from both the X~band and S-~-band receiving systems taken over a
number of days (5 to 10) for which differing conditions, especially
weather, existed.
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The quantitative experiment also fell vietim to the delays in
making ready the Block IV equipment, and more importantly, the S-band
feed failure that occurred in late December 1973. As a result, only two
experiment dates could be obtained: January 11 and 15. On Januvary 11, a
failure of a coupler associated with the zero-delay test transmitter
configuration caused ground-generated signals to be superimposed on the
received signals, thus rendering the data invalid. On January 15, a
successful experiment was conducted, with 70 continuous minutes of data
taken.

Figure l4-1 shows the coded and uncoded results plotted with
respect to the ideal performance curves. In plotting the experimental
data, the signal-to-nocise ratio estimator values were used to locate the
peints. As a result, the uncoded symbol results appear slightly to the
left of the uncoded ideal curve.
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Figure 4-1. X-Band Telemetry Experiment—r
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As can be seen, the S-band results are about 0.4 dB to the right
of the ideal coded curve, and the ¥X-band signals are off about 1 dB in
performance. The 1 dB may be accounted for by (1) the apparent non--
gaussian form of the X-band channel (reason unknown) and (2) perhaps
some error in sealing the signal-plus-noise into the gquantizer. (The
decoder performance is somewhat sensitive to this scaling.) The conclu-
sion reached is that the nominal performance is quite good, and that
given a larger set of experimental data, and time to become more famil-
iar with all the idiosyncrasies of the Block IV X-band system, the
X-band performance offset can be made comparable to that of S-band.

2. Navigation Enhancement Experiments

Two objectives of the navigation experiment were to validate the
use of S/X Doppler change of electron content by comparison with Faraday
rotation measurements and to show enhancement of navigational accuracy
by using the differential S/X Doppler for orbit determination. Both
of these objectives were met (Ref. b-1).

S/X dual Doppler exploits the inverse-frequency-squared dependence
of the phase velocity change of a radic signal traversing a tenuous
plasma. The Doppler shifits present in the received S- and X-band tones
measure two occurrences: the radial motion of the spacecraft as seen
from DSS 14, and the net change in the total number of electrons
encountered along the ray path. That portion of the Doppler shift
resulting from radial motion of the probe is removed by differencing
the Doppler shifts, and the balance 1s due to charged-particle effects.
In equation form., the procedure to compute the balance is

3

K(S - TiX)
f
q

Balance =

S

In other words, the X-band frequency is multiplied down to an equivalent
S8-band frequency and differenced from the S-band received freguency.
This difference in the net frequency change at S~band is then due
entirely to electron content variations. The ratio of the S~band fre-
gquency can be easily converted to electron content variations or
apparent range change to the spacecraft.

To date, only two charged-particle calibrators can achieve sub-
meter level precision: S/X dual Doppler and Faradsy polarization data.
Other calibrators, differenced ‘range versus integrated doppler (DRVID)
and dual S/X range, provide charged-particle assessments to the preci-
sion of the DSN range data, which is typically in meters.

4-3
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It should be noted that the Faraday rotation data are obtained
from measurements to geostationary satellites. At the Goldstone DSN
complex (site of DSS 12 and DSS 1L), three Faraday polarimeters contin-
uwously monitor the amount of rotation experienced by the plane-polarized
transmissions of the Applied Technology Satellites ATS-1 and ATS-5.
These observations provide a measure of earth's ionospheric electron
content and its time-rate of change. The Faraday polarization data must
be mapped from the DSS-satellite line-of-sight to a planetary space-
craft. This mapping technique is based on a mathematical model
(Ref. k-2), which is frequently inadequate at low topocentriec elevation
angles. Typically, the uncertainty of mapped Faraday for lines-of-
sight taken above 30 deg elevation is ~0.1 m (1 ¢). For elevation
angles below 30 deg, the uncertainty is 0.3 m (1 o).

The siutation can be stated thus: If the S/X dual Dovppler data
and the "mapped" Faraday polarization data show the same electron con-
tent history, within the precision of the mapped Faraday data, no plasma
activity of significance is assumed to exist, and the S/X dual Doppler
data are valid; if the S/X Doppler data cannot be favorably compared to
the Faraday data, it is possible that the S/X dual doppler is "seeing"
solar plasma activity. In short, the S/X dual doppler can be verified
only if it compares to the mapped Faraday data on some occasions.

The Faraday polarization data used in these comparisons were
sampled every 10 min. The S/X dual Doppler, as processed, provides
only half the high-frequency resolution inhgrent in the data.

