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Preface

Boeginning with Volume XX, the Deep Spice Network Progress Report changed
from the Technical Report 32- series to the Progress Report 42- series. The volume
number continues the sequence ol the preceding issues. Thus, Progress Report
42-20 is the twenticth volume of the Deep Space Network series, and is an ininter-
rupted Follow-on to Technieal Report 32-1526, Volume XIX,

This report presents SN progress in flight project support, tracking and data
aequisition (TDAY researeh and techinology, network engineering, hardware and
software implementation, and operations. Each issue presents material in some,
Lut not all, of the following categorics in the order indicated.

Description of the TSN

Mission Support
Ongoing Planctary/Interplanctary Flight Projects
Advanced Flight Projects

Radio Scicuce
Special Projects

Supporting Research and Technology
Tracking and Ground-Based Navigation
Communications—Spaceeraft/Ground
Station Control and Operations Technology
Network Control and Data Processing

Network and Facility Engineering and Implementation
Network
Network Operations Control Center
Ground Communications
Deep Space Stations

Operations
Network Operations
Network Operations Control Center
Ground Communications
Deep Space Stations

Program Planning
TDA Planning
Quality Assurance

I cach issue, the part entitled “Description of the DSN™ deseribes the functions
and facilitics o the DSN and may report the current configuration of one of the
five DSN svstems (Tracking, Telemetry, Command, Monitor & Control, and Test
& Training),

The work deseribed in this report sevies is either performed or managed by the
Tracking and Data Aequisition organization of JPL for NASA.
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Network Functions and Facilities
N. A. Rer=etti

Office of Tracking and Data Acquisition

The objectives, functions, and organization of the Deep Space Network are
summarized; deep space station, ground communication, and network
operations control capabilities are described.

The Deep Space Network {DSN} established by the
National Aeronautics and Space Administration (NASA)
Office of Tracking and Data Acquisition under the system
management and technical direction of the Jet Propulsion
Labaoratory (JPL}, is designed for two-way communications
with unmanned spacecraft traveling approximately 16,000
km (10,000 miles) from Earth to the farthest planets of our
sobar system. Tt has provided tracking and data acquisition
support for the following NASA deep space exploration
projects: Ranger, Surveyor, Mariner Venus 1962, Mariner
Mars 19684, Mariner Venus 1967, Mariner Mars 1969,
Muariner Mars 1971, and Mariner Venus Mercury 1973, for
which JPL has been responsible for the project manage-
ment, the development of the spacecraft, and the conduct
of mission operations; Lunar Orbiter, for which the
Langley Research Center carried out the project manage-
ment, spacecraft development, and conduct of mission
operations; Pioneer, for which Ames Fesearch Center
carried out the project management, spacecraft develop-
ment, and conduet of mission operations; and Apollo, for
which the Lyndon B. Johnson Space Center was the
project center and the Deep Space Network supple-

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-36

mented the Manned Space Flight Network (MSFN),
which was managed by the Goddard Space Flight Center
{GSFC). It is providing tracking and data acquisition
support for Helios, a joint U.5./West German project; and
Viking, for which Langley Research Center provides the
project management, the Lander spacecraft, and conducts
mission operations, and for which JPL also provides the
Orbiter spacecrar,

The Deep Space Network is one of two NASA
networks. The other, the Spaceflight Tracking and Data
Network, is under the system management and technical
direction of the Goddard Space Flight Center. Its function
is to support manned and unmanned Earth-orbiting
satellites. The Deep Space Network supports lunar,
planetary, and interplanetary flight projects.

From its inception, NASA has had the objective of
conducting scientific investigations throughout the solar
system. It was recognized that in order to meet this
objective, significant supporting research and advanced
technology development must he conducted in order to



.y

provide deep space telecommunications for science data
return in a vost effective manner. Therefore, the Network
is continnally evolved to keep pace with the state of the
art of telecommunications and data handling. It was ulso
recognized carly that close coordination would be needed
between the requirements of the flight projects for data
return and the capabilities needed in the Network. This
close collaboration was effected by the appointment of a
Tracking and Data Systems Manager as part of the Hight
project team from the initiation of the project to the end
of the mission. By this process, requircments were
identified early enongh to provide funding and implemen-
tation in time for use by the flight project in its flight
phase,

As of July 1972, NASA undertook g change in the
iterface between the Network and the flight projects.
Prior to that time, since 1 January 1964, in addition to
consisting of the Deep Space Stations and the Ground
Communications Facility, the Network had also included
the mission control and computing facilities and provided
the equipment in the mission support areas for the
conduct of mission operations. The latter facilities were
housed in a building at JPL known as the Spuce Flight
Operations Facility (SFOF), ‘The interface change was to
accommodate a hardware interface between the support
of the network operations control functions and those of
the mission control and computing functions. This resulted
in the flight projects assuming the cognizance of the large
general-purpose digital computers which were used for
both network processing and mission data processing,
They also assumed cognizance of all of the equipment in
the flight operations facility for display and communica-
tions necessary for the conduct of mission operations. The
Network then undertook the develupment of hardware
and computer software necessary to do its network
operations control and monitor functions in separate
computers. This activity has been known as the Network
Control System Implementation Project. A characteristic
of the new interface is that the Network provides direct
data flow to and from the stations: namely, melric data,
science and engineering telemetry, and such network
monitor data as are useful to the flight project. This is
done via appropriate ground communication equipment
to mission operations centers, wherever they may be.

The principal deliverables to the users of the Network
are carried out by data system configurations as follows:

® The DSN Tracking System generates radio metric
data; je., angles, one- and two-way doppler and
range, and transmits raw data to Mission Control.

® The DSN Telemetry System receives, decodes,
records, and retransmits engineering and scientific
data generated in the spacecraft to Mission Control.

® The DSN Command System accepts coded signals
from Mission Control via the Ground Communica-
tions Facility and trapsmits them to the spacecraft in
order to initiate spacecraft functions in fligh!,

The data system configurations supporting testing,
training, and network operations control functions are as
follesws:

® The 2SN Mounitor and Control System instruments,
transmils, records, and displays those parameters of
the DS.1 necessary to verify configuration and
validate the Network. It provides operational
direction and configuration control of the Network,
and provides primary interface with flight project
Mission Control personnel.

® The DSN Test and Training System generates and
controls simulared data to support development,
test, training and fault isolation within the DSN. It
participates L mission simulation with flight pro-
jects,

The capabilities needed to carry onut the above functions
have eveolved in three technical areas:

{1} The Deep Space Stations, which are distributed
around Earth and which, prior to 1964, formed part
of the Deep Space Instrumentation Facility. The
technology involved in equipping these stations is
strongly related to the state of the art of telecommu-
nications and flight-ground design considerations,
and is almost completely multimission in character.

2

The Ground Communications Facility provides the
capability required for the transmission, receplion,
and monitoring of Earth-based, point-to-point com-
munications between the stations and the Network
Operations Control Center al JPL, Pasudena, and to
the misiion operations centers, wherever they may
be. Four communications disciplines are provided:
teletype, voice, high-speed, and wideband. The
Ground Communications Facility uses the capabili-
ties provided by common carriers throughount ihe
world, engineered into an integrated system by
Goddard Space Flight Center, and controlled from
the communications Center located in the Space
Flight Operations Facility (Building 230} at JPL,
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(3 The Network Operations Control Center s the The functions of the Network Datia Processing are:
functionad entity for centralized operational control . .
Pl ;\l l L—\ i t{' ( d 't:) ttl l ¢ IJ:II ® Processing of data nsed by Network Operitions
of the Network and interfaces with the users. T has . -
" . § A Control for control and analysis of the Network,

two separable functiotal clements: namely, Nelwork
Operations Control and Network Data Processing,
The functions of the Network Operations Control
are:

& [isplay in the Network Operations Control Area
of data pm('vx,\(‘d in the Network Data Provess
ingr Area,

& Contro!l and coordination of Network support to

. ® Interface with communications cireuils for it
meet commitments 1o Notwork users. Interface with connmunications cirenils for input

1o and output from the Network Data Processing

® Utilization of the Network data processing Area,
computing capability lo gencrate all standards
and limits required for Network operations. ® Data logging and production of the intermediate

RPN . ada records,
® Utilization of Network dati processing camput- data records

ing capability to analyze and validate the

The personnel who carry out these functions are
performance of all Network systems. ! ' arr ‘

located approximately 200 meters from the Space
Pl ) I

The personnel who carry oul the above funclions are Flight Operations Fueility, The equipment consists
located in the Space Flight Operations Fucility, of mizicomputers for real-Aime data system monitor-
where mission operations functions are carried out ing, two XDS Sigma 5s, display, magnetic tape
by certain flight projects. Network personnel are recorders, and appropriate interface equipment with
dirceted by an Operations Control Chief. the ground data communications.
:
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DSN Ground Communications Facility

M. S. filenn
TOA Engineering

The Ground Communications Facility has been designed to procude reliable
Earth-based, point-to-point voice and date communicetions as part of the DSN
Tracking and Data Acquisition System,

|. Introduction Communications Facility and the Goddard Space Flight

- . . " A b P Cenler NASCOM are charueterized as follows:
The Ground Communications Facility (GCF) is one of

i the three functional elements of the Deep Space Network (1) NASCOM

and provides the capability required for the transmission,
reception, and monitoring of voice and duta communica- () Provides ground communications ol all opera:
tions hetween the various locations of the DSN. The GCF tional data for all NASA missions, including those
uses common carrier circuils engineered by the NASA supported by the DSN.
Communications (NASCOM) Division of the Goddard
Spuce Flight Center, interconnected 1o specialized (b} Accepts and supposts communications require-
switching, terminal, and monitor equipment, integrated ments established by the DSN.
mto a world-wide system, and operated in support of
space flight missions. The GCF is composed of five ) Establishes basic characteristics of NASA opera-
subsystems: Teletype, Voice, High-Speed, Wideband, and tiona! ground communications subsystems, such
Monitor. The Office of Tracking and Data Acquisition of as teletype Jine rate, high-speed block size, and
the Jet Propulsion laboratory provides the technical wideband cirenit capability,
direction and systems management of the GCF and acts as
the representative of NASCOM for communications (2) GCF
switching functions on the west coast.

() Provides gronnd communications for all 1SN

missions using the services of NASCOM.

Il. GCF-NASCOM Interrelahonshlps b1 Establishes additions) characteristios of all GCF

The interrelationships at the programmatic level subsystems, such as block multiplexing and error
between the Jet Propulsion Laboratory-developed Ground cotrection,

4 JPL DEEP SPACE NETWORK PROGRESS REPORT 42-36




1. Objectives and Goals

The GCF design is based on standardized communica-
tion techniques to provide more efficient transmission of
user data and simple user and NASCOM interfuces. These
objectives are met by:

(1 Providing message switching and routing,

(2) Transmitting data which are essendially transparent,
i.e., user data are accepted and delivered in
estab'’ shed formats and without additional errors.

(3) Minimizing project-dependent equipment within the
GCF,

(4) Providing centralized data rcords.

The continuing goals of the GCF are to provide highly
reliable and cost-effective data transmission while muin-
taining a capability balunce between the DSN and users,
and include:

(1) Equipment and routing redundancy to minimize
single-point-of-failure impact.

(2} Error performance which does not degrade data
beyond RF-link error performance.

(3) Design coordinated with NASCOM  Development
Program.

IV. Configuration and Functional Subsystems

The current GCF configuration, including the related
NASCOM functions, is shown in Fig. 1. This configuration
is functionally organized inte High-Speed Data, Wideband
Datu, Voice, Teletype, and Monitor Subsystems.

A. righ-Speed Data Subsystem

The High-Speed Data (HSD) Subsystem consists of
assemblies that switch, transmit, receive, record, process,
distribute, test, and monitor digital data and is used for the
transmission of:

(1) All digital data of the DSN command, tracking, and
monitor and control systems.

(2} All low- or mediunm-rate data of the DSN telemetry
systemn and the DSN test und training system.

(37 All GCF monitor and control data.

‘The High-Speed Data Subsystem provides a capability
for transmitting and receiving serial bit stream formatted
data over four-wire circuits having a 3.0-kHz bandwidth.
This serial bit stream is impressed on communication
cireuits at a continuous line bit rate divided into message

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-36

segments referred to as high-speed blocks, The two key
characteristics are:

(1} Data blocks enntaining  user
transmitied.

datu  hits to be

(2) Filler blocks containing filler bits provided vy GCY
equipment when the user data bit rate is insufiicient
to maintain the fixed line bit rate required by design
specifications.

Each block is divided into three parts. header, text, and
ending. Formats for the data blocks and filler blocks ure
illustrated in Tables 1 and 2.

The current plans are to provide the functional
cupabilities illustrated in Fig, 2 and to standardize at a
1200-bit message segment and a line bit rate of 7200 b/,
Other plunned changes include conversion ficin a 33-bit to
a4 22-hit error polynomiJd and increasing the number of
hits reserved in the data block ending from 36 to 40 bits to
provide error correction, hy re-transmission, for short
outages or errors in GCF data transmission. The purpose
of these changes is to significantly reduce the error for
nonreal-time replay of data. Figure 3 Hlustrates HSD
Subsystem configuration which is planned for the CY 1977
and CY 1978 time period. The two configurations are
required to provide continncus project support during the
period of conversion from the existing Ground Data
System to the new one for support of the Mariner
Jupiter=Saturn and Pioncer Venus Projects.

B. Wideband Data Subsystem

The Widchand Data Subsvstem consists of assemblies
that switch, tiansmit, receive, process, distribute, test, and
monitor data requiring the use of bandwidths greater than
those provided by standard high-speed channels. The
Wideband Data Subsystem illustrated in Fig. 4 includes
standard widebhand circuits as well as intersite-microwave
capabilities. The Wideband Subsystem is used for:

(1) Telemetry data,
2

)
(2) Simulation data,

(3) Test and training data.
(4)

4) Data interchange within the DSN including opera-
tional control,

{5) Intrasite communications und timing signals.

The wideband data circuits to the deep space stations
comtain serial bit streams impressed on communication
circuits at a continuous line bit rate typically 27.6, 28.5,
50, 168, or 230.4 kilobits per second divided into 2400- or
4800-bit message segments. Similar to the high-speed data,
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the message segments or data blocks contain user bits to
be transmitted und filler bits provided by the GCF
cquipment when the user data bit rate is insufficient to
maintain the fixed line bit rate required by design
specrfications, The data blocks are ulso divided into three
parts: nead, text, and ending, as itlustrated in Tables 3 and
4.

C. Voice Subsystem

The Voice Subsystem consists of assemblies that switch,
transmil, receive, distribute, test, and monitor transmis-
sions originally generated in vocal form and includes
capabilities between the facilities of the Deep Space
Network and to the Mission Control Centers. The
functional capabilities and key characteristics include:

{1) Standard voice-data grade circuits for all traffic.

(2) Conferencing capability on one intercontinental
circuit during noncritical pericds for all deep space
stations supporting a single project; individual
circnits for each DSS during critical periods,
resources permitting,

(3} User-controlled intercom swilching,

(4) Circuits used for high-speed data transmission
(backup) if required.

(3) Voice traffic recording in the central communica-
tions terminal upon request.

D. Teletype Subsystem

This subsystem consists of assemblies that switch,
trarsmit, receive, distribute, lest, and monitor digital

signals originally generated in Baudot format at a teletype
(FTY) rate of 100 words per minute. The operational use
of teletype continues to be de-emphasized and is used
primarily for emergency, backup operational transmissions
and administrative communications. Services and key
characteristics include:

(1} Handling Air Force Eastern Test Range (AFETR)-
generated predicts for DSN initial acquisiton.