Comparisons of the available S/X dual Doppler and mapped Faraday
data through Mercury flyby (March 29, 19T4) are shown in Fig. h-2. As
can be seen, for some passes (ten in number), the dual Doppler and
Faraday agree over the entire tracking pass; i.e., the two calibrations
do not dififer by more than 0.1 m in cumulative range error change.

Some passes (twelve in number ) show similar agreement for the two cali-
brations when the elevation angle associated with the S/X dual Doppler
observation is greater than 30 deg. There are gtill other passes

(seven in number) for which the differences between the two calibrations
are in excess of 1 m. The passes shown having this character are
believed to be exhibiting real space plasma effects. The following
evidence supports this conjecture:

(1) S/X dual Doppler data indicated high plasma activity.

(2) The charged-particle detector aboard the spacecraft
recorded high ion levels and fluectuations.

(3) S-band radio metric Doppler showed structure not related
to the normal phenomena encountered.

(L)  Earth's ionosphere, as measured by the Faraday polarization
date, was excited. This excitement stems from the solar
plasma interaction with the ionosphere. The ionosphere
showed activity 2.5 times higher than the normal at times,

h-L
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Besides the grosgs structure of the S/X dual Doppler, which con-
tains the charged-particle information, the dual Doppler shows a high-
frequency noise. An examination of the high-frequency data noise of
the December 15, 1973, pass reveals the resolution of the dual Doppler
calibration techniques (Fig. L-3). Figure L-3 plots about a 1-h segment
of the S/X Doppler data. The plot provides a high-resolution view of
these data. The S/X dual Doppler was acquired at a rate of one point
per minute. A vparabola was fit to the data shown. The detrended resi-
duals produced by the fit have a standard deviation of 0.76 cm. Thus,

the S/X data of Day 349 have near-centimeter resolution. This is the
anticipated noise level.

When the MVM'T3 Navigation Team used the tracking data (Doppler
and range from DSS 14, DSS 43, and DSS 63) that was acquired in the
9 ddys following trajectory correction maneuver 3 (March 16, 19Thk), the
estimates of the Mercury encounter coordinates scattered over 200 km.
Valid predictions of the encounter coordinates were obtained by reject-
ing much of the plasma-affected Doppler data. This "predicted"” position
is shown in Fig. L-4, along with the actual position known to be "true"
from Mercury flyby data.

When the DSS 12 and DSS 1L Doppler tracking data were used to
estimate the MVM'T3 encounter coordinates with and without Faraday cali-
brations, it was found that the calibraitions reduced the error of the
estimates by v60% (2110 km displacement) (Fig. k-L4). When DSS 1L data
were used to estimate the encounter coordinates with and without S/X
dual Doppler calibrations, it was found that the calibrations reduced
the error of the estimates by 80% (Fig. 4-5). These two solutions did
not support Mercury approach navigation—-they were arrived at after
Mercury encounter as a demonstration of navigation capability
improvements.

Another estimate of the encounter ccordinates was made with a
combination of the Faraday and S/X dual Doppler calibrations. If S/X
dual Doppler existed for a pass, it was used. If it was not available,
the Faraday calibrations were used. The improvement realized by the

joint use of the two calibration types is *80% (180-km displacement)
(Fig. h-6).

Charged-particle calibrations used in this data arc reduction,
and in other data arc reductions (Refs. 4-3 through 4-6), have consis-
tently decreased the error of the encounter position estimates.

As the sun-earth-probe angle (SEP) decreased, S/X calibrations
indicated dramatic increases in plasma Gynamics. Simultanecusly, the
noises of the 8 and X Dopplers and the S/X calibrations increased by
two orders of magnitude as the SEP decreased from 30 to 3 deg. When
these calibrations were used to support MVM'T3 navigation, unreasonable
results were obtained (Ref. 4-6).

From Fig. 4-7, it can be seen that the noise on the S/X calibra-
tion inereases rapidly as SEP decreases. Figures 4-8, k-9, and 4-10
display the unedited S- and X-band Doppler residuals after the removal
of the effects of the spacecraft trajectory and earth's troposphere.

Lh-11
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Figure b-11 shows the ratio of the noise of the X-band to that of the
S-band residuals. Again these ratios have been obiained by 20-point
running averages. For significant fractions of these passes, the ratios
of the rms noises are larger than four. This is an important observa-
tion. The S/X experiment, as configured for MVM'T3, has only an S-band
uplink capability. The X-band downlink retransmitted by the spacecraft
is obtained by multiplying the S~band uplink by 880/221 (a factor of
3.67). The charged-particle effect on the X-band is approximately 1/16
that of the S-band. Consequently, even if there is no charged-particle
effect on the S-band downlink signal, the ratios as computed should

be at most 3.67. In other words, comsidering only plasma-induced noise,
the relative rms noise of the X~ and S-band Dopplers transmiited from
the spacecraft is 3.67 to 1, and, if the downlink S-band Doppler is
further scintillated by plasma dynamics, the ratio decreases. Thus, it
is obvious that the high~frequency variations of the Dopplers are not
due to charged-particle content in the downlink. The most likely
explanations are that the phase noise in the X-band received signal
exceeds w/2, so that the ground receiver cannot accurately track the
phase of the received X-band signal and that the software did not have
the capability to eliminate bad data (Ref. L-T). i
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This type of problem will be averted in Voyager by Zoing to a one-
way transm1331on using an wltrastable oscillator.

B.-  RADIO SCIENCE RESULTS

A Radio Secience and Celestial Mechanics Team was appointed by the
National Aeronautics and Space Administration to conduct radio science
experiments with the MVM'T3 spacecraft consisting of scientists from
JPL, Stanford Univeristy, and the Massachusetts Institute of Techneclogy
(see Acknowledgement ). Since the celestial mechanics results are not
germane ©o this report, they will not be discussed.

C. VENUS ENCOUNTER

As MVM flew by Venus on its way to Mercury on February 5, 197k,
dual-frequency transmissions from the spacecraft were received on earth.
These transmissions have been used to refine and increase our knowledge
of the planet's environment (Refs. 2-1, 4-8).

16



] T T T T
- S-BAND
* X-BAND *
*
*
*
:E *
2 5
o
g *
ar ¥
| * %
o -
[a]
*
-4~ * ox —
ES
*
SE_T l ] | 1 1 1 L I
4 15 16 17 18 1 20 21 2z 23 24
GMT, h
Figure 4-10. S~ and X-Band Doppler
Residuals for June T,
197k
D. ATMOSPHERE

Information on Venus' atmosphere was deduced from analysis of the
radio signals during occultation. TFigure 4-12 is a Mercator projection
of a portion of Venus' surface with the ground track and occultation
points shown. The dashed portion of the ground track indicates the
period of occultation during which no Doppler tracking data were avail-
able. OQOccultation immersion at an altitude of 65 km occurred on the
night side at 0.9°N, 69.5°E, with a solar zenith angle of 117.6 deg.
Emersion took place on the day side, with a solar zenith angle of
67.1 deg at 56.3°8, 236.4°E. All latitudes and longitudes correspond
to the International Astronomical Union convention. During occultatidn,
the spacecraft high-gain antenna was steered in a tear-drop-shaped
pattern to track the southern 1limb of Venus. Because of the shallow—
ness of the occultation, the maximum bending angle of the radio ray was

12.6 deg, corresponding to about the LO-km level in the atmosphere of
Venus. ;
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During the flight of MVM'T3 to Venus, a study of the spacecraft
auxiliary oscillator revealed that its stability was less than adequate
for radic science purposes. The entrance into occultation was there-
fore performed in the two-way mode, with DSS 14 transmitting to the
spacecraft, which then coherently retransmitted the received frequency
to earth, where 1t was received by both DSS 14 and DSS 12. Thus, use-
ful measurements of the atmosphere of Venus extend to the point at which
the Mariner 10 receiver lost uplink lock, at which point the radio sys-—
tem switched to the auxiliary oscillator for its frequency reference.
A1l subsequent freguency data, including those obtained during the exit
from occultation, were perturbed not only by short-time instabilities
in the oscillator but also by a long-term drift having a time constant
of more than 30 min. Amplitude and differential freguency data were
not affected by this problem.

Data were obtained from the closed-loop, phase-locked receivers in
the form of nondestructively counted Doppler data and from the open-
loop recelivers in the form of analog recordings of a frequency-translated
signal at S- and X-bands. Substantial amounts of closed-loop data
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were obtained. The open-loop recordings contain all S- and X-band open~-
loop data redundantly recorded throughout the duration of the
occultation.

Details of the processing of radio occultation data have been
described previously (Ref. 4-~9). The Doppler data are differenced, in
this case at intervals of 1 s, to obtain the Doppler frequency, which
is then subtracted from predictions computed on the basis of a precisely
determined orbit of the spacecraft to obtaln Doppler residuals. After
removing bias and drift components, these residuals were then used,
along with geometric guantities obtained from a precisely known trajec-—
tory of the probe, to cbtain a profile of refractivity in the atmo-
sphere of Vemis as a function of radius by means of the Abel integral
transform. Given the gaseous composition of the atmosphere, which in
turn provides the mean molecular welght and the specific refractivity
of the gas mixture, one can convert the refractivity into mass or
number density. The hydrostatic equation is then used to integrate the
density from the top of the sensible atmosphere to obtain the atmo-
spheric pressure at any height, which can be used to determine the
temperature by applying the perfect gas law.