(2) Transmitting non-operational messages between the
JPL Message Center and other locations.

(3) Use of standard NASCOM format and the NASCOM
communications processor for message switching.

E. Monitor and Control Subsystem

The Monitor and Control Subsystem consists of
assemblies that gather, calculate, record, display, and
report the operational configurations, status, and perform-
ance of the GCF subsystems. A central monitor processor
has been designed to receive inputs from other GCF
subsystems as necessary to permit internal assessment of
performance, problem detection, isolation, and correction.

V. Typical Configuration

The Viking Project represented one of the most
extensive users of the GCF because of the two orbiting
and two lander spacecraft and extended critical phases of
the mission. The project requirements were largely met
with standard CCF circuit configuration as was the
intended goal. llustrated in Fig, 5 is the GCF configura-
tion used during the primary mission phase following
touchdown,
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Table 1, High-speed data block composition

22-bit Error polynomial o - - dabit Error polynonﬁal '

‘Subdivision . e — - — '
‘ Word S Bits - i Word Bits
Header 1thma7 (16bitseach) = 112 1thra 7 (18 bits each) ns
8 8 : .8 ' -8
Text § (Bit 9) thru 73 (Bit 8} 1040 8 (Bit 9) thru 73 (Bit 12) 1044
- Ending 78 (Bit ) thru 75 (Bit 16) 40 ~ 73(Bit 13):thr 75 (Bit 16) %8
“Totals 5 - 1200 75 1200

Table 2, ngh-speed filter block cofnposltlnn
. 22.bit Eror polynomial ; . * 33-bit Error polynomial .
Subdivision e : . .

Word ’ Bits Word Bits
Header 1 thru 3 (16 bits each) 48 1 thru 3 {18 bits each) 48
Text 4 {Bit 1) thru 73 (Bit 8) 1112 . 4 (Bif 1) thru 78 (Bit 12) 1116
Ending 73 (Bit 9) thru 75 (Bit 18} 40 73 (Bit 13) thru 75 (Bit 18} 36
Totals 75 1200 75 1200

Table 3. Wideband data block composition

Subdivision ~ Ward o ‘Bits
Header 1 thru 7 (16 bits each) 112
' 8 8
Text 8 (Bit 8) thru 298 (Bit 12) 4644
Ending 298 (Bit 13) thru 300 (Bit 16) a6

Totals : 300 4800

Table 4. Wideband filler block composlt_inn

Subdivision . Word  Bits’

Header 1 thru 3 (16 bits each) . 48
Text 4 (Bit 1) thru 298 (Bit 13) 4716
Ending 298 (Bit 13) thru 300 (Bit 16) ae

Totals _- 800 4800
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Viking Mission Support

D. W. Johnston and T. Howe
DSN Netwark Operations Section

This report covers the most significant Viking Mission cvents supported by the

DSN during August and September 1976.
support are also summarized for this pe

Intermediate Data production and DSS
riod. Viking DSN Discrepancy Report

activity for the period January 1975 through September 1976 is also included.

|. Introduction

The previous report in this series described the final
preparation and testing prior to the Mars orbit insertion of
Viking 1, the Mars orbit insertion, separation and landing
of Viking Lander 1 (VL-1}, and concluded with the Viking
2 approach maneuver on 97 July 1976. This report
continues from that point and describes the sequence of
events pertaining to the insertion through landing of
Viking 2.

(l. DSN Mission Operations Activities

A. Viking Operations Activities

Table 1 lists the significant Viking 1 and Viking 2
aclivities supported by the DSN during this reporting
period.

The DSN supported a total of 18 significant events
during this two-month period. On August 1, Viking
Orbiter 1 (VO-1) was already in orbit, with Viking Lander
1 on the surface of Mars sending data daily via direct and
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relay links. Viking 2 was approaching Mars, 7 days away
from Mars orbit insertion (MOI).

B. DSS Supponrt

Table 2 lists the tracking hours, per station, of the
Viking spacecraft and the number of commands transmit-
ted from each station during this reporting period.

C. Intermediate Data Record Status

During this reporting period the DSN data record
capability provided the Viking Project Data Support
Group with 394 original telemetry Intermediate Data
Records (IDR), of which 378 1DRs were delivered within
the 24-hour after-loss-of-signal requirement. The average
data throughput for this reporting period was 99.99
percent of the available data.

Table 3 is a breakdown of IDR production per DSS.

D. Viking Discrepancy Reports

A summary of Viking Discrepancy Reports (DR)
covering the period from 1 January 1975 to 26 September
1976 is shown in Table 4.
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Ill. DSN Special Activity Support
A. Dual Orbiter Tracking

The tracking of both Viking Orbiters by a single 64-m
DSS began on August 6. Both Orbiters had been within
the beamwidth of 64-m antennas for «he three days prior
to Mars orbit insertion of Orbiter 2, however the Viking
Project chose the option of pointing the antenna at a
single spacecraft in order to maximize data return, DSN
predicts had shown that on August 3, a signal loss of 24 dB
would result on one spacecraft while the antenna was
pointed directly at the other. This loss would be reduced
t0 just 4 dB for both spacecraft by midpoint tracking, True
midpoint tracking was accomplished by using the (right
ascension/declinotion) planetary mode of antenna drive in
which hour angl: (HA) and declination (dec) position
coordinates are computed by inputting HA and dec for
the three days beginning with the day of track. Offsets
were then used to obtain midpoint tracking.

B. Viking 2 Mars Orbit Insertion

The Viking 2 MOI was successfully supported on
August 7 by Madrid DSS 63 with DSS 62 as backup. The
same series of evenls associated with MOI of Viking 1
were repeated for Viking 2. The spacecraft science
subcarrier was turned off, then the spacecraft was rolled,
the low-gain antenna selected, the spacecraft yawed, and
then rolled again so that the high-gain antenna pointed at
Earth. The high-gain antenna was then selected and the
high-rate subcarrier turned on and modulated by 2 kb/s
data. A loss of uplink and downlink lock occurred during
the yaw turn.

A DSS exciter ramp was started a one-way light time
prior to the predicted uplink loss of lock. A short
insurance sweep was then executed to agree with the time
at which the spacecraft was commanded back to the high-
gain antenna, This tuning assured a two-way lock for MOI
bern,

The MOI burn lasted approximately 39 minutes, 35
seconds, and resulted in an orbit of 27.4 hours, just 0.2
hour greater than the desired orbit. The periapsis altitude
of 1519 kilometers was ach eved and exceeded the desired
altitude by only 19 kilometers.

Following the motor burn, the reverse order of roll,
low-gain antenna, yaw, roll, and high-gain antenna took
place, and an exciter ramp was accomplished to reacquire
the uplink,

C. Mars Orbit Trim Number 1 (V0-2)

On August 9, Mars orbit trim number 1 (MOT-1) was
successfully performed during the Goldstone DSS 14 view
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period. This trim refined the Orbiter 2 orbit and resulted
in an orbit of 27.3 hours duration. The motor burn lasted 7
seconds. The burn was accomplished without the benefit
of a roll, yaw, or roll turn by using the Sun-line reference
technique. That is, the burn was timed for the poiut in the
orbit in which the attitude of the Orbiter was corrected
without a maneuver. This method preserved the attitude
control gas supply. Although telemetry later indicated that
the high-gain antenna had moved 0.4 degrees during the
motor burn, due to backlash, no changes were observed in
the “S” or “X" band downlinks,

D. Mars Orbit Trim Number 2 (VO-2)

On August 14, Australia DSS 43 supported MOT-2 for
Viking Orbiter 2. DSS 63 provided backap support for the
motor burn. This trim maneuver was to refine the orbit of
Orbiter 2 with a motor burn of 3 seconds. No changes in
link quantities were observed during this Sun-line
maneuver. These first two maneuvers provided a new
concept in site certification. Instead of synchronizing the
spacecraft’s periapsis with a precise point on the planet,
the spacecraft was left out of sync so that its periapsis
walked around the planet at 40-deg steps per day. This
permitted a good examination of the 40- and 30-deg north
latitude band and all proposed landing sites.

E. Mars Orbit Trim Number 3 (\ 2:2)

MOT-3 for Orbiter 2 took place during the DSS 14 pass
on August 25, with motor burn at 17:08:45 GMT, lasting
for 72 seconds. This was a zero-turn maneuver, and the
telecommunications link remained in the high-rate mode,
(2 kb/s and 8-1/3 b/s) during the maneuver. The only
observed change during the burn wzs a decrease of about
0.25 dB on X-band, which would correspend to a 0.25-deg
change in the high-gain antenna pointing angle. This
maneuver stopped Viking 2's westward walk, changed the
spacecraft’s speed by 155 km/h (96 mi/h) and initiated a
drift in the easterly directior toward precise coordinates
for the landing site.

F. Mars Orbit Trim Number 4 (V0-2)

The resynchronization of Orbiter 2 over the Utopia
landing site occurred on August 27 during the DSS 14
pass. MOT-4 again used the Sun-line maneuver procedure
and no changes in the downlink were observed.

G. Viking Lander 2 Presaparation Checkout, Descent,
and Landing

Network support ot activities associated with the
landing of Viking Lander 2 began on September 2 with
DSS 43 supporting the separation minus 39-hour com-
mand update. This command load prepared the mated
lander for the preseparation checkout. This command load
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was supported using configuration code 15. Australia DSS
44 provided backup command support for DSS 43,

Approximately nine hours later, preseparation checkout
began. Spain DSS$ 63 supported this checkout. A special
configuration was designed for the DSS 63 pass. In as
much as a Lander 1 direct link was to occur during the
first part of DSS 63's view period, two configurations were
required. The first configuration was the standard three-
spacecraft configuration for Orbiter/Lander/Orbiter,
Code 30. Following the Lander direct link, a configuration
was needed that would assure the receipt of the Lander 2
checkout data at JPL, Figure 1| shows the conflguration
used for the second half of the DSS 63 pass. This
configuration provided three processing channels for
Lander checkout science data. Two of these data streams
were output via the wideband data line while the third
was output on the high-sneed data line, providing dual
transmission paths. In parallel with the Lander 2 checkout
data, Orbiter 1 was outputting 4 kb/s science data. Since
no data channel was available at DSS 63 to process these
data, they were recorded on analog lape for postpass
playback if required. During the checkout, the relay
subsystems were turned on and performed normally. The
10-watt UHF trunsmitter output power measured 10.7
watls, which wa. 0.44 dB above the data base value of
9.68 watts,

The Lander 2 checkout proceeded normally during the
DSS 63 pass. DSS 62 provided an uplink for Viking
Orbiter 2,

Spain DSS 63 supported the separation minus 9.5- and
3.5-hour command updates and the separation “GQ”
command during their pass on the following day,
September 3. Configuration code 24 was used to support
this command activity. This configuration code provided
two high-rate science data streams with channel 2 of
telemetry and command processor alpha outputting data
to the high-speed data line while channel 3 of the
Telemetry and Command Processor Assembly (TCP) beta
output data for wideband data line transmission, This same
configuration code had been used for support of presepa-
ration checkout of Lander 1.

The purpose of the “GO™ command was explained in
the previous article of this series,

All commands scheduled during the DSS 63 view period
were successfully transmitted,

Spain DSS 62 provided backup command support for
DSS 63,
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Goldstone 1SS 14 was prime for separation, descent,
and landing support. DSS 17 acted as the backup
command station for DSS 14.

Since all of the descent data were to be at 4000 h/s,
configuration code 15 was specified. Both telemetry and
command processor strings were initialized for Orbiter 2,
providing dual processing channels with their outpuls
multiplexed onto one wideband data line,

Separation occurred al 19:39:59 GMT Earth received
time on September 3. The landing sequence had been
perfect up to this point; however, at 19:46:27 GMT, the
X-band receiver showed a drop in received signal level
and then went out of lock at 19:47:02 GMT. At the same
tiie the S-band receivers were showing decreases in
received AGC. These receivers all dropped lock at
19:47:52 GMT. Goldstone DSS 14 responded to the
situation and regaine. S-band lock within 2 minules at a
received signal levcl of -169 dBm. Since this signal level
was consistent with the low-gain antenna with the high-
rate subcarrier on it was assumed that the signal was not
coming from a mispointed high-gain antenna, At 20:08:34
GMT, approximately 19 minutes after the downlink
reacquisition, coinmands were sent to assure the space-
craft was on the low-gain antenna, and 10 select the cruise
mode at 8-1/3 b/s. A round trip light time later (41
minutes) telemetry lock was established and indicated that
a switchover of the attitude control system had occurred
and that the spacecraft had rolled off of Vega reference by
some unknown amount. Engineering data also indicated
that the descending Lander-to-Orbiter real-time relay link
was working and that the Lander appeared to be in good
health. This mode of operation was to continue through
touchdown (22:58:20 GMT) on September 3 and until
approximately 07:00:00 GMT the following day.

When it was determined the spacecraft had rolled off
the Vega reference, & command designated “fly back and
sweep” was sent. This command would cause the
spacecraft to reacquire Vega if the star was within 5
degrees of the star tracker. Vega was not acquired,
indicating a roll of more than 5 degrees. Shortly afterward,
commands were sent to roll the spacecraft 360 degrees to
obtain a roll attitude reading. The Canopus loss contin-
gency plan identified in the previous article of this series
was used to determine the spacecraft orientation in roll
axis based on the point at which the X-band signal level
reached a peak. Australia DSS 43 supported this effort and
obtained a rapid X-band iock, making the star mapping
possible. A peak was observed of -149.06 dBm proving
two things: one, that the high-gain antenna was still
working, and two, that the spacecralt had rolled about 22
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degrees off Vega. The Orbiter was then rolled to Vega,
the high-gain antenna selected, the high-rate subcarrier
turned on, and the playback of the first two Lander
pictures initiated. The pictures were received without
further problems.

The second received picture, which was a 310-degree
punoramic survey, showed a blemish on the Lander’s high-
gain X-band antenna that could have been caused during
landing. Since the antenna dish is a very thin honeycomb
design, it was vulnerable to damage while in the stowed
position during landing if a substantial shock was
experienced.

H. First Lander 2 Direct Link

The first Lander 2 direct S-band link occurred on
September 5 with DSS 43 supporting. Configuration code
81 was used by DSS 43 for this pass and was to be used for
the first 20 Lander 2 direct links. As identified in the
previous article of this series, Code 61 provides 2
processing channels for Orbiter data and 4 processing
channels for Lander direct link data.