A sel of temperature profiles determined by such analysis from the
S-band data obtained from DSS 1k is shown in Fig. L-13. For simplicity,
the composition was assumed to be 100% carbon dioxide. For the inte-
gration of the hydrostatic eguation, it is necessary to assume %he
initial conditions. Three profiles, with initial temperatures corre-
sponding to 150, 200, and 250 K, respectively, are shown. Although
there is scme divergence in the temperature profiles at the upper
levels, 211 converged to a single profile below a radius of about
6120 km. The altitude scale on the right side of Fig. L4-13 is based
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on a planet radius of 6052 km, which was determined from computations
based on radar data (Refs. b-10, L-11) and on a combination of radar
and Mariner Venus 1967 (MV'67) tracking data (Refs. k-12, L4-13).

The temperature profile, although obtained at a different lati-
tude and solar zenith angle, is, in general, quite similar to those
obtained from the MV'6T radio occultation experiments (Refs. 2-3, 4-1L,
4-15). This profile, determined only from the closed-loop data,
extends down to a radius of 6092 km, compared to about 6085 km for the
profiles from MV'6T7. The geometry of the MVM'T3 encounter was such
that the ray path could not penetrate below the L0-km level.

The most striking features of this temperature profile are the
four distinet inversions occurring at radii of 6115, 6113, 6110, and
6108 km, as marked by the arrows in Fig. 4-13. These features are
thought to be associated with dynamics and cloud structure in the
atmosphere of Venus. The top inversion, at 6115 km, could mark the

transition between the stable atmosphere above and the convective layers
below.

A temperature profile obtained from S-band data received at
DSS 12 is shown in Fig. 4-1k. Here only one initial temperature of
200 K was used, and the composition was again assumed to be 100% carbon
dioxide. This profile, obtained from data independent of those for
Fig. 4-13, shows exactly the same features. In particular, the temper-
ature inversions are observed at precisely the same altitudes and have
the same magnitudes. In fact, when the profiles are overlaild, they
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match exactly, with the exception of a few points at the highest alti-
tudes and some minor roughness in the DSS 1t data below 6105 km caused
by counter errors.

The average temperature lapse rate in Figs. k-13 and L-1k between
the radii of 6106 and 6098 km is about 9.0 K/km, which is very close to
the dry adiabatic lapse rate for a carbon dioxide atmosphere. However,
at 6098 km, the lapse rate abruptly changes to a somewhat lower value.
This change in lapse raie is believed to correspond to the top of the
cloud layer proposed by Fjeldbo et al. on the basis of MV'6T radio
occultation data (Ref. L-14). By processing of the open-loop data, it
was possible to track the spacecraft through the entire occultation at
S-band (Ref. L-15). ’

E. NIGHT-SIDE IONOSPHERE

The differential dispersive Doppler freguency perturbations
imposed on the MVM'T3 radio tracking links by the ionosphere of Venus
were utilized to study the vertical electron density distribution in the
regions probed by the signals. This was done by inverting the integral
equation relating the electron density distribution to the observed
Doppler freguency variations. (Detailed discussions of applicable
inversion algorithims are available in eariier publications. See, for
example, Ref. L-1k.)
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Figure k-15 shows the electron density rrofile computed from the
ingress data. In deriving the ionization, it was assumed that the den—
sity distribution was spherically symmetric in the regions probed by
the links. A small differential dispersive Doppler shift produced by
changes in the electron content of the terrestrial ionosphere (the inte-
grated electron number density along the propagation path through the
earth's ionosphere) was removed prior to inverting the data.

In addition, the effect of changes in the interplanetary electron
content was approximated by subbracting a linear frequency term from the
differential dispersive Doppler data. This frequency drift term was
determined by fitting a straight line in a least-squares sense to the
Doppler data obtained above the ionosphere of Venus.

As shown in ¥Fig. 4-15, the night side of Venus has two sharp
ionization layers. The top layer is located near 142 km altitude
(assuming a radius at the solid surface of 6050 km), and it has a peak
density of 9 x 10> el/em>. A second peak with a density of 7 x 10 A
was observed at 12k km altitude. Above 170 km, the density appears to
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Figure 4-15. Venus Ingress Electron
Density

lThe electron content of the earth's ionosphere was obtained by mea-
suring the Faraday rotation of a signal transmitted from ATS 1 to
Goldstone during the occultation experiment. The content data were

later corrected for the different path from MVM'T3 employing a method
described by von Roos et al. (Ref. L4-16).
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be less than 200 cm"3. The sharpness of the night-side layers indicates

that the ions in this region are heavy and cold. The topside plasma
scale height was only on the order of L km. By comparison, the diameter
of the first S-band Fresnel zone--which is a convenient measure of the
altitude resolution provided by the radio data--was about 2 km. An
expanded view of the nighttime layers is presented in Fig. L-16.

s DAY-SIDE IONOSPHERE

The egress measurements made with MV'67 on the day side of Venus
were also affected by multipath propagation at the lower frequencies;
and the accuracy of the S~band data was limited by the stability of the
crystal oscillator employed to generate the tracking signal from the
spacecraft (Ref. L-17). MVM'T3 has, therefore, provided us with the
most accurate measurements to date of the day-side ionosphere of Venus.
‘The new results are shown in Figs. U-17 and k-18.

As illustrated by Fig. 4-1T7, the computed electron density pro-
file shows a minor layer near 128 km altitude. The main layer has a
peak density of 2.9 x 10° el/em3 at 142 km altitude. The ions in this
region are probably formed through photoionization of COa by extreme
solar ultravioclet. Assuming that the slant optical depth in the extreme
ultraviolet is equal to one at the ionization peak yields a COp density
on the order of 2 x 1010 em—3 at this atmospheric level. The plasma
scale height in the 145- to 160-km altitude region is approximately
18 km, indicating a temperature on the'order of 00 K. Similar
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Figure 4-16. Expanded View of Venus
Ingress Electron Density
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temperatures were reported by the Ultraviolet Experiment Team (Ref 4-18)
for the exosphere of Venus. A marked increase in the plasma scale
height with altitude may refiect transitions to lighter ions or an
increasing plasma temperature.

The topside measurements illustrated in Fig. 4-18 show an abrupt
drop in the electron density from about 2000 cm—3 at 335 km altitude
to less than 200 cm~3 at 360 km. This is probably the ionopause bound-
ary. The measurements between 280 and 335 km altitude show a density
of about 2000 el/cm3. The noisy appearance of the profile in this
altitude region suggests turbulence. ZEarlier measurements with
MV'6T indicated that on October 19, 1967, the ionopause was located
near 500 km altitude. The region below the ionopause boundary appeared
to consist of turbulent plasma with a density on the order of 10 el/cmi
The differences between the MV'67 and MVM'T3 results may be due to
changes in solar activity. Ground-based observations of the 10-cm
solar radio emission yielded values of 120 X 10—22 and 76 % 10"22W/m2H2
at the time of the Mariner 1967 and 1973 encounters, respectively.

Between the ionization peak and %35 km altitude, the electron den-
sity drops off by a factor of 1.5 x 10°——which 1s equivalent to
5 plasma scale heights. This result, together with the atmospheric
density calculated at 142 km altitude (2 x 10L0 em=3), may be utilized
to estimate the neutral gas density near the ionopause. For instance,
by assuming that the plasma scale height between 142 and 335 km is
twice as large as the neutral scale height, one finds a neutral gas
density on the order of 106 em3 at 335 km altitude. A recent model
developed by Kumar and Hunten (Ref. 4-19) shows that He may be the
principal constituent near the ionopause boundary.

A number of models have been proposed to explain the interaction
between the s61aF wind and the atmosphere of Venus (Refs. 4-20 through
4-25)., The new improved measurements at the ionopause boundary might
help resolve some of the remaining uncertainties in these model studies.

G. ERROR SOURCES

The exact ratio between the X-band (fy) and S-band (fg) downlink
frequencies transmitted from MVM'T3 was 11/3. By utilizing the differ-
ential dispersive Doppler shift (fg - 3 fyx/11) in our analysis, fre-
quency wvariations due to oseillator instabilities, phase jitter in the
trensmitted signals, motion of the spacecraft and the tracking station,
and phase scintillations in the terrestrial troposphere were prevented
from producing errors in the computed ionization profiles.