During the DSS 43 precalibrations it was determined
that channel 3 of TCP beta was inoperative. This channel
was assigned to process Lander 250-b/s backup data and
output via the wideband data line, A decision was made to
use channel 2 of the DSS 42 TCP string for this 250 b/s
backup data stream, The Viking configuration permits
receiver number 2 located at DSS 43 to interface with
Subcarrier Demodulator Assemblies 7 and 8 at DSS 42,
Two hours prior to the scheduled Lander acquisition, a
problem developed with a Helios spacecraft. Australia
DDSS 42 was assigned to track Helios with the 250-b/s
backup stream being given up. Lander acquisition
occurred at 03:30:00 GMT with a signal level of -151.5
dBm, very close tu the predicted level. An examination of
the telemetry data indicated that the uplink sweep had
acquired both Lander transponders and that the uplink
signal levels far low- and high-gain antennas were nominal,
Since all data streams appeared to be nominal, an
assumption was made that the damage to the high-gain
antennz revealed by the second lander picture was either
not severe enough to degrade the communication
performance or that the assumption of damage voas
incorrect. Because the antenna dish faces upward while
stowed, it was possible that some surface material could
have been thrown up onto the dish during landing and that
the apparent damage was really a discoloration caused by
Martian dirt. This last theory seems to be the most
popular. Since the high-gain antenna surface would never
again be in a position in which it could be seen by the
Lander cameras, a closer examination was not possible.
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l. Mars Orbit Trim Number 7 (. . 1)

MOT-7 took place on September 11. This trim
maneuver was supported by 1DSS 14. It broke the orbital
synchronization of Orbiter 1 and caused it to be a walk
around the planet. Lander 1 began a reduced-mission
phase with continuing biclogical experiments, weuther
reporting, and picture acqusitions, but with both real-
time and recorded data being transmitied via the Lander
to Earth by direct link only. Viking Orbiter 1 begain its
walk at 12:24:34 on 11 September following an engine
burn that lasted 16 seconds. The resulting orbit moved the
spacecraft approximately 40 degrees east each day. The
orbit was to carry VO-1 completely around the planet in 9
days contiruing the walk to nearly half-way around the
planet again until it reached a plane that would pass over
the VL.2 location. The mancuver was successfully
completed using the standard roll, yaw, roll, and burn
sequence.

J. Mars Orbit Trim Number 8 {VO-1)

This trim took place on September 20 and was
supported successfully by DSS 14. The burn occurred at
22:36:19 GMT Earth received time. It was a sunline
maneuver with no changes observed in the dowalink signal
levels. This burn accomplished a fine adjustment to orbital
statistics in preparation for the synchronization burn to
occur on September 24,

K. Mars Orbit Trim Number 9 (VO.1)

MOT-9 synchronized ¥O-1 over VL2 to permit VO-1
to become the relay station for Lander ? data. The
mareuver was completed using the Sun-liue technique.
One anomaly occurred during this maneuver. Upon
switching to the low-gain antenna the downlink was
observed to be about 1.5 dB low, with the uplink being at
least 6 dB lower than predicted. Spain DSS 61 had not
turned off range modulation at the required time and the
observed degradation was the result of this modulation on
the uplink. The trim was supported by DSS 63 and DSS 14
during an overlapping view period.

L. Pre-MOT-5 Test Burn Maneuver (VO-2)

This trisn was accomplished for the primary purpose of
testing VO-2's motors prior to MOT-5 to make absolutely
sure everything was operational prior 1o MOT-5. The test
trim was supported by DSS 43. Near the beginning of
their pass, a hydraulic pump failure occurred preventing
movement of the DSS 43 antenna. Goldstone's DSSs 12
and 14 passes were extended as long as possible, and, in
addition, commands were sent to switch the spacecraft to
criise engineering only mode in the event DSS 43 could

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-36



not make repairs in time for the maneuver and DSS 44
would be required to track the downlink. Australia DSS 43
managed to recover prior to the main maneuver; however,
the cruise mode of telemetry was maintained.

M. Mars Orbit Trim Number 5 (VO-2)

MOT.5's purpose was to modify VO-2's orbit plane so
that it could begin observations of the Martian north polar
cap. This maneuver differed from the standard in that a
command must be transmitted and received at the
spacecraft before the motor burn would take place. The
spacecraft was first rolled, yawed, and rolled on the low-
gain antenna, and then the high-gain antenna was selected.
A measurement of the X-band received signal level was
made. A measurement below the predicted level would
have indicated that the spacecraft high-gain antenna was
not properly aligned and that the burn should not be
attempted. The spacecraft had been previously program-
med to recover from the maneuver automatically should a
“GO" command not be received. The X-band downlink
was found to be within tolerance and the “GO” command
was transmitted, Figure 2 shows the time line associated
with MOT-5. The top line indicates the ground time for
DSS initiated events. The middle line shows the events
when they arrive at the spacecraft or events that originate
at the spacecraft. The lower line shows events occurring a
round-trip light time after a ground originated event or a
one-way light time after a spacecraft event.
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MOT-5 was performed flawlessly. The motor burn
lasted 5 minutes and produced a velocity change of 343
m/s. It changed the orbit inclination from 55.3 degrees to
75 degrees. The watk wili chunge 30 degrees per day with
a planned resynchronization over VE-2 to take place after
16 revolutions on October 18. VO-1 will then be released
to start a second walk during solar conjunction. It will
resync over VL-1 sometime in mid-November.

IV. Conclusion

With two spacecraft in orbit and two spacecraft landed,
all returning extremely large amounts of data daily, the
Viking Mission would have to be considered one of the
most successful on record. It is also gratifying to note that
during this exceptionally high activity period, with the
DSN being utilized to near 100 percent capability
continuously, the loss of data due to network hardware
failures has been insignificant. This has been made
possible, to a large degree, by utilizing 64-meter DSS
“failure mode” configurations that werc lesigned '
optimize the data processing capabilities at a station in
the event of a single-point failure in any telemetry stream.
These configurations were described in detail in previous
articles in this series. Another factor that contributed to
the excellent network performance was the use of the DSS
Computer Assisted Countdown, which will be described in
the next report.
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Table 1. Viking Operations Activities

Date Spacecraft Activity Table 2, Station support for Viking i
1. Aug. 3 Viking 1 Station keeping trim maneuver Commands
2, Aug. 8 Vikings 1 & 2 First simultaneous tracking of 2 Dss Tracks®  Hours tracked transmitted
VOs hy one DSS
5. Aug.7  Viking2  MOI August
4. Aug. Viking2  MOT-1 11 ' 30 229:35 2 :
5. Aug, 14 Viking 2 MOT-2 12 8 42:55 0
8. Aug 25 Viking 2 MOT-3 14 89 494:54 2248
7. Aug. 37 Viking 2 MOT-4 42 a7 242:53 1440 :
8. Sept. 2 Viking 2 Preseparation checkout 43 a9 571:21 304
9. Sept. 3 Viking 2 Separation, descent & touchdown 44 7 56:35 0 ;
10. Sept. 4 Viking 2 First direct link 61 31 305:24 3511
11, Sept. 11 Viking 1 MOT-7 62 9 83:45 438
12. Sept. 18 Viking 1 First solar occultation 83 82 54]:52 2318 %
13, Sept. 20 Viking 1 MOT-8 Total {monthly} 310 2569:14 13,051 ;
14, Sept. 24 Viking 1 MOT-9 September l
15. Sept. 25,  Viking 1 Lunar occultation 0 29 216
6. Sept. 28 Viking 1 Ground Communications 14 1430 :
Facility 7.2 kh/s high-speed data 12 6 45:24 6 i
line test 4 72 486:59 1205 :
17. Sept. 29 Viking 2 Pre-MOT 5 test burn maneuver 42 a4 304:02 1532
18. Sept. 30 Viking 2 MOT.5 43 69 584:50 2885
44 11 91:29 4
61 29 269:36 1028
62 7 98:29 332
Table 3. IDR producti 63 81 336:10 1495 :
aple 3. 13:] " ;
profuctia Total (monthly) 338 2633:22 9717 :
Total Delivered Delivered Report total 848 5202:36 22,768
DSS - .
original in 24 hours late
. »The number of tracks includ. the number of passes, each of
14 127 126 1 which includes one, two, or three spacecraft simultancously. :
43 128 122 6 :
63 139 130 9 :
X
3
2
|
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Table 4. Viking Discrepancy Report summary, 1 January 1975-26 September 1976

,: Ground Network Ne work
. Deep Space Station ]‘)v(‘p Communi- Data Operations | -
Resolution Space cation Procvessing  Conltruol Tl ‘
1t 12 14 42 43 44 61 62 63 71 Network Facility Area Avea .
Station 35 47 188 43 118 22 I7 25 141 16 ki 34 133 2 940 798
Dependent
Station G n 21 8 10 1 2 4 18 1 10 g9 76 30 203 7.2
Independent
Other or 3 2 3 +] 1 0 Q0 1 0 i 14 3 ! 3 3 R
Unavoidable
Total 64 36 212 53 129 23 39 B 159 18 31 48 210 105 7Y
12Rs Closed
Total 66 a6 221 53 139 23 3c 30 167 18 32 48 224 113 1229
DRs Gencrated
DRs Opened as 2 0 9 QO 10 0 0 0 8 G 1 0 14 5 52
of 26 Sept. 76
i
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Pioneer Venus 1978 Mission Support

R. B. Miller
TDA Mission Support

The Tracking and Data Acquisition portion of the Ground Data System, which
will support the Differential Long Baseline Interferometry Wind Measurement

Experiment, is described.

l. Introduction

The Pioneer Venus Multiprobe Mission includes a
Differential Long Baseline Interferometry (DLBI) Exneri-
ment, which will aitempt to measure the wind velocities
in the atmosphere of Venus as four probes descend
through the atmosphere. The fundamentals of the
experiment are described in Ref. 1. The experiment will
be using interferometry techniques to measure the
components of the wind velocity perpendicular to the
line-of-sight (Earth-spacecraft direction), and established
doppler techniques to measure the velocity components
along the line-of-sight. Each pair of stations which
comprise the interferometer resolve only one component
of the velocity. In order to resolve both components of the
wind velocity perpendicular to the line-of-sight and to
provide some measuse of redundancy, four stations will be
equipped to support this experiment. The 64-meter DSN
stations located at Goldstone, California, and Canberra,
Australia, will be utilized, along with the 9-meter Space
Flight Tracking and Data Network (STDN) stations
located at Guam and Santiago, Chile.

The end product at each tracking station is a wideband-
width digital recording covering the entire bandwidth of
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interest, which includes five spacecraft signals. Plans to
summer 1976 had assumed that the deliverable to the
experimenter, located at the Massachusetts Institute of
Technology (MIT), would be the actual wideband
recordings produced at these tracking stations. This plan
involved the Project procuring for the experimenter
recorders capable of playing back these wideband
recordings, and required that the experimenter implement
and operate a system to convert the wideband recordings
into a useable computer-compatible form. Estimates by
MIT of the resources required to implement and operate
this conversion process turned out to be a very significant
portion of the total processing costs at MIT for the
experiment. This problem, coupled with a similar
expensive processing cost for the initial bandwidth
reduction of the Pioneer Venus Orbiter occultation radio
science data, led the DSN to form a special team in May
1976 to see what the DSN might be capable of doing to
help solve both of these problems for the Project. This
activity culminated in a functional design and estimated
resources required, which were approved by both the
Project and the Office of Tracking and Data Acquisition in
June 1976. The result will be a new occultation subsystem
to be implemented in the 64-meter subnet (which will be
described in a subsequent Pioneer Venus Progress Report
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article), and the agreement of the DSN to provide (with
Project financial assistance) equipment in Compatibility
Test Area 21 {CTA 21) at JPL, Pusadena, necessary for
reducing the bandwidth of the wideband digital recordings
to produce standard computer-compatible recordings
which will be the deliverable to the experimenter.

The total Ground Data System to support the DLBI
Wind Measurement Experiment, therefore, now com-
prises four tracking stations located around the Pacific
Basin in Australia, Guam, Chile, and California, a tape
conversion facility located at JPL., Pasadena, and, finally,
the actual science data processing to be performed at the
Massachusetts Institute of Technology. The remainder of
this article will describe the TDA-provided portions of
this systemn: the tracking station configurations and the
tape conversion facility at CTA 21.

Il. Tracking Station DLBI Configuration

The key requirements for the tracking stations «©
support the DLBI experiment are described in Ref. 1. The
details of the requirements had been conveyed in written
material to the DSN through the flight project. In
November 1975, a meeting was held at jPL with the
experimenters and representatives of DSN Engineering
and STDN Engineering for the purpose of clarifying the
requirements face-to-face with the experimenters, After
this meeting, the DSN then proceeded to produce a first
cut at a functional design for the DSN stations. This
functional design at a block diagram level was presented
to the experimenter in mid-April 1976 in a teleconference.
This teleconference and other informal exchanges be-
tween DSN Engineering and the experimenter then
resulted in a final design for the DSN configuration which
was formally reviewed and accepted by the experimenter
on 22 June 1976 in a meeting at JPL. The resulting DSN
design is shown at a functional level in the top part of Fig.
1. (A more detailed description of the receiver and
calibrator design will be provided in a subsequent Progress
Report article.) A key decision which was made in the
design process was that the requirements for the DLBI
experiment were sufficiently stringent and unique to
warrant the DLBI requirement being met by a separate
receiver dedicated to the experiment. The original
concept had involved one of the open-loop receivers
which will be provided for precarrier detection telemetry
recovery including a second port 2 MHz wide to support
the DLBI experiment. The final design involves a separate
DLBI receiver which brings the total complement of
open-loop receivers at Goldstone {DSS 14) and Australia
(D$S 43) up to five per station for the Multiprobe entry.
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The configuration involves a calibration tone generator
which produces two tones, one above and one below the
five spacecraft signals. The DSN configuration includes a
switching capability to insert the calibration tones either
before or after the low-noise amplifier, The tones will be
inserted before the low-noise amplifier for testing
purposes and for pre-pass checkout, but will have to be
inserted after the low-noise amplifier to avoid possible
interference with the recovery of the telemetry data from
the probes during the actual entry event, The tones are
also fed to a monitoring system which will strip the tones
off the output of the receiver and compare them against
the tones direct from thel:one generator.

One of the most difficult parts of the actual receiver is
the final mixer which must be flat from essentially de to
1.8 MHz and have the images down at least 10 dB at the
1.8-MHz point. In order to meet the stringent relative
phase stability requirements of the experiment, certain
critical modules will be contained in temperature-
stabilizing ovens. In nddition, the cables carrying the tones
from the control room up to the antenna will be actively
stabilized as well as the cable carrying the reference
frequency into the first mixer of the receiver. Redundant
widebandwidth digital recorders will be provided at each
station. For this experiment, the recorders will be
operated at a 12-megabit per second rate operating at 76
cm (30 inches} per second.

It has been planned from the beginning that the STDN
design would be derived by STDN Engineering based on
whatever was the finalized design, for the DSN stations.
With the fnalization of the DSN design on 22 June,
STDN Engineering proceeded with the detailed design for
the STDN stations, which culminated in a formal review
of the STDN design on 16 September at Goddard wherein
the experimenter did concur in the STDN design.

Notice in Fig, 1 that the functional design of the STDN
stations is essentially identical to the DSN except that it is
not required to have the calibration tones switchable
between the input and output of the low-noise amplifier,
since there will be no telemetry recovery from the STDN
stations. STDN Engineering was able to take advantage of
the functional commonality and produce a detailed design,
which involves use of many commot modules with the
DSN configuration. The calibration tone generator will be
4 common design using common modules as well as the
critical last mixer mentioned above. The plan is to have
the DSN procure, with Goddard funding, the common
modules for the STDN stations. The STDN receiver
involves using the first local oscillator (first mixer) in the
standard STDN operational receiver, the multiple-
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frequency receiver. The analog-to-digital converter and
recorder will be loaned to the STDN by the DSN as
originally planned. The DSN is responsible for providing
the necessary interface electronics to hook the recording
subsystem up to the STDN Frequency and Timing
Subsystem and power equipment. The interface of the
STDN receiver to the recorder was to be a Goddard
responsibility, but this engineering interface problem has
been eliminated by STDN use of the same final mixer as
in the DSN configuration,

ill. Station Performance Validation

There will be several means of validating the proper
performance of elements of the station configuration for
testing purposes and for pre-pass checkout as well as
during the actual #yent. The calibration tone monitor,
comparing the tones 2 they go up to the input or output
of the low-noise amplifier against the tones coming out of
the rear-end of the receiver, will enable detection of
several possible problems in the receiver chain. The
recorders themselves are I18-track and have three indicator
lights per track which are capable of detecting cata-
strophic failures in a particular track as well as the
capability to do a bit error computation on a single track
at a time. The micro controller on the recorder will be
able to switch the bit error computation every 15 seconds
from one track to another. This monitoring is possible on
only one recorder at a time; however, the monitoring can
be switched between the recorders without affecting the
recording process during the period of interest,

For a total end-to-end system check at the D8N
stations. it is planned at the current time to provide a
spectrum analyzer type of device to operate on a full
read-after-write output from the recorder in reul-time.
This will enable the detection of ali signals of interest, or
at least a single signal of interest, to show that the total
end-to-end system is configured properly and that actual
data are going to the recorder. The possibility of
employing a similar process at the STDM stations has
been discussed, and it appears feasible to provide a
commercially available spectrum analyzer capable of
detecting the bus signal using a digital-to-analog converter
after the full read-after-write on the recorder. The
advantage of this kind of approach for the STDN stations
is that it would also be assuring that the station was
actually on point. This is known automati~ally at the 64-
meter stations because of the capability ./ detecting the
telemetry in real-time. Other al.zrnatives are being
discussed for the STDN stations, such as the feasibility of
tracking the Orbiter spacecraft using a regular closed-loop
receiver just for the purpose of validating that the station
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is indeed on point. These monitor alternatives are still
being evaluated by the STDN.