The frequency variations seen in the differential dispersive
Doppler data consist of the refractive signature of the lonosphere
of .Venus—-—vwhich is the effect to be studied--plus noise produced by
phase scintillations in the interplanetary medium and the terrestrial
ionosphere, and by differential system phase jitter. The effects of the
interplanetary medium and the terrestrial ionosphere were removed in an
approximate manner, as described earlier. An analysis of the errors
produced by the differential system phase jitter is presented.
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The signal level in the input waveguide to the S-band maser ampli-
fier was -128.0 dBm (i.e, 128 4B Below the 1-mW level) during the iono-
spheric measurements. The noise temperature of the S-band system was
13.4 K. The corresponding values for the X-band receiver system were
-135.5 dBm and 21.5 K. The S-band system noise was not correlated with
the*X-band noise. Thus, the system noise in the two receiver channels
produced phase jitter in the differential Doppler data. The resulting
noise in the computed ionization profiles consisted of random density
variations with a zero mean. A formal error analysis using an altitude
filter Wldth of 1 km yields a standard deviation on the order of
52 x 102 el/cm3 However, one should keep in mind that systematic
errors, due to nonlinear changes in the Doppler shift produced by the
interplanetary medium, might have caused errors larger than 2 x 102 em—3.
The only way one can completely eliminate the latter error source is to
simultaneously conduct dual-frequency propagation measurements between
two planetary spacecraft and the tracking station. While one space-
craft is being used to probe the planetary ionosphere, the other can
monitor changes in the interplanetary medium and the terrestrial iono-
sphere and thereby provide a zero calibration for the planetary measure-
ments. An experiment of this type was executed on the Viking dual-
orbiter mission to Mars.

H. TURBULENCE OBSERVATIONS OF THE ATMOSPHERE OF THE PLANET VENUS

Using the single-frequency S-band scintillation spectrum of
MV'67, Woo, Ishimaru, and Kendall (Ref. 4-26) found turbulence to be
strongest at an altitude of approximately 60 km, and an outer scale
size Lo maximum turbulence dimension of 100 m. The original results
were obtained under the assumption that Ly was mueh smaller than the
Fresnel size. This restriction has now been removed from the analysis,
and it has been shown that the frequency dependence changes signifi-
cantly with Lg. This property makes the dual-frequency experiment an
extremely wvaluable tool for studying the characteristics of the tur-
bulence (Ref. Lh-27).

Figure 4-19 shows the MVM'T3 £lyby turbulence configuration, which
is the distance between the spacecraft and the Venus atmosphere, and
v free spacecraft velocity transverse to the line-of-sight path. The
turbulence is assumed to be concentrated in a spherical layer, with the
extent of the turbulence in the X-Z phase characterized by a and that
in the y direction by b. Shown in Fig. 4-20 is the time history of the
MVM S-band entrance occultation signal level, where By, is the one-
sided loop noise bandwidth of the digital phase-locked loop, r the
time constant of the amplitude estimating circuit, and h the sampling
Periocd. It should be pointed out that a long time constant was used in
Fig. 4-20 to expose the gross features in the signal variation.

Two regions of turbulence were identified at altitudes of 45 and
60 km. The analysis of the region from approximately 55 to T0 km indi-
cated that X-band turbulence-induced fluctuations were larger than those
at S-band. The values of a = 220 km, b = 4 km, and L, > 5 km were
obtained, indicating that the outer scale of turbulence is as large as
the vertical extemt of the region of strong turbulence.
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I. MVM'T3 MERCURY ENCOUNTER

The MVM'T3 spacecraft's first encounter with Mercury took place on
March 29, 1974 (Ref. 4-28). (losest approach occurred approximately
700 km above the surface on the dark side of the planet. About 77 s
past periapsis passage, the spacecraft was occulted by Mercury. During
ingress, the coherently related S- and X-band radio itracking links were
employed to search for a night-side atmosphere near 1.1°N latitude.
Measurements were zlso made during egress, which occurred on the day
side of Mercury near 67.6°N latitude. The distances between the space-
craft and the planetary limb were approximately 2150 and 8380 km at the
time of ingress and egress, respectively. The transverse velocity com-
ponent of the radio beams orthogonal to the limb was about 5 km/s during
the measurements.

In searching the radio recordings for evidence of an atmosphere on
Mercury, evidence of dispersive and nondispersive Doppler effects in the
data was sought. However, the main part of the effort was devoted to
the analysis of the dispersive Doppler shift because this is the most
sensitive measure of atmospheric gas which can be obtained from the
occultation recordings. As an example, it takes more than
1017 He atoms/cm3 near the surface of Mercury to produce a detectable
nondispersive frequency shift. However, if 1 out of every 1000 He atoms
is ionized (forming Het + e ion pairs), it is necessary to have only on
the order of 3 x 106 He atoms/cm3 to produce a detectable dispersive
atmospheric Doppler shift (Ref. L-29). The dispersive frequency data
provide a sensitive measure of changes in the electron density along
the tracking link, The differential dispersive Doppler data may be
utilized to determine the vertical electron density distribution in the
atmosphere of Mercury. This task can be accomplished by inverting the
integral eguation relating the electron density distribution to the
observed frequency fluctuations (Ref. 4-30). The resulting ionization
profiles are displayed in Fig. L-21.

Prior to the inversion of the Doppler data, the frequency peritur-
bations produced by the terrestrial ionosphere and the interplanetary
medium were removed in an approximate manner. The terrestrial frequency
shift was produced by changes in the average electron density along the
propagation path through the earth's ilonosphere. This effect was
determined by measuring the Faraday rotation of a signal transmitted
from ATS 1 to Goldstone during the occultation measurements. Later
the Faraday results were corrected for the different signal path from
MVM by utilizing a method deseribed by von Roos (Ref. 4-17). The
correction due to electron density changes in the interplanetary medium
was approximated by subtracting a linear frequency term from the dis-
persive Doppler data. This frequency correction term was determined
by fitting a straight line in a least-squares sense to Doppler data
obtained above 400 km altitude.
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Figure 4-21. Mercury Electron Density -Profiles

During ingress, the night side of Mercury was probed near 1.1°N
latitude and 67.L°% longitude (planetocentric coordinates based on
TAU conventions). The solar zenith angle in this region was approxi-
mately 167 deg. The resulting electron density profile is shown on the
left side of Fig., k-21. Mo cléar signature of a nighttime ionosphere
was obsgserved--—which is not surprising considering the fact that this
region of Mercury had been out of -direct sunlight for about 38 terres-
trial days.

The 8- and X-band downlink carrier frequencies were, during
ingress, coherently derived from a 2.1-GHz uplink carrier signal. The
uplink carrier was in turn generated with a station rubidium vapor
reference oscillator. During the 16.5-min round-trip (station-
spacecraft-station) propagation time, the earth moved about 0.25 mrad
as observed in a Mercury-centered inertial frame of reference. This
motion caused the uplink to intercepi the planetary limb before the
downlinks. The altitude separation between the uplink and the downlinks
was approximately 0.5 km. Zero altitude in the ingress profile was
determined from the phase diffraction effects observed at the tracking
station approximately 8-1/4 min after the uplink grazed the surface of
Mercury. Using the time of the observed diffraction effects and the
best ephemerides available for MVM and Mercury, cone finds that the
radius of the planetary surface was 2439.5 km at the ingress point.

As MVM moved in behind Mercury, the 2.1-GHz uplink carrier signal
became progressively weaker, and this caused the spacecraft's phase-—
locked~loop receiver to go out of lock. An onboard crystal oscilliator
was automatically switched in to provide the reference frequency for

4-29



T7-17

the downlinks when loss of lock occurred. This operating mode is
comnonly referred to as one—way tracking.

Figure 4-22 shows the downlink diffraction patterns observed at
Deep Space Station 14 as the spacecraft emerged from occultation in the
one-way mode. By utilizing the time of egress, together with data on
the ephemerides of MVM and Mercury, we obtain a value of 2439 km for the
planetary radius at the egress point.

The dispersive Doppler data obtained during egress yielded the
ionization profile shown on the right-hand side of Fig. 4-21. These
measurements were made on the day side of Mercury near 258.4°E longi-
tude and 67.6°N latitude. The solar zenith angle in this region was
67.6 deg. The day-side electron density was too low to be detectable.
The level of the computer electron density noise was in this particular
experiment set by phase scintillations due to spatial and temporal
variations in the electron density in the terrestrial ionosphere and
the interplanetary medium. ’

The dispersive frequency measurements yielded an upper limit to the
day-side electron density of 103 em—3. This observation may be used,
together with information on the interaction between the solar wind
and the atmosphere, to infer an upper limit to the neutral gas density.
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Figure h-22. 8- and X-Band Mercury Diffraction
Effects
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As an example, if an analogy with the day side of Venus is applicable,
one finds that the atmospheric density near the surface of Mercury
should not exceed the density found near the ionopause boundary of Venus;
i.e., 10° molecules/cm3 (Ref. b-31)——otherwise one would have detected
ionization on Mercury too. Assuming an atmospheric temperature of

500 X, this result ylelds an upper limit to Mercury's surface pressure
of 0.7 x 10~10 mp,

The upper 1limit to the surface number density reporied here
appears to be consistent with other MVM'T3 data. For instance, the
television pictures of Mercury's surface show no evidence of any atmo-
spheric erosion of the ancient land areas, -making it unlikely that the
planet has possessed any tangible atmosphere since the end of the heavy
bombardment by small planetesimals (Ref. L4-32). Furthermore, the
ultraviolet spectrometer experiment detected only a small amount of
helium, corresponding to a partial pressure of about 0.5 % 10~11 mb near
the terminator (Ref. 4-33). Based on these UV measurements, Hartel
et al. (Ref. 4-3k4) have developed a global model for Mercury's helium
exosphere which shows that the gas density near the egress point may
be less than 10hcm'3.