IV. The DLBI Tape Conversion Facility

The bottom part of Fig. 1 portrays the functional
elements in the tape conversion facility to be provided at
the Compatibility Test Area (CTA 21) at JPL, Pasadena.
The process involves recovering one spacecraft signal at a
time from the wideband rccording by digitally mixing an
estimate of that particular spacecraft signal with the
output of the wideband tape recording and then digitally
filtering the product so that the output is of sufficiently
narrow bandwidth to be accommedated on a standard
9-track computer-compatible tape recording. The digital
bandwidth reduction mixer and filter is envisioned to be a
piece of special-purpose hardware (involving firmware},
while the controller and formatter will be software
written for a standard DSN minicomputer already
available in CTA 21. The planned resulting bandwidth will
be on the order of 1 kHz Each of the five spacecraft
signals {four probes and the bus) and the two calibration
tones will each be independently processed. It will be
Project responsibility to provide the DSN with the
estimate of the frequency history of each of the five
spacecraft signals.

V. DLBI Ground Data System Integration
Plan

Figure 2 shows the overall major milestone schedule for
the DLBl Wind Measurement Experiment of Pioneer
Venus. For inlegrating the DSN and STDN elements, it is
planned to do a trial installation in an STDN station
located at Goldstone of all equipment required for the
STDN configuration in mid-November 1977. This should
enable solving any final integration and interface problems
utilizing local engineering support. For interfacing with
the experimenter, it is planned to provile on 1 October
1977 a computer-compatible tape that is correct in
format, follewed on 1 January 1978 by a computer-
compatible tape which contains actual tones which have
passed through the entire TDA portion of the Ground
Data System. It is anticipated that the first computer-
compatible recording containing actual signals (from the
ALSEP or some other suitable spacecraft signal} will be
available for the experimenter ai the end of the first week
of February 1978, At least two of the four stations should
be ready in mid-February 1978 to start supporting some
end-to-end system checkouts, with all four stations ready
by mid-March 1978. Jt is planned to be fully operational
by 1 April 1978, and to start supperting regular
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interferometry observations (currently envisioned as  eight months to shake out any remaining problems in the
ALSEP tracking) from that time until the actual entry total system, including the equipment and software at
event the first of December 1978, This will give at least ~ MIT.
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1. Miller, R. B., “Pioneer Venus 1978 Mission Support,” in The Deep Space
Network Progress Report 42-31, pp. 11-14, Jet Propulsion Laboratory,
Pasadena, Calif., Feb. 15, 1976. .
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Helios Mission Support

P. S. Goodwin
TDA Mission Support

E. S. Burke and R. E. Morris
DSN Network Operations Section

Operating beyond its 18-month design lifetime, the Helios-1 spacecraft
continues to gather valuable scientific data. Having achieved its fourth
perihelion, the Helios-1 spacecraft is being closely followed by Helios-2, as the
latter emerges from a lengthy solar conjunction period, in which considerable
scientific data were collected on Experiments 11 and 12 (Celestial Mechanics and
Faraday Rotation). The scientific opportunities to compare the data from the
two Helios spacecraft continue to add to man's knowledge of the sun’s influence

upon the inner solar system.

I. Introduction

This is the twelfth article in a series thal discusses
Helios-1 and -2 mission support. The previous article {Ref.
1) reported on a Helios-1 spacecraft power anomaly,
Helios-2 occultation, STDN-DSN telemetry cross-support
engineering-level tests, tracking coverage and DSN
performance. This article covers the Helios-1 third solar
occultation and fourth perihelion. A Helios-2 spacecraft
emergency and third solar conjunction {occultation) are
also discussed. Additional topics include STDN-DSN
telemetry and command cross-support, Ground Data
System tests, tracking coverage, plus DSN system
performance for August and September 1978,
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Il. Mission Operaticns and Status

A. Helios-1 Operations

The Helios-1 spacecraft occulted the sun for a third
time on September 23, 1976. The spacecraft was
transmitting on traveling-wave tube amplifier 2 (TWTA-
2), high-power mode, and stored experiment data on-board
the spacecraft for memory readout later at a higher bit
rate, As the probe cleared the “blackout” region, heading
towards its fourth perihelion, the spacecraft team
commanded TWTA-2 to medium power. The medium
power mode was selected Lo reduce the risk of excessive
traveling-wave tube (TWT) assembly temperature as the
spacecraft approached the sun.
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At 1907 GMT on Tuesday, October 5, 1976, the Helios-
| spacecraft successfully passed its fourth perihelion at a
minimum distance of 0.309 AU (approximately 45 million
km) from the sun. The maximum solar impact was equal
to 10.445 solar constants, The overall performance of the
spacecraft and its 10 scientific instruments, which had
exceeded the design lifetime of 18 months, was excellent.
All 10 experiments were fully configured for prime
mission mode and delivering valuable science data.

Several members of the scientific team observed the
perihelion passage from the German Space Operations
Center (GSOC). The scientists are finding Helios-1
perihelion data very interesting since it provides a second
unique opportunity of comparing measurements with
Helios-2 (presently approaching its second perihelion,
which is centered around October 20, 1978).

B. Hetios-2 Operations

At 17:44:52 GMT on September 4, 1976, after
transmission of a “ranging-on” command {at 1715 GMT),
the downlink of the Helios-2 spacecraft was lost. This
occurred during pass number 234 over DSS 11 {Gold-
stone). The failure was observed while attempting to
acquire the ranging signal. Several commands were
transmitted altering the spacscraft’s RF configuration in
an attempt to restore the Jownlink. This eventually
resulted in reestablishing the Helios-2 spacecraft’s down-
link, but near threshold. To tearn if the low signal was due
o DSS 11 or the spacecraft, the services of DSS 42
(Australia) were attained from a scheduled Viking pass.
DSS 42 was brought up as a Helios “folilow-on” pass after
DSS 11's loss of signal. Subsequent troubleshooting
(altering the spacecraft configuration by commands) over
DSS 42 tentatively restored the downlink signal at 1938
GMT in the following configuration: TWTA-1, high
power, driver 1, and noncoherent mode. A spacecraft
emergepcy was declared at 9254 GMT. After reconfigur-
ing the spacecraft in the combination of TWTA-1,
medium power, driver 1, coherent and medium-gain
antenna, the DSS 42 receiver cbtained lock. Switching to
the spacecraft’s high-gain antenna (HGA) resulted in a
solid receiver and telemetry lock at 0121 GMT, Septem-
ber 5. The spacecraft configuration and health were
verified, and the spacecraft emergency terminated at 0500
GMT on September 5.

After a few days in which to analyze the spacecraft
anomaly, it was theorized that the loss of downlink was
probably caused as a result of two commands: (1) ranging-
on, and (2) TWTA-2 medium power. Pending further
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investigations it was recommended to (1) avoid ranging
commands until after the second perihelion, and (2) stay
on TWTA-! in the medium-power mode.

Helios-2 experienced its third “blackout” (solar occulta-
tion) period during September 20-29, centered on
September 26, 1976. Al scientific data were read into
memory on-board the spacecraft and later read-out when
higher bit rates were available.

The Helios-2 spacecraft will pass its second perihelion
arcund October 20, 1976. The results of this perihelion
will be covered in the next progress report.

C. STON-DSN Engineering Test and Support

Encouraged by the DSN engineering tests regarding
STDN real-time telemetry and command cross-support
completed during May-June 1976 (Refs. 1 and 2), the U. 8.
Helios Project Manager requested support for Helios-1
and -2 by the STDN Goldstone Station (GDS). This cross-
support was requested for the October perihelions of
Helios-1 and -2, thence continuing until November 13,
when STDN GDS will temporarily be de-commiited from
all flight support for a scheduled equipment modification
program.

Before the STDN-DSN real-time Helios cross-support
could be considered operational, the link between STDN
GDS and the DSN Goldstone inter-site microwave system
needed more permanency. The interface installed for the
engineering tests in june was a one-way temporary coaxial
cable.

After considering available options, it was decided that
the most suitable and economical method of providing a
full duplex interconnection between STDN GDS and DSS
11 was to reestablish the old Project Apollo microwave
link between STDN GDS and DSS 14. There it could join
the 15N Goldstone inter-site microwave system. The
Apollo-era equipment was reinstalied and successfully
tested by September 30, 1976.

The plan was to first send real-lime spacecrafl
telerietry over the newly established microwave link (Fig,
1) from STDN GDS to DSS 11 (via DSS 14 and GCF 10,
both at Goldstone) where it would be processed by the
back-up TCP string and sent o JPL. The uplink-lock and
command tests would be conducted a week later followed
by a telemetry and command demonstration pass. Upon
successful completion of this demonstration pass, the
STDN-DSN Helios crosssupport configuration would be
committed for operational support.
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The first real-time Helios spacecraft telemetry was
processed over the new STDN-DSN configuration (sce
Figs. 1 through 3) on October 1, 1976, during a
demonstration pass. Data from two other STDN-DSN
Helios eross-support passes were accumulated on October
15 and 16. The results are shown in Table 1.

The STDN-DSN Helios command configuration was
successfully tested during the week of Octaber 11, 1976,
Several spacecraft uplink acquisitions and commanding
sequences were conducted for STDN (GDS) operator
training during this week. With the successful STDN-
DSN Helios Telemetry and Command cross-support
demonstration track performed on October 18, 1976, the
STDN-DSN cross-support configuration was declared
operational for Helios Project support.

Although the data from this cross-support configuration
were degraded (approximately 3.5 dB) when compared to
a DSN 26-meter station, the data received from Helios at
perihelion and distances less than | AU are excellent.

D. Ground Data System Tests

!, High-Speed Data Line Change to 7.2 kb/s. The Deep
Space Network (DSN) plans to convert all high-speed data
terminals to 7.2 kb/s on December 1, 1976. This
conversion will standardize DSN high-speed data line rates
with NASA Communications (NASCOM} standards. On
September 27, 1976, during Helios-1 pass 658 over DSS 12
(Goldstone), a special Ground Communications Facility
(GCF?} test was performed to verify that the DSN GCF
conversion to a 7.2-kb/s high-speed data line (HSDL) rate
was compatible with mission-dependent Mission Control
and Computing Center {MCCC) software programs and
hardware. The test consisted of sending parallel data
strizams on standard 4.8-kb/s HSDL and the new 7.2-kb/s
HSDL to MCCC for Model 360-75 computer processing
(monitor and tracking data were not tested at this time).
Although one command anomaly did occur, there were no
problems attributable to the 7.2-kb/s interface during the
test, The planned changeover to the 7.2-kb/s HSD system
on December 1, 1976 should be essentially “invisible” to
the MCCC data system and to DSN-MCCC operations.

2. New Telemetry Capability at the German Weilheim
Station. In April 1976, the Germa) Helios Project Office
received word that their request to modify the Telecom-
mand Station at Weilheim to include a telemetry data
receiving capability had been approved. Conversion was
planned for late 1976 (Ref. 2). By Augnst the conversion
was progressing quite satisfactorily. The telemetry
receiving equipment had been transported from the 100-
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meter Effelsherg Station to Weilheim. After internal
(German) engineering tests were completed, internetwork
interface tracking validation lests were scheduled involv-
ing Weilheim and DSS 62 (Spain). The DSN supported
two of these tests—the first on September 13 and the
second on September 17, 1976. These tests were highly
successful, and the Weilheim Telemetry/Command
Station (87/68) became operational on September 20,
1978.

E. Actual Coverage Versus Scheduled Coverage

This report covers tracking activities for a 63-day
period from August 9 through October 10, 1976.
Operations for this period include Helios-1 cruise, solar
occultation, and fourth perihelion. Helios-2, still in solar
confunction phase, occulted the sun for the third time.
Total tracks for both spacecraft were 101 for a total of
862.7 hours. Although this represents only 82 percent of
the passes taken last period, there were 61 more hours of
coverage. The Helios spacecraft received 41.4 percent of
the DSM tracking time allotied to both Pioneer and
Helior, after Viking requirements were satisfied. Helios-1
was tracked 50 times for a total of 441.4 hours; Helios-2
was tracked 51 times for 421.8 hours. The average puss
time was 8.8 hours for Helios-1 and 8.2 hours for Helios-2.
This compares with the last report period of 7.03 and 5.5
hours, respectively. Only 25 hours of 64-meter subnet
support was allocated for the Helios spacecraft during this
period due to Viking support requirements. As the Helios-
1 and -2 spacecraft trajectories approach Earth, enly the
26-meter subnet will be required for tracking, with the
exception of ranging at DSS 14, DSN tracking support is
expected to continue at ils present leve! throughout the
next report period.

lll. DSN System Performance
A. Command System

The Helios extended mission command activity contin-
ucd at a low level duringr August and September for both
spacecraft. A total of 246! commands were radiated to
both Helios-1 and -2 spacervai:. This compares to 2910
commands radiated during the last veporting period. This
low activity is due 1o two reasons: {1} the Helios-2
spacecraft spent the greater portion of this time in solar
conjunction {sun-Earth-probe (SEP} angle less than 5
degrees), and (2) heavy Viking uactivitiocs resulting in
relatively few tracks for Helios. The cumulative command
totals through September are 40,792 for Helios-] and
14,345 for Helios-2.
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There were three command system aborts during
August and September—all with Helios-1. Two of the
aborts were caused by DSS transmitter failures and the
third by a fault in a DSS Command Modulator Assembly
(CMA). Helios-2 experienced no command aborts, The
cumulative command system abort count was raised to 13
for Helios-1 and remained at 3 for Helios-2.

Total command system downtime for the months of
August and September rose to 12 hours and 50 minutes
(zlmost twice the figure for the previous 2 months).
Approximately one-half (5.3 hours) of the reported
downtime for this period was caused by one failure at DSS
44 (a faulty circuit breaker). Of the 10 failures recorded, 5
were transmitter associcted.

B. Tracking System

As the Helios spacecraft speed toward their even-
numbered (in-bound) perihelions, their velocity with
respect to Earth causes 2 negative doppler shift which
exceeds the capability of the standard doppler extractor.
To compensate for this condition. an additional l-mega-
hertz bias is added to the standard doppler bias at the 26-
meter stations for a total bias of 2 megahertz. (Stations
with Block IV receivers (64-meter) are able to select a
minus 1-MHz bias.) The bias shift is required to avoid
ambiguous doppler counts when the negative drpler
approaches or exceeds the amount of positive doy.pler
fixed bias.

The Network Operations Analysis Group (Tracking)
computes the dates to add this special bias into the
systems for each spacecraft. This doppler “offset” bias will
be required for Helios-1 from September 29 through
October 26 and for Helios-2 from October 6 through
November 7, 1976.

Also affected are the transmit and receive frequencies at
the Helios-supporting DSN stations. Because of this
negative doppler froquency, a ground station must
transmit at a lower than normal frequency and receive a
higher than normal frequency to maintain relative
constant frequencies at the spacecraft receiver. On
September 23 the DSN stations supporting Helios-1 began
operating on voltage-controlled oscillator (VCO) transmit
S-band channel 20-b and receive S-band channel 22-a, as
cpposed to channels 21-a and 21-b, which are normally
used. This will continue until November 2, 1976. Helios-2
VCO change to 14-b and 16-a for transmit and receive,
respectively, will be required between September 27 and
November 14, 1976. The times to switch to these
frequencies are computed by the Network Operations
Analysis Group.
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The Helios-1 spacecraft’s ranging transponder began to
operate once more on July 14, 1976, when its temperature
again came within operable limits (Ref. 3). Good ranging
points are now possible with Helios-1 until about October
90 when it is predicted that the temperature of the
ranging unit will again slip into the non-operational range
(5°C to 18°C).

Ranging with the Helios-2 spacecraft has not been
attempted since the spacecraft emergency on September
4, 1976. Because a ranging coramand was thought to be
partially to blame for the loss of spacecraft downlink, it
was agreed that ranging would not be tried again with
Helios-2 until after the second perihelion on Octol~r 17,
1976, when better link conditions would exist.

C. Telemetry System

During the Helios-1 and -2 superior conjunction periods,
two types of data have been routinely collected for
internal DSN use. The first type of data consists of hourly
readings from the system-noise-temperature (SNT) record-
ings. The second type was spectral broadening test data.
These data are being used to expand a data base that will
be used later to improve telemetry predict values at small
SEP angles.

Telemetry support for Project Helios has been rather
routine—broken only with special downlink signal predic-
tions for the STDN-DSN cross-support configuration.
DSN telemetry predicts have been within 0.6 dB in
automatic gain control (AGC) and 0.8 dB in signal-to-noise
ratio (SNR) for Helios-1. Helios-2 figures are not so readily
computed since tracking has been minimal during this
period, caused by extremely small SEF angles.

IV. Conclusions

Emerging from a relatively quiet cruise phase, the
Helios-2 spacecraft experienced its third solar occultation
on September 23, 1976. Spacecraft ranging was again
possible as the spacecraft runging assembly temperature
rose above 18 degrees Celsius. On October 5, 1976, the
Helios-1 spacecraft passed within 0.309 AU (approxi-
mately 45 million km) of the sun as its instruments
recorded the fourth perihelion. The spacecraft’s health is
good as it continues its trajectory which will bring it closer
to Earth.

Overcoming a spacecraft emergency on September 4,

1976, the Helios-2 spacecraft passed its third solar
oeeultation on September 26, 1976. Owing to the nature
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of the spacecraft emergency, the spacecraft team is
cautiously delaying, until after the second perihelion
(October 20, 1976), any further attempt at spacecraft
ranging,

The awaited decision confirming STDN-DSN Helios
cross-support for Project Helios came in mid-September
1976. An STDN-DSN Helio« ¢ross-support configuration
was verified and placed into operation on October 18,
1976. This telemetr and command configuration utilizes
the facilities showi. i Figs. 1 through 3.

The DSN is continuing plans to convert to the 7.2-kb/s
high-speed data terminals, One of the tests performed to
verify hardware/software compatibility was run during
Helios-1 pass 658 in September. All equipment performed
well.

The German Pelios command station at Weilheim was
modified to include telemetry and command capabilities

(telemetry added) and began operations on September 20,
1976. The German Effelsberg 100-meter radio telescope is
no longer supporting Helios.

The Helios-1 and -2 spacecraft tracking activities
remained at about the same level as in the previous
period. This was primarily because the Helios-2 spacecraft
remained in solar conjunction for most of this time period.
Tracking coverage should increase during the next period
owing to both spacecraft passing perihelion and approach-
ing closer to Earth.

Although the number of commands sent to the Helios
spacecraft decreased, there were three command system
aborts during this report period (all on Helios-passes).
Except for transmit and receive frequency changes and
added doppler bias to compensate for the high doppler
rate at this point in the trajectories of the spacecraft, the
performance of the Telemetry and Tracking Systems
remained fairly routine.
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Table 1. STDON—DSN Helios cross-support engineering test results

STDN DSN vs STDN
Day of year Bit rate Predicted
(1876) (DSN), dB Block II1 MFR
Block I, dB MFR, dB difference, dB difference, dB
a75 32 9.8 6.2 4.8 3.6 5.0
{Qet 1) 64 8.3 40 2.6 45 59
289 & 290 128 8.1 5.3 N/A 2.8 N/A
(et 15, 16)
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Terminology of Ranging Measurements
and DSS Calibrations

T. Komarek
Telecommunications Systems Section

T. Otoshi

Radio Frequency and Microwave Subsystems Section

This article presents a proposed set of basic terminology related to deep space
ranging measurements, Calthration equations are derived for the “dish-mounted
zero delay device” method for 26-m antenna systems and the “translator” method

for 64-m antenna systemns.

l. Introduction

Data produced by the ranging system can be used in
many ways: spacecraft orbit determination, space plasma
measurements, earthquake detection, ete. Whatever the
objective is, the hasic element is always the measurement
of the time elapsed between transmission and reception of
a rangiag code by an Earth-bound Deep Space Station
(DSS). The ranging code is modulated on a RF carrier
transmitted from a IDSS to a distant spacecraft ($/C),
where it is demodulated and retransmitted back to Earth,
The time delay measured, therefore, necessarily includes
the DSS and spacecraft hardware delays, as well as
medium effects due to tropospheric refraction and “decel-
eration” in the ionosphere and space plasma.

This article addresses terminology of ranging measure-
ments with ohvious emphasis on DSS delay calibrations
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since this is the most complicated part of the ranging
telecommunication link. To make the semantics meaning-
ful, it is usi:ful to recognize the following “axioms:”

{1) Range is always one-way; it is measured in units of
length.

{(2) Delay is measured in time units (whatever they
are).*

(3) “Light time” corresponds to propagation with the
velocity of light in vacuum,

This article was originally a response to the immediate
needs of the Viking Radio Science Team. It is suggested,
however, that the terminology presented would be con-

*The “"range unit” is a time unit since it is an integer fraction of the
time period of the DS8§ master oscillator,
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‘sidered for acceptance by the Ranging Accuracy Team
and, through this body, acceptance by other organizations
involved, ie., DSN, Spacecraft Telecommunications,
Navigation, and Mission Control. R

1. Definitions and Expianations

The following definitions apply to the general case
ranging system geometry shown in Fig. 1:

Topocentric range p, in meters, is the distance between
the DSS and spacecraft reference locations.

Reference locations are the spacecraft antenna aperture
plane, DSS antenna axis crossing for the azimuth-
elevation (az-el) mount, and the intersection of the polar
axis with the hour angle (HA) plane for the hour angle-
declinationi (HA-Dec) mount. :

Round trip light time, in seconds, is
RTLT =2 /¢

where ¢ is the velacity of light in vacuum,

Round trip propagation time is the time for the ranging
modulation to propagate from the DSS reference locs-
tion through the propagation media (planetary atmo-
sphere, space plasma, .. .) to the S/C reference location
and back, as measured by a correlation-type ranging
machine.

RTPT = RTLT + BIASyzp;.

Delay to spacecraft, Dy, in seconds, is the total delay
measured by a ranging machine when ranging to a
spacecraft, It is related to RTPT by

RTPT = Ds/c - BIASs/c = BIASpss + Zoorrzerion
(D

where all entries are in seconds, and

BlASyc = spacecraft turnaround delay

BlASpss = 2-way DSS delay pre- and post-track
measured from the ranging machine to
a DSS turnaround device (either ZDD
or translator) and back.

Zcorgecrioy = 2-way ground station delay correction
which must be made to account for the

(a) difference in the DSS turnaroind .
device path and the ranging:to-
spacecraft path up to the DSS
“aperture plane, C

(b) difference between the DSS an-
tenna aperture plane and the DSS
reference location,

il6. DSS Calibrations
A. Dish-Mounted Zero-Delay-Device Method

Station delay calibrations by means of a dish-mounted
zero delay device (ZDD) are presently used by the 26-m
DSS subnets. This technique (Fig, 2) uses the geometric
optics principle in which, for a large antemna with a
parabolic-geometry (including Cassegrain S/X reflex feed
systems), the distance for any ray path from the primary
feed phase center to the paraboloid aperture plane via the
microwave optics airpath is a constant, Under this assump-
tion, the time delay for any ray propagating along the
microwave optics path from the feed horn phase center
to the aperture plane is the same as that for any other ray
path between these two points (going from the feed horn
phase center to the aperture plane or from the aperture
plane to the feed horn phase center via the microwave
optics ray paths).

Assuming that the internal delay of the ZDD is negligi-
ble, it can be seen from Fig. 2 that when ranging to a
spacecraft

Ds;c = Do + T+ TRup + BlAss,fc + TR, down + Tx
2

where Dzpp, is the round trip delay from the ranging ma-
chine to the ZDD located on the dish surface and back to
the ranging machine, It includes transmitter and receiver
delays as well as round trip airpath delays within the
antenna structure.

It can also be seen from Fig, 2 that

RTPT =+ 7, + 74 + Toup Tt Todown + tx+ 7 +
3
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Soh g for (vpup + Tidors) from (2) and substitution into
{3) gives

RTPT = Dy, ~ BIASy,c — Dy + 23 + 21, (4)
Comparison of (4) with (1} gives

BIASiss = Dy (5)

Ziogreerioy = 20 + 27, {6)

where, from the geometry of Fig. 2, the one-way airpath
delays . and 7, (in seconds) are

= (1)
c

Ty = — COS§8 (8)
c

and wilere

= distance ir. meters between two planes parallel to
the aperture plane. The first plane intersects the
ZDD and the second plane contains the declina-
tion (secondary) axis.

b = perpendicular distance in meters between the hour-
angle (primary) and declination (secondary) axes.
This distance in JPL antenna drawings is shown to
be 6,7056 meters (22,0 ft).

¢ = speed of electromagnetic wave in vacuum (2.997925
X10°ms)

=
|

= spacecraft declination angle

The values of Dy, given by (5) are reported for pre-
and post-track on the “DSS Post-Track Report.” The
Zeorarersoy given by (6) depends not only on the physical
location of the ZDD on the dish surface but also on the
spacecraft declination angle 8. Values of A and b are
obtained at each 26-m DSS from physical measurements
and are the constants supplied by the DSN. These con-
stants together with the declination angle information
should be used by the Orbit Determination Software to
determine the Zeopgreroy from (6) for the appropriate
tracking pass.

B. Translator Method

The DSS calibration method using the dish-mounted
ZDD suffers by multipath errors due to multiple reflec-
tions from the antenna structure. For 64-m stations, where
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the multipath error can be several meters, another calibra-
tion method was developed using the Block IV translator
(Fig. 3). In this method, only a portion of the DSS hard-
ware delays is pre- and post-track measured. The rest
of the hardware delays (including antenna and cabling)
is caleulated from geometrical dimensions (in the case of
waveguide and airpath) and precalibrated (in the case of
complex components such as diplexers and filters).

When ranging to a spacecraft, the ranging machine
measures Dy, the total two-way delay-to-spacecraft.
Dy,r contains the propagation delays and both DSS and
5/C biascs, From Fig, 3, using r to denote one-way delay,
it can be seen that

D_s-,m =1 + Ty + Toeaup + Thup + BIAS“"/(' +

(9)
+ TR, dewn + Tedowen T 74+ 72

where
all entries are in time units

71y o 71, 71 = DSS hardware delays shown in Fig, 3.

7 = propagation delay (including medium effects)
from the IDSS antenna aperture plane to the §/C
reference location,

7¢ = one-way delay from feedhorn phase center to
aperture plane of the DSS antenna via the micro-
wave optics airpath. The S-band airpath includes
points on the ellipsoidal reflector, dichroic plate,
hyperholoidal subreflector, and the main para-
boloidal reflector surface.

T» = one-way delay between the aperture plane and
DSS reference location

Both 7. and =, are constants for a given DSS, independent
of the point on the dish surface where reflection takes
place, due to the parabolic geometry of DSS antenna
dishes and Cassegrain design.

Also from Fig. 3, it can be seen that the round trip
propagation time is

RTPT = » + THRup + Tidown + 7 (10)

But from (9)

4

TR + Trdown = DS,‘L‘ - E ; Ti T Teup T Tedewn

i=1

— BIASsq (11)

a7

oy e
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Substituting (11) into (10) gives From (13) and (14)

s i
RTPT = 27’!) + D.s',-r' - Z TP — Troup = Te.down RTP? = DS/C B BIASQ( B DJ’HITO” B 2 " * T
[

(15)
- BI/‘SS‘,[W (12)
. Comparing (15) with (1) we get the DSS calibrations for
Defining one-way delays r, and r, ag the translator method:
s é Teanp ™ Th BIAS e = Duvvron (16)
2

4

o o Zf ORRECTION = ToLATOR T § : Ti (17)
i=y

then substituting into {12) leads to the RTPT expression

when ranging to spacecraft of or from substitutions of . and T

a
RTPT = Dy - BIAS,. — Z T (13) Zronwperioy = yearap t 2ry — 5~ 1
=1

Ty LT Teup T T daton
{17a)
When ranging to translator, the ranging machine measureg
Dyiron the two-way delay-to-translator. where all termg are defined in Fig, 3.

From Fig, 3 The Zivwrwe vy does not require knowledge of 1, as in

the case of g dish-mounted ZDD, Except for TrLaron,

which is a calibrated value ohtained through measure-

ment, most of the terms in Zeowrmerioy are caleulated

Quantities, which is a major drawhack of this calibration

method, The station bias (Dyparon) is a measured delay,

TAtaror = one-way delay from the uplink sample point 1eported by a station pre. and post-track., Values of
through  the  translator to the downlink (7o) and (7e.own) for the $/X reflex feed configuration
sample point. This delay is calibrated by a  for 64-m antenna systems have been determined by
portable ZDD, Batelaan and are reported in Ref, 1,

D.r.r,.ur'u:a =7+ Tararop + T2 (14)

where

Reference

I. Otoshi, T. Y., ed., A Collection of Articles on S/X-Band Lxperiment Zero Delay
Ranging Tests, Technical Memorandum 33-747, Vol. 1, Jet Propulsion Labora-
tory, Pasadena, Calif,, Nov. 1975, p. 50,
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Magnitude of 64-m Elevation Axis Movements
Due to Alidade Temperature Changes

N. t. Hung, H. Phillips, and R. Zanteson
DSN Engineering Section

In projected very-long baseline interferometry (VLBI) work a reference point
for 64-m antennas is the intersection of the elevation and azimuth axes. This
report describes a minimum-level effort at DSS 14 to determine the magnitwle
of the effect of diurnal changes in the temperature of the alidade legs on the
height of the elevation axis. The thermal expansion between the lowest recorded
temperature —3°C (27°F) and the highest, 36°C (97°F), over the period covered

was 8.9 mm (0.35 in.),

l. Introduction

In projected VLBI work a reference point for 64-m
antennas {s the intersection of the elevation and azimuth
axes. This report describes a minimum level effort at
DSS 14 to determinc the magnitude of the effect of
dwrnal changes in the temperature of the alidade legs
on the height of the clevation axis. The results, over a
period from March through September, 1976, show an
average height change of 1.70 mm (0.07 in.) during a day,
with a runge from 0.1 mm (0.004 in.) to 3.5 mm (0.14 in.)
for the period covered. The thermal expansion between
the lowest recorded temperature —3°C (27°F) and the
highest, 36°C (97°F}, over the period covered was
8.9 mm (0.35 in.),
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Il. Test Instrumentation

Alidade temperature measurements were made using
surface thermometers placed on an inner surface (to
avoid direct sunlight) of the front alidade legs (Figs. 1
and 2), Initially, thermometers were placed on the right
front leg, After one month’s data were taken, one of the
thermometers was moved to the left leg to determine if
the temperatures there were significantly different.

The alidade leg and ambient temperature readings
were recorded three times each day by maintenance per-
sonnel, generally at 0600, 1200, and 2000 hours. The
temperature readings for the right leg were averaged,
and the differences between the high and low reading for
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these data and for the left leg and ambient tempera-
tures were tabulated, The results were then reduced
statistically, and are shown for each month in Table 1,
The dimensional change is based on a length of 20.96 m
(835 in.), the distance from the elevation bearing to the
machinery deck level, and a coefficient of therma? expan-
sion of 10§ X 10-7/°C (8 X 10-*/°F).

I1l. Conclusions

The maximum elevation change of the elevation axis
measured during one day was 35 mm (0.14 in.). The
maximum change over the period of record was 8.9 mm
(0.35 in.), These numbers may be useful in evaluating
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methads for monitoring the position of the axis inter-
scction,

The precision of the results obtained is seriously
limited by the limited number of data points for each
day. The use of continuous recording equipment would
provide much more accurate information, but at a con-
siderable cost in instrumentation and data reduction. The
need for this must be defined before such o program is
undertaken,

An accurate correlation between temperature measure-
ments and elevation position was beyond the scope of
this effort. The use of temperature measurements as an
clement in determining the position of the elevation axis
would require considerable development cffort, if
practieal,
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Table 1. Changes in alidade leg temperature, length, and ambient temperature

Right leg Left log Ambient
Month,
976 AT O Al mm Avernge AT, C Ah, nun AT, *C
standard deviation} (for average AP {stanclird deviation) (for average At {standard deviation}
7.58
AMar, 2 43 0.017
7.52 .30
Apr. ' 0.018 0.15
' 316 373 2
3,54 7.82 [ i
May 0,20 .18
. 3.57 3.23 4.70
7.62 5.96 9.59
n, 0.17 Q.14
] 331 3.50 3.94
7.51 5.69 9.82
ul. 0.17 BR
! 3,23 ' 2.88 0.13 446
s8.431 G.91 10.80
Aug, (L19 . !
AR 3.07 235 016 3.28
. 3.05 1.55 7.65
Sep. 0.12 ’
v 251 2,44 010 3.27
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An Improved Upper Bound on the Block Coding Error
Exponent for Binary Input Discrete Memoryless Channels

R. J. McEliece

Communications Systems Research Section

J. K. Omura
University of California at Los Angeles

Vor coded telemetry systems it is important to know the tradeoff between the
error probability and the complexity of implementation, For systems using block
codes, the block coding error exponent is a good way to estimate this tradeoff. In
this article we show how the new upper bounds on the minimum distance of
Dinary codes obtained by McEliece et al. result in improved upper bounds on the
coding error exponents for binary input memoryless channels,

Consider a binary-input memoryless channel with input
alphabet A = {0,1} output alphabet B, and transition
probabilities {p(y|x):x€A, yeB}. Let C = {x,x: " Xu}
be a binary code of length n and rate R = n~'log, M for
this channel, and assume that each of the M codewords
is sent with probability 1/M. Let d,,,(C) denote the
minimum Hamming distance between distinet code-
words, and let P.(C) denotc the probability of maximum-
likelihood decoder crror when the code C is used on the
given channel.

Now define
1
3(n,R) — —r0ax in(C) (1}
P.(n,R) = min P,(C) {2)
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where the maximum and minimum in (1) and (2) are
taken over the set of all codes of length n and rate 2> R.
And finally define!

3R) =limé&(n,R) (3)
E(R) = lim -- log. P.(n,R). (4)

=

The maximum minimum distance 8(R) is unknown ex-
cept at the points R =0,1:8(0) = 1/2,5(1) = 0. The block
coding crror exponent E(R) is known only for R == 0 and

IThese limits are not known to exist. However, in what follows
every upper hound is an upper bound on the corresponding lim
sup’s, and the lower hounds are lower bounds on the lim inf's, so
there is no hann in pretending the limits exist.
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R > Rerit, Rerir being a number to be defined below. We
shall now briefly survey the known upper and lower
bounds on E(R), and indicate how the new upper bound
8*(R) on §(R) obtained in Ref. 1 can be used to improve
the known upper bounds on E(R) for small values of R.

First, the sphere-packing bound E,,(R) and the random
coding bound E.(R), valid for all rates R less than
channel capacity (Refs, 2, 3):

E(R) < E(R) < E,\(R). (5)

The two bounds in (5) are equal for sufficiently large
R, and in fact the number R, cited above is the point
where these two bounds meet. (Formulas for E, and E,,
for binary symmetric and binary erasure channels arce
given in the Appendix.)

Next, we have bounds which depend on the
Bhattacharyya parameter (Refs. 4, 5) for the channel,
which is defined by

o= —log: 3 (ply|0)p(y | 1)),
yeh
These bounds are
aD < E(R) < a3(R) (6)
where 0 < D <1/2 is defined implicitly by R = 1 — H.(D),
where H,(x) is the binary entropy function. {The lower
bound in (6) is called the expurgated bound E..(R);

it is only valid for 0 < R < R/, where R’ is the rate at
which the expurgated bound meets the random coding

D L

bound.) As mentioned, the function 8(R)} is unknown, so
the upper bound in (6) is ineffective, However, by
using the bound §(R) < 8*(R) obtained in Ref. 1 (for
numerical values of §%(R), sce Table 1 in Ref, 1), we
obtain an upper bound

E(R) < as*(R) (7)

which can be evaluated, and which is already hetter than
any previously known upper bound for small values of R.

Finally, Shannon et al. (Ref, 3) have shown that if
E.(R) is any upper bound to E(R), then so is the convex
hull of the curves E,(R) and E,(R). In particular, by
taking E«R) = (1/2)a (from (6) and the fact that
3(0) = 1/2}, we see that E(R) is bound. 1 from above by
the line passing through the point (0,(1/2)a) which is
tangent to E,,(R). This bound is called the streight-line
bound E,,(R). However by taking E,(R)= as*(R)
(cf. (7)) we can obtain an upper bound which is signifi-
cantly better than min (E,;(R), E,»(R)) for a considerable
range of R’s. We illustrate this in Fig. 1 with a binary
symmetric channel with crossover probability € = 0,01,
o= —log,v/4€(l — €) = 2.329, and in Fig. 2 with a
binary erasure channel with crasure probability € = 0.01,
a = —fog, € = 6.644, In both figures the unknown region
for 0 < R < R.rir in which E(R) lies is shaded. A final
point worth mentioning is that the new upper bound
(7) on E(R) always matches the expurgated bound
E.{R) in slope at R = 0. (Both slopes are — co; this is
well known for the expurgated bound, and follows for
the bound (7) from the results of Ref. 1.) This fact
supports the conjecture that E(R) = E,«(R) for R < Ry
for binary input channels,

R m—— S
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Appendix
E, (R) and E, (R) for Binary Symmetric and Binary Erasure Channels

For a binary symmetric channel with crossover probability €, the random coding exponent is given by

1— R . g {1+ Vil — ) 0 < R<1— HVe/(VeE+ V1—e€)
T(D) - HAD) 1~ H(Ve/(VE+VI—6) SR <1 - Hile)

E,R) =

where T{D) = —Dlog.e — (1 — D} log. (1 —€), and D satisfies (7). The sphere packing exponent is
En(R) =TdD)—H{D) O0<R<L1- H.(e).

(Hence Rere =1 — Ho(Ve/(Ve -~ VI —=¢) and E(R) = E(R} = E.{R) for R > Rerys.} For the binary erasure chan-
nel with erasure probability €

1 — R — log: (1 + ¢€) 0<R<1—2/(1 +e
E{R) =
(R) E.(R) 1—-2/(1+e<R<1 ¢

where

2P
E(R) = -u—_%Teg—p ~ log: (1 — €) + €2°),

where p is determined by R = 1 — €2°/(1 — € + €2°),
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N77-14053

A Radar Study of the Backup Martian
Landing Sites

G. S. Downs, R. R. Green, and P. E. Reichley

Communications Systems Research Section

The Goldstone radar system at DSS 14 was used to probe the Martian surface
at 8485 MHz in a narrow strip between -6 deg and -2 deg latitude. The Viking C
landing sites lie in this strip, and their altitudes, rms surface slope, and

reflectivity are presented here.

The latest Martian cpposition (condition of closest
approach) occurred on December 9, 1975. At that time
the sub-Earth point on Mars was at a latitude of -1 deg,
traveling south to a minimum of -6 deg in mid-January,
1876. Turning northward, the sub-Earth point reached a
latitude of 24 deg by July 1976 (the planned time of the
first Viking landing). The backup landing sites, to be
considered in the event of a failure on the first landing,
were in a narrow strip just south of the Martian equator.
The region contained possible landing sites that could be
probed by radar at a time when the sensitivity of Earth-
based radars was near a maximum (the sensitivity
decreases as the fourth power of the distance).

These backup sites, known as “C” sites, were probed at
a frequency of 8495 MHz. The R&D X-band transmitter at
DSS 14, Goldstone, California, was used as a signal source.
The 64-m antenna at DSS 14 was used for transmission and
reception. Small cells 25 km E-W by 150 km N-§ were
isolated on the Martian surface. This isolation was
accomplished by (1) phase modulating a CW signal with a

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-36

pseudorandom sequence upon transmission, thereby
facilitating differential range measurements; (2) Fourier
analyzing the output of each of 32 range yates to produce
a 64-puint spectrum every 65 ms, Ahout 431 spectra were
combined to proeduce an average spectrum every 30
seconds, The basic bit length of the phase modulation was
8 us. The maximum doppler shift (due to the rotation of
Mars) measurable was 984 Hz, so the maximum resolution
was 15.6 Hz. This corresponds to an E-W resolution of
0.07 deg in longitude along the doppler equator within 10
deg of the sub-Earth point. The resolution was dropped to
0.5 deg throughout the data analysis to decrease the
effects of receiver noise, The N-§ resolution, determined
by the modulation bit length, was about 2.5 deg. These
resolutions correspond to the cell size quoted above,

The 30-second data frames collected during a particular
observing run were combined to yield backscatter
functions (reflected power versus the angle of incidence)
for each 0.5-deg region lacated along the doppler equator,
Each function was analyzed to determine residual range,
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the roughness parameter C, and the reflectivity p. The
parameters C and p are referred to as the scattering
parameters. The manner in which the cells are isolated on
the Martian surface and the techniques of determining
range and the scattering parameters are described in
detail in Refs. 1 and 2.

Observation runs were made between 20 December
1975 and 25 February 1976 for the purpose of studying
the Viking C sites. The results of 12 runs are condensed
here by combining results within three latitude bands,
each 2 deg wide. The bands are centered at latitudes of -6
deg. -4 deg, and -2 deg. All numerical results at a
particular longitude, pertaining to a particular parameter
and located within 1 deg in latitude of the center of the
strip, were averaged together. The results are presented in
Figs. 1 and 2. Figure 1 corresponds to the strip 2 deg wide
N-5 centered at ~8 deg latitude, while Fig: 2 corresponds
to the strip centered at -4 deg, with one exception: all
data in Fig, 2 for longitudes greater than 300 deg apply to
the strip centered at -2 deg latitude. The residual ranges
have been converted to altitude in km. The reference

Bt il

surface corresponding to 0-km altitude is the ellipsoid of
Standish (Ref. 3) with a radial scale of 3397.515 km. The
Martian ephemeris used for the final analysis was obtained
from the JPL ephemeris DE 96, modified by a small range
polynomial determined by M. Standish using, in part, the
observations described herein. The roughness parameter C
has been converted to 8, , the estimate of the rms slope of
the surface, where 8, = C-2 radians. The one-standard-
deviation uncertainty in altitude is less than 0.5 km, The
plot of each &, and p in Figs. 1 and 2 is a vertical bar. The
middle of the bar represents the estimate of the
parameter. The length of the bar represents one standard
deviation above and below the estimate. {Any bar
exceeding 8 deg or 12 percent is truncated). Hence there
is a 68-percent probability that the true value of the
parameter lies on the bar.

The positions of the seven C sites are marked on the
appropriate figures. The site nomenclature and position
are those in use as of 22 April 1976, In some cases the site
is actually a region and is marked at two longitudes or
latitudes.
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N77-14054

The Effect of Direct Current Bias in the
Computation of Power Spectra

E. R. Rodemich

Communications Systems Research Section

We determine the effect of dc bias in the approximate computation of spectra

of Gaussian processes by hard limiting.

I. Introduction

The spectral density S(w),|u| <=, of a stationary
Gaussian process {x), —oo <k < 0, of mean zero,
can be expressed in terms of the covariances Ri(k) =
E(xn-tmk) by

8{w) = R0} + 2 Z R.{k) cas ke 1)
%ol
If we put
+1,x >0,
Yi =
~1,x <0, (2)

JPL CEEP SPACE NETWORK PROGRESS REPORT 42-36

Then it is known (Ref. 1) that Ry(k) = E(yulfn.) satisfies
the relation

R.(k) = RJ{0) sin[% Ry(k)]. (3)

In practice, the series in (1) is truneated, auwd the
correlations R,(k) are estimated from samples of finite
size, which leads to random crrors in the evaluation of
S{w). Thesc crrors will nat be considered here, Neglect-
ing them, we use the variables {yi} to estimate Ru(k),
then apply (3) and (1) to get S{w). This leads to a
saving in computation time over the direct estimation of
R.{ky from {x;}, since these estimates require a large
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number of arithmetic operations. The vardarce of —
Ro{0) = £(xp), if needed, must bhe estimated separately,
This varianee, which enters $(w) as a scale factor, is often
unimportant, beeause it can be affected by many extra-
ncous factors,

We consider the following problem: Suppose that
an unknown bias « is added to the Gaussian proeess {xx),
so that we get {x - a}, —w <k< w. The formula
{2) cannot be applied if ¢ is unknown. However, we
can take

+Lx+a>0,
¥i-

~Lx+a<( (4)

Then ve can estimate the numbers Ey = E(yutfn.) (no
longer correlations) take

R*(k) = sin (% E,,-), (3)

in analogy with (3), and form

S*(w) = R*(0) + 2 f; R* (k) cos ku. (6)
Rzl

If @ =0, $*(w) is S(w)/o* 1f a5%0, S*(w) approximates
S{w) in some sense. We shall investigate how close this
approximation is,

To find S(w) exactly, (3) needs to be replaced by a
forsaula involving a non-elementary funetion which de-
pends on a/e. This is not practical for real-time compu-
tations. Hence we consider the above approximation,

Il. Formulas

Let the Gaussian random variables x; have variance
0%, Then the value of E; = E(y.y,4) depends only on
pr = R(k)/*, and can be written as

Ey = f(py), (7)
where
1
&) = ==

o [ _ 8+ — 2z, :
GNRCTLES = U

R R P -
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with

+1,t > —ale,
"'l,f < — /.

This follows if we evaluate E, directly as the expectation
of a function of x, and x,.;, by integrating over the
bivariate Gaussian distribution (Ref, 2).

uit) =

If we differentiate (8) with respect to z, the result-
ing integral can be simplified by integration by parts,
and we get

2 a*/o*
f(z) :————-——_‘T — Cxp(___l—!-z)'

Integrate this equation from 0 to z. Using the variable
of integration 1 = sin 'z,

@ =10 =2 [ e (- 1 HE Y au )

+ sin

To evaluate f(0), note that at z = 1, the distribution
in (8) is concentrated on the line #, = ¢,. Then fi1) =
E(y(t\)*) = 1. Hence, putting z = 1 in (9),

3 fua Y
1—§0) = -:[ exp(—- I—‘Lm) du.  (10)

By numerical integration of the integral in (9), going
from z=0toz=1 and to = —1, tables of fl=) were
obtained for various valucs of a/s. Some of these are
plotted in Fig. 1.

If we plot [sin (=/2)f(z}] instead of f(z), the curve for
@ =0 becomes a straight line, and the other curves are
also modified, but they do not come significantly closer
to the line for @ = 0. The separation between the curves
is the error in this method of approximating R,(k}/«2, so
at first glance this method does not look too promising.

However, instead of R*(k), we should be considering

- sf3R]-w (2]

) = sin |:_ f(l)} — sin [;9? f(O)}

=C, [H_,’f(k) - C.],

o] =

(11)
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where

C.,= sill[' f(O)],

b3 =

ard
C,={1- C.)t.

R.(k) is plotted as a function of R.(k)/o* in Fig. 2. We
sce that R{k) is a good approximation to R.(k)/«? if
R.(k)/a® is not too closc to —1 (which is usually true).

Forming the numbers R,(k) requires knowing some-
thing about the function f(2), However, they are only
wanted to construct the function

Stw) = 1 + 2 3" Ri(k) cos ko, (12)
k=

This function can be found more directly as

Stw) = C,[S*(w) — C.b(w)]. (13)

The presence of a de component in {yx} causes a spike
in the spectrum $*(w) at w = 0. This ean be removed by
inspection, which is the significance of the term —C 2B(e)
in (13). Then the multiplier €, can be adjusted to give
whatever scale is desired for the speetrum, Thus we get
S{w), defined by (12), without any particular knowledge
about « or the function f(z)

The error Ry{k) - R.(k)/o* is negative for R.{n; >0,
with a minimum near R,(k) = 0.444* for all values of a/a
between 0 and 1. For R.(k) <0, the error is positive,
increasing as RA{(k)/e* goes from 0 to —1. These crrors
are given at Ry(k)/¢* = 0,44 and —0.30 for several values
of a/v in Table 1.

Another method which we ean consider for comparison
is to first compute the correlation

L _ Ex = f(0)
Ry(k) = T

then take

R.(k) = sin [—'21 H,,(k}:]

and

§(m)’ =1-2 i .ﬁr(k) cos k.

[

This method is suggested by the original relation {3),
Curves for wa(k) as a function of R.(k)/¢*, similar to the
curves of Fig. 2, can be plotted, These curves have the
same general appearance, but they range farther from
the line for @ = 0. Values of the error Rk — R.(k)/ e
are given in Table 1 for comparison. We sce that this
method is not as good, as well as being harder to
implement,
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Table 1. The errors in R, (k) and R, (K) for R (K) /o = 0.44
{upper number) and —0.30 (lower number)

/e 0.2 0.5 1.0

— -0.0001 —0.0031 —0.0342
by — R & a

Bdk) = Ry(k) /o +0.0003 +0.0093 +0.0822

~ —0.0031 —0.0192 —0.0738

UK ~ R{K) /ot

AR) = Rfk)/o +0.0064 +0.0378 +0.1261
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N77-14055

Standard Random Number Generation for MBASIC

R. C. Tausworthe
DSN Data Systems Section

This article presents and analyzes a machine-independent algorithm for gen-

erating pseudorandom numbers suitable for the standard MBASIC system. The

algorithm used is the “polynomial congruential” or “linear recurrence modulo 2"

method devised by the author in 1965. Numbers, formed as nonoverlapping,

adjacent 28-bit words taken from the bit stream produced by the formula a,,,,,, =

w7+ dw (modulo 2), will not repeat within the projected age of the solar system,

will show no ensemble correlation, will exhibit uniform distri wution of adjacent

, numbers up to 79 dimensions, and will not deviate from random tuns-up and

runs-down behavior.

l. Introduction

The first MBASIC random number generator (Ref, 1),
‘ implemented on the Univace 1108, used a linear congru-
‘ ential method, x,., = 519, (mod 2%%), followed by nor-
malization to the range (0,1). This generator was used
probably because it was already available in the U1108
statistics package. Empirical tests by users, however,
later proved that the generator possesses very nonrandom
correlation properties indeed, especially unless great care
| is taken in specifying the initial “start” value,

The canned-in  default starting  value, or “seed,”
i (%0 = 5'%) had been selected because theoretical results
(Ref. 2) claimed that the longest nonrepeating sequences
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are obtained when x, is an odd power of 5. Unfortu-
nately, the particular %, chosen, while perhaps generating
a long sequence, does not seem to produce numbers with
very good randomness properties,

This article describes an alternate generator of a type
whose randomness has been theoretically shown to he
vastly superior and which ecan be implemented on any
computer, despite word length restrictions (the UI108
algorithm was tailored to 36-bit words). It is a machine.
independent algorithm,

The generation method is almost as fast as the linear

congruential method, but not quite. The ratio of speeds
is about 3;1.
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Il. The Linear Recurrence Modulo 2 Method

In 1965, the author {Ref. 3) showed that numbers
produced as suceessive binary words of length s taken 1L
bits apart (s < L) from a lincar (shift-register) bit-stream
reeursion of the form

@y = Cyltyey ™ 0+ Cu oty ey (modulo 2)

form a pscudorandom sequence whenever the polynomial
flx) = 2 + gt 4 o o - 1 is primitive over
GF(2). The algebraic structure of these pseudorandom
numbers provided a way of proving that, over randomly
chosen sturting values [/ AN / in the numeric sequence,
the correlation between numbers s essentially zero,
being ostensibly equal to —2-°, for all numbers in the
sequence separated by less than (20 — s — 1)/L, subject
to the restriction (L2 — 1) = 1. The author further
showed that adjacent k-tuples of such numbers were
uniformly distributed for 1 < k < (p/L).

The algorithm for computing the numbers is simple,
cspecially when f(x) is a primitive trinomial, say
xF + x7+ 1, where g < p/2. An even greater simplifica-
tion is possible, as is shown in this article, when p is an
even multiple of L, as is the case for the trinomial
o 4+ 2% 1 (from Zierler and Brillhard {Ref. 4). The
generator based on this polynomial has period 1.4 X 1010,
hias virtually no (average) correlation between any num-
bers separated by less than 5 % 10'%, has 28-bit precision
numbers available, and has adjacencies up to 19 dimen-
sions uniformaly distributed. Runs-up and -down statistics
up to length 16 are impeccable. The period and maxi-
mum correlation distance are, in fact, so great that the
generator would have to produce numbers at a nano-
second rate for more than 10 years before nonrandom
distribution or cortelation effects would be noticeable
ns nonrandom. Almost 4 X 10" numbers would have to
be examined to detect deviations in runs-up and runs-
down statistics as nonrandom,

These pseudorandom number generators have been
widely studied (Refs. 3-8) since 1963, both theoretically
and cempirically, and have been “promoted to pride of
pliace in the field of pscudorandom number generation
(Ref. 7)."

Tootill {Ref. 8) has even discovered generators of this
type for which “there can exist no purely empisieal tests
of the sequence as it stands capable of distinguishing
between it and [truly random sequences].” For rcasons
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having to do with computer storage and precision, the
generator of this article is, unfortunately, not one of
these. Nevertheless, the generator deseribed is wvastly
superior to any linear congruential generator in existence.

. The Method

The algorithm for producing the succeeding p bits
from the current set of p bits in the 2 + 17 + 1 generator
is,

{1) Left-shift the p bit string by g bits, inserting g
zeros on the right, dropping g bits on the left.

(2} Add modulo 2 (exclusive-or) the original and
shifted p bits,

{3) Right-shift this result by p —q bits, supplying
P — ¢ zeros on the left, and dropping p — g bits
on the right,

(4} Add the results of 2 and (3) above modulo 2 to
give the next p bits.

The proof that this algorithm works is very simple, and
the reader is invited to apply the algorithm to the bit
string ¢,a.--- 4, and use the reduction formula
Gpom = Mgom i @ {try it with e@aee, with a4, =
Guim + e to see what {s happening).

Note in the method that the number of computations
required for generating the next p bits grows at most
linearly in p. Assuming p > > L, then partitioning the p
generator bits into words of length L produces a number
of words that also increases in proportion to p. Thercfore,
the number of computations for L bit precision random
numbers, to first-order effects, is independent of the
recursion degree p, Making p large, however, has advan-
tages in increasing randomness properties,

It is true that as p increases, more and more registers
are required to compute each new set of p bits, and
shifting many registers at once presents a small incon-
venicnee in most computer languages. Thesce factors
place a small speed and storage overhead on the geners.
tion proeess; but as we shall see, cven this is not extreme
due to the particular trinomial chosen,

The trinomial x** + x% 4 1 {p = 532, ¢ = 37) has sev-
cral things to recommend it: (1) 332 is factorable into
28+ 19, which means that 19 words cach having 28 hits
precision can be generated all at once by the algorithm,
{2) up to and including 19-tuples of adjucently produced
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random numbers will be uniformly distributed; (3) 28
and 19 are both relatively prime to the period (259 — 1),
sa no ill effects oceur as a result of beginning new words
every 28 hits; (4) the period and correlation distance are
0 great as never to be witnessed in the lifetime of the
universe; and (5) the g = 37 value produces good runs-up
and runs-down statistics (Ref. 8), up to runs of length 16.

On converting 28-bit fixed-point mantissas to real num-
bers, 8-digit precision results. Some machines, such as
the 1108, may have to reduce this precision in order to
fit the floating-point exponent field into the word (the
{71108 has only 27-bit mantissa precision). In such cases,
the most significant bits of the generated words may
always be retained without losing randomness qualitics,
so that all implementations produce essentially identical
results, within machine precision. This philosophy s
present in the algorithm which follows in Section 1V,

The RANDOMIZE function which initializes the gen-
crator uses a multiplicative linear congruential algorithm
to generate the first 19-number “sced,” from which the
rest of the generated numbers grow. The particular value
for the multiplicator @ in the algorithm

Yo =ax, (modulo 24)

was chosen as 41,475,557, for the L =28 case from
theoretical results published in Ahrens and Dicter {Ref. 9),
who show that good randomuess results when

a=5 (modulo 8)
L—ué

<

4]

n
i

where &= (52— 1)/2 (the “golden section number”).

IV. The Algorithm

Managing the 332-bit shift-register is the main trick in
implementing the method of the previous section. The

Function:

algorithm given in this section utilizes an array W,
i =0, ,18 of b-bit computer words (b > 28) sufficient
to encompass the # = 532 span of bits to be operated on
{and retained), and delivered in 28-bit chunks whencever
the RANDOM function is invoked.

On machines having word sizes smaller than 28 bits,
double words will have to be used for each word in the
algorithm below., Two values of the RANDOMIZE
argument that round to the same internal fixed-point
representation will produce the same random sequence;
conversely, every unique fixed-point representation of
the argument produces a unique random sequence. In
addition, so long as the value of the argument is the
same and stays within the precisions of two differing
machines, the sequences produced on cach will be the
same, within machine precision,

Counting the number of clemental operations (load,
store, shift, cte.) for the algorithm, one finds about 10 + f
operations per number generated, where f is the number
of operations in “foating” the fixed-point number. The
lincar congruential algorithm requires only about 3 + f
such operations, so the ratio of speeds is approximately
3:1.

The RANDOM function is about 23 + f operations
long, as compared to 3 + f for its lincar congruential
form, and Jata storage is 21 words vs 2, However, even
though the program requires perhaps 7 times as much
core as the lincar congruential form, the tatal is still
probably uader 50 locations, of ncgligible concern in
most installations. The asymptotically random sequence
of Tootill (Ref. 8) requires 607 words to store the arn
W, alone. (This, coupled with the fact that only 23-bit
precision was available in that generator, is why it was
not considered here,)

The two functions, deseribed in CRISP-PDL syntax
{Ref. 10}, arc as follows:

RANDOMIZE(starter:universal real)

<« This function declares and initializes a 19-clement

< % array, W, ..

- W, with random numbers gencrated

< * by alinear congruential method. An integer T is

< % $et to zero to enable RANDOM to select W, as the

< » first random number. W and I are permanent data

<+ shructures, accessed only by RANDOMIZE and RANDOM
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Function:

Ttode Lo 10—

RS =

—_ e
T e OO 0 — O

— =
[er |

p—
=1

e
o Qe 2]

ey

e

constant multiplicr:integer = 41475557
variable j:integer, Liinteger,
W:array (0., 18] of universal integer
if  (starter<0) < « MBASIC manual specifications >
starter: = clocktime < = returns current time of day as integer » >
s-- e (starter=0)
starter: =multiplier
1= = (else) < = starter>0x >
starter: = fix(starter) < « floating-to-integer conversion » >
... endif
W = starter
loop for j=21to 18
1 W, - (W; , »multiplier) modulo 2 «: 28
+—e—repeat with next |
I 0 < =sectup to pick W, as first random number «
endfunction

RANDOM:real
<« This algorithm makes usc of a 19-word array,
<« Wi, ... W, each with D >28 bits. Each word contains
<+ 28 Lits of the generator, right justified. An
<=+ integer variable I on entry contains the index of
< - the word array next to be returned as the random value,
<+ Both W and I are permanent data structures, accessed
<« only by RANDOM and RANDOMIZE. The latter of these
< - initializes I to zero and W to the seed.

variable j:integer

if (! 19) < «all words have been used up « >

. I:=0 < «reset to first element in array = >>
loop for =0 to 16 < = exclude last two words « >
T load W, W, . into A,A
1 left shift A, by b—28 < = join bits in stream » >
1 left shift AA by § <»q=371is28i9«>
Wi (W, XOR A,) < «the recursion formula « 2>
—«repeat with next §
load W,.. W, into A, A, <+ now compute Wizix >
loft shift A, by h—28 < «join W,,, W, bit strcams « >
left shift A,,A, by 9 < « A, now has final 19 bits of W+ >
W, W XOR A, < +and frst 9 bits of stream shifted 495+ ==
load W, W, into AnA, <+ dosimilarly for W, - >
left shift A, by b -28
left shift A,,A, by 9
W= (W, XOR A,

... endif

BANDOM  float{iV,)/2~+ 28 <7 . convert to real = >

oo 141

endfunction
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V. Conclusion

The algorithm given has been implemented as the
RANDOM function in the MBASIC processor currently
on the Caltech PDP.10 computer. All tests so far run on
it validates the randomness properties claimed by the
theory. In that theory, by the way, the only factor left to
chance is the specification of the initial “seed,” The stated
uniformity, zero-correlation, and runs statistics are all
based on the single assumption that the sced be chosen

randomly. Of course, the default value canned in was
not randomly chosen, but chosen specifically to look
random except for the first word, and certainly, to the ex-
tent of our tests, this appears to have worked beautifully.

We have demonstrated that the generator is also capa-
ble (as is every known random number generator) of
producing numbers with 3¢ varistions from random-
ness over a few thousand samples when the wrong seed
is suppliced.

o r,,w”,‘
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The Fast Decoding of Reed-Solomon Codes Using Fermat
Theoretic Transforms and Continued Fractions

L. R. Welch and |. S. Reed

University of Southern California

T. K. Truong
TDA Engineering Office

It is shown that Reed-Solomon (RS) codes can be decoded by using a fast
Fourier transform (FFT) algorithm over finite fields GF(F,), where F, is a Ferinat
prime, and continued fractions. This new transform decoding method is simpler
than the standard method for RS codes. The computing time of this new decoding
algorithm in software can be faster than the standard decoding method, for

RS codes.

{. Introduction

Recently, Gore (Ref. 1) proposed the usage of a finite
feld transform over GF(g"), where g is a prime number
and n is an integer, for decoding RS codes. Michelson
(Ref. 2) has implemented Mandelbaum’s algoritim
(Ref. 8) and showed that the decoder, using a transform
over GF{g"), is faster than a move standard decoder
(Ref. 4}, The disadvantage of this transform method is
that the code length is such that the most efficient
FI'T algorithms cannot be used to yicld fast transforn
decoders.

Rader (Ref, 5) proposed transforms over rings of inte-
gers modulo Fermat numbers, Such transforms can be
used o compute cerror-free convolutions of real integer
sequences, Agarwal and Burrus (Ref. 6) extended Racler’s
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Fermat number theoretic transform by using the gen-
crator « == /3 for the transform rather than o = 2. If
vZ is the generator of the transform, the wansform has an
FFT algorithm which can be used to ealeulate transforms
with as many as 2+ points of integer data. This trans-
form was extended to residuc classes of quadratie inte-
gers I (W2), where VZis arootof x* —2=0, F, is a
Fermat number and 1, denotes the set of integers mod
F, (Ref. 7). McClellan (Ref. 8) has realized recently the
hardware for the Fermat prime theoretic transtorms. He
showed that the arithmetic used to perform these trans-
forms required only integer additions and circular shifts.

Recently, Justesen (Ref. 9) proposed that transforms
over GF(F,), where F,=2"+41 for n=1234 is a
Fermat prime. can be used to define RS codes and to
improve the decoding ¢ ®-iency of these codes.

63



Recently, the authors (Ref. 10) extended the transform
to the finite field of type £, (v/2) (isomorphic to GF(F,)),
where /3 is a root of the polynomial P(x) = x* -- 2 over
GE(F,), and 1, denotes the set of integers modulo F,,
Again the arithmetic used to perform this transform
requires only integer additions, circular shifts, and a
minimum number of integer multiplications hy powers
of V2. An FFT over the finite ficld of type 1, {¥/2) can
be used to encode and decode RS codes of as many as
2m+' symbols for 2 = 34, Encoding and decoding can he
accomplished faster and more simply than any other
known standard decoder for RS codes of the same
symbol range, Tt was also shown (Ref, 10) that the FFT
over GF(K+2 1 1), where K and n are integers, can be
uscd to encode and decode a class of RS codes. A special
case of the radix—8 FFT over GF(g#), where g = 20 — 1
is @ Mersenne prime, was developed to encode and
decode another class of RS codes.

The decoding of systematic Reed-Solomon codes using
the transform over GFE(F,) was composed of the follow-
ing three steps (Ref, 100,

(1) Compute the FFT over GF(F,) of the received
code N-tuple; ie,

Vo
5’!\' z }’m”-"m

Hi o
where v, 6GF(F,) and « is an clement of order N,

(2) Use Berlekanmp's iterative algorithm (Ref, 11) to
determine o from the known §, = E, for i=:
L2 and = 12--- 2t Then compute the
remaining transform error E,

(3) Compute the inverse of the transform over GF(F,)
of S5 - Ey to obtain the corrected code,

An advantage of this transformi decoding algorithm
over other methods is that a FFT over GI(F,) can he
used to compute the syndromes and crror magnitudes,
In this paper, Berlekamp's iterative algorithm can be
modified by using continued fractions in GF(F,). This
modified Berlekamp’s algorithm can be casily imple-
mented on a digital computer,

il. New Approach to Decode Reed-Solomon
Code Using the Transform Over GF(F,)

In this section, a new approach is developed to define
and decode RS codes. The following theorem and defini-
tions are needed.
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Theorem 1: Let g be a prime number. Also let A(x) be
the formal power series of {form

ﬂﬂwimw‘ (1}
i=0

where a,6GF(q), the degree of A(x)d, is a real integer,
and o 52 0. Define the set

“w
F= {z (“xtf-r lnrlmen and d s an l:ltulu-r}
ok

such that addition is given by
G{x) = B(x) + C(x) zmz Bixe=i 4 i: exfie>f
i=0 i
— i g‘xe—i

i=0

where

‘5’)“?'((3"“]‘

ol }b! e rr'f)|i_>__e_‘f

and multiplication is given by

H(x) = B(x) C(x) = (z b ) (Z cx)

ren i

o
=y hyaed

where

hi . Zl: b, ;
i

Then R is an infinite ficld.

Proof: 1t is cvident that R satisfies the postulates of a
commutative ring with unity element, An additive iden-
tity clement and a multiplicative unit clement in this
ring are

Dixy =37 dix*"d; =0fori =012, .- o
anel

F(x) =3 fixtid = 0, = 1,f, = Oforj > 0

izn
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Every nonzero clement of F, i.e,

Alx) = zm: @,

1=k

has an inverse element B(x) defined by

B(x) = A(x)" = 2 by
whire
bu = a'_‘l
b - a (_Zmb. .) for (i =12, )
it

Henee F s a field.

If the set R is composed of all power series not con-
taining negative powers of x, i.e,

o 1
R = {Z ﬂixdﬁr |nrl-€f.ll-‘u||,v.l RSl tive bnteger I‘ cF

i

{2

then it is evident that R is a subring of F. The integer
part [A(x)] of A(x) in (1) is defined by

[Alx}] Zi‘(u,x”-'

Let p(x) be the ratio of clements in R, ie., a rational
fraction form of type,

i a,xe

plx} = =

2’?;.\"""
iu

where

[ i
S ax-, Y bixieRcF

P o
By theorem 1, it can be proved that p(x) is an element in

the feld F. An element in F of form p(x) is called a
rational clement.

Let GF(F,) be the finite field, where F,, = 2" + 1 is &
Fermat prime for n =1234. It was shown in Ref, 10
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that the field of type I, (VZ) is isomorphic to GF(F.)
for n =384 and that a = Y3eGF(F,) is an clement of
order 2+ In these ficlds a systematic RS code can be
specified in GF(F,) as follows:

Assume the code length for the RS code is N = 2%,
Let a code word be represented by f(x), a polynominl
of degree N - 1 over GF(F,). The generator polynomial
of g(x) is defined as

where
(d=2F <N =2

and « = VI, @ — (Y)Y, ol = (V2) are the roots of
¢(x) in GF(F,). The resultant RS code with N symbols,
which is a multiple of the generator polynomial, is com-
posed of d — 1 parity check symbols and N—(d- 1)
information symboir. where d is the minimum distance
of the RS code. 1f ¢ is the number of errors, the code will
correct, then o == 2 + 1.

Suppose that the code word f(x) = fi + fix + -
-+ fvo @Y1 is transmitted over a noisy channel, The re-
ceived code word R{x) = yo -+ yax + oo+ ypaa™t s
composed of the original code word with the addition of
possible errors, i.e.,

y(x) = f(x) 4 e(x)

where e(x) = e, + e/x + ex* v =+ L ey x" 7 is an error
polynomial.

Upon receiving the message »(x), the first step in the
decoding process is to take the FET of the message in
I (V2). The transform is taken of the received N-tuple
message (yoys, ** a1, the cocfficients of the polynomial
v(x}. This transtorm is

§-1
Sy = ZY!I(\“F‘?‘)A"

noA

N

= Z (fu -+ Gn)('\‘ffﬁ)ﬁ"

‘\'_I ] AN —
e Z f"(\‘*flg)hﬂ - Z (.’"( \“/2)5\ "
n-u o

= Fe+ Exfor K=0L -+ N -1

Since f(x) is a multiple of g(x), fla’) =0i-~ 12, d— L
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Henee,

v
S Lh = L’ '-Z (\‘”/5 Fn

V-4
=2 en[(WI K fork = 1,2, d ~ 1
L/} (3)
where EqeGF(F,) is periodic with N. Let Y; and X; be

the ith error magnitudes and the ith error location, re-
spectively. Then the syndrome in (3} becomes

S,.—FA—Z) \hforlr\"l.-f,"',d_l (4)

The generating function of the sequence (Ex) is defined
as a foermal power series, That is,

£
Eixy=Ex'+ Eqx*+Ex" - -+ Z: Epn® 13)
A
where

L eGE(F,)

Substituting (4} into (5), one gets

ZZ) XEys

It

= Z Y, i (Xix 1)
R

: Xi.'l'_l

= ;}i —----——1 — X[xull
Thus
Ex)= Ex + Ex*+ Exd+
_e—. X P
R ) (6)
where

P(x) and ox) = IL[(x - X)eR

i
Note that E(x) 1s a rational element in F. Since

a(x) = xf — ot + g2 ok e 4 (= 1)y, then

X)) =0 = X! — Xt + X0
R +(—1) u;,forzz]_’g,...’t

Multiplying the above equation by Y; X/, on. gets,

YiX i = g X 4 0V X2 4 s b (= 1) Y XY

Summing on i for i = 1,2, --- ¢, then

t i !
VN =, VX s (D e Y X =0
[ il R

Using (4), we have,

S;‘u - msju—x A

and

By -oEpq+ o b (“"l)'mEJ =0 fm'f>t

(7)

It will be shown in the next section that ofx) in (6) can
be caleulated by using continued fraction approximations
when onlv the first 2¢ coefficients of E(-:\’), ie, 8, S,
St are known. If the coefficients of o(x), i.e., o; for
i=12 - # are known, then Eq. (7) is used to obtain
E,, Ey. Ey,, -+, E\.,, and the transform of the N-tuple
crror pattern ie., (E, E, E, E.,, -+, Ey.,) is obtaincd.
Thus, the N-tuple crror patterm (e, e, -+, ey, is found
by taking the inverse transform over I, (¥2) of Ej for
k=01 N— 1 Finally, the original N-tuple code
word ean be computed by subtracting e, from the re-
ceived code word r,.

"

Ill. Implementing Berlekamp's Algorithm by
Using Continued Fraction Approximations

It was shown in the previous section that E(x) = P(x)/
o{x) in (6) is a rational clement in the field of all formal
power scries F. Thus, using a procedure precisely similar
to that used for rational elements in the real number
fickd, described in Appendix A, it is possible to use con-
tinued fractions to develop a finite sequence of rational
approximations to E(x}. That is, the recursive formula on
convergents is given by,

Gs(¥)Psa(%) = Pyofx)  Pyfx)
(]_\-(.‘L')(r,s;_1(x) + a,;-_g(x) er,\-(I)

E.(x) =

where

Py(x) = qu(x), Po(x) = 1, ap(x) = 0, ofx) = 1.
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The partial quotients g.(x) in {8) can be computed by the
following formula recursively,

s2(¥) = go(¥)Rs-i(x} + Re{x) )

where R,{x) = E(x}, R(x) =1 and g«(x) is obtained as
the “integer part” of Re.{v)/Re.(x) and R.{x) is the
“remainder”; and

(—1)*Ru(x} = of(x)E(x) = P(x) (10)
where oy(x) and Po(x) also satisfy the recursion in Eq. (9)
with the initial values given in Eq. (8). By applying
Euclid’s algorithm to the rational clement E{x) in F,
observe that E(x) = Py(x)/e«(x) will be terminated when
Rx) =0

The norm of A(x)eF will be used below in the proofs of
theorem 2. This norn is defined as follows:

Definition
j< 3

> axt AR

[t

The norm of Alx) =
Ja; =2

is defined by

where d is a degrec of A(x)

The properties of norm |A(x)" are

a) LAB! = 'Al~B|
b) FA| > 0and "Al =0 fA=0
1
c) ”[-\‘” et W
d) ||A == B < max (AL !B if"A] = Bl and |A + Bl
= max ("Al, "B ifl'All £ "Bl

Lemma 1: Let n be the smallest finite integer such that
R,(x) =0, where R{x) is defined in (10); Le, E(x) =
P,(x)/au{x), Then |R«x )if is a monotone decreasing
sequence for s =012, - n and {jos(x)|| is 2 monotone
increasing sequence fors = 0,12, -+, n,

Proof:
By (9), one gets,
Reo(x} = gu(x}Rsa(x) +

where deg R, (1) < Ry (x). This implics [Ro(x)[] < || Ruoa ()]
for n =12, ++-, n. Furthermore, since oy{x) = 1 and oy(x)
= (, then ”u’,(\"' > ”rrn H Assume |0‘<-1(t ” > Hm, of )l
for all s < n. By (8),

o) = qu{Doxa(x) 1 sce(x)

Ry(x)
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It follows from the norm properties that

o) = lgs(x)ercr(x) + os-of 2}
“q ﬂ"s l(T)f “'ll ( )H"“"‘—‘(T)H (11)
But, by (9),
”q (X} Rq- 1( )” ~ IR (1) — Rue()]
= HH'».'(UI
i Rya(x)]
! = 1

Thus, {11) becomes

‘!f"-\'(-\')H > H(}'.\'—l(x):“ ‘.:01‘ 1 S & f L.

To compute the norm of the difference E(x) — Pu(x)/os(x),
we observe that
i (1)| [8{xYers(x) — x)\l HRe{x}||
HE(x) —
R R Tos] o]
Then, by lemma 1,

E(x) —

forf<s<n—1
(12)

P\ .l \.) ”
fnﬂ(\]

|

< oo -

cr\( X

For decoding RS éodes over GE(F,), we only know the
first 2t coeficients of E(x) in {6). That is,
=Ex? + Ex? o+

E("L) e Ehrx—':r B e Lt T
— T e

X(x)

where X(x) is an unknown element in F. The following
theorem is developed to recover the rational element E(x)
in F precisely when only the first 2¢ coefficients of E(x) in
{6) are known,

Theorem 2: Let E(x) = P(x)/e(x) in (6) be a rational
clement in F defined by theorem 1, where P(x) and
o{x)eR are defined in (2) and FE(x)|| < 1. Let X(x) be
an unknown clement in F such that deg X{x) < — 2 deg
o(x). If the first deg X(x) + 1 coefficients of E(x) are
known, i.e.,
E(x)+ X(x) = Ex! + Exx® +

o+ Eltv;.: “_”'qulug.\f(:)n

4 Xxdw:.\f(;) de
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el

where

‘\’(.‘-) me Xpler Ko . L,

Then E(x) can be obtained by using the continued frac-
tion algorithm operating on E(x) + X{x).

Proof: By (10), we know that
(—1)Ru(x) = os(¥)[E(x) 1 X(x)] — Py{x)
= (o) E(x) — Py(x)) + aux)X(x)

where oy(x)X(x) indicates the location of the nnknown
cocflicients in Rq(x),

We sce that following the Euclidean division of Ry Jx)

by Be.(x), it follows immediately that q«(x), which is
independent of X(x), can be determined if and only if

deg R (x) — deg oy (x)X(x) > dog Ry o(x)

— deg Re i (x) = deg gu{x) for§ > 2 (13)
(Note