J. SOLAR CORONA MEASUREMENTS

As the MVM spacecraft moved toward superior conjunction, the line-
of-sight passed through the solar corona. The ranging at ¥- and S-band
offered an opportunity to measure the differential group velocity delay,
which is probortional to the total electron content along the line-oi-
sight. H. T. Howard has reduced the data (Ref. k-35), and it is illus-
trated in Fig. 3-k, The final interpretation of these delay
measurements is now under way.

K. SCINTILLATION MEASUREMENTS OF THE SOLAR CORONA

A great deal of information on the structure of density fluctua-
tions in the solar wind has been obtained in recent years through direct
spacecraft measurements as well as indirect scintillation observations
of radio sources (Ref. k-36). MNear 1 astronomical unit in situ mea-~
surements indicate that the density gpectrum is approx1mately pover-law
in the spatial wave number range 107° < k < 1071 1 ., With a small
enhancement at the wave number corresponding to the proton gyroradius.
In regions of the solar wind not yet probed by direct spacecraft, we
must rely on scintillation observations. Unfortunately, the results
to date have been fragmentary, and some questions remain unsettled

(Ref. L-37).

Intensity scintillations respond only to scale sizes smaller than
the first Fresnel zone size because of Fresnel filtering (Ref. 4-38).
Thus, these more widely observed scintillations yield information only
on the high wave number (k > 10-3 km—l for decametric wavelengths)
portion of the density spectrum. "Another observation useful for study-
ing density fluctuations near the sun is spectral broadening of mono-
chromatic spacecraft signals. Woo, et al. (Ref. k-39) have, however,

L-31



TT=-17

ghown that these observations, like the intensity scintillations, are
useful only for studying small-scale structure (k > 10~2 lm~1l).

Probing the full range of scale sizes observed by in situ space-
craft requires the measurement of phase scintillations. With radio
stars, this can be achieved with long-baseline interferometry. Unfor-
tunately, Cronyn {Ref. h-h0) has shown that very-long-baseline inter-
ferometry (VLBI) observationg yvield information only on scale sizes
smaller than ¢/1.5, where ¢ is the baseline distance. Thus, even with
a baseline of 1 earth radius, only gk > 2.3 X 10-% xm-1 can be studied.
In principle, the full potential of phase scintillations can be realized
with ccherent spacecraft signals. In practice, however, it may be
difficult to separate the turbulence-induced fluctuations from those
due to uncertainties in the spacecraft trajectory and phase instability
of the radio source. Callahan {(Ref. 4-kl) has employed a group-phase
velocity technique called differenced range versus integrated Doppler
(DRVID), which is insensitive to trajectory errors. Unfortunately,
the DRVID data are very noisy and only frequencies lower than 10-3 Hz
(k £ 2 x 10=° km™t have been measured. Both trajectory and radio
source freguency drift errors are eliminated in a phase differencing
technique recently proposed by Woo (Ref. L-b2) using a dual-frequency
phase-coherent system.

L. OBSERVATIONS

The phase data used and discussed are the normal closed-loop
two—way navigational data. By taking the difference between the 5-band
and 3/11 of the X-band phases, we cancel out the common uplink and ’
effectively have a one-way downlink phase difference measurement.

The data presented were cobtained on April 29/30, 19TL4, and
May 1, 197k, when the spacecraft was located at an approximate helio-
centric celestial latitude of -L°® with solar elongation angles 6 = 12.6
and 11.5 deg. respectively. During this time, the MVM spacecraft was
~1.6 astronomical units from the sun. For both days, the observation
time exceeded 4 h and the sampling rate was 0.1 s~ L.

The phase difference spectrum for May 1, 1974, is typical and
is shown in Fig. 4-23. The corresponding 90% confidence intervals have
been calculated and are indicated on the spectrum. The spectrum covers
a frequency range ofi lO‘h £ 25 x% 10-2 Hz, which corresponds to the
spatial wave number range 2 x 10-6 <k £ 107~ km — if the solar wind
velocity is assumed to be 350 km s—1. The straight dashed lines repre-
sent approximations. The slopes of the spectra for April 29/30 and '
May 1 are -2.5 and -2.6, respectively, to the measured spectra.

It was demonstrated that the dval-frequency S/X system can be
used to measure phase .scintillations in the solar wind. The MVM'T3
observations presented in this report probed a wider range of scale
sizes (with a corresponding frequency range of 1074 1o 5 x 107+ Hz)
than has ever been possible before.
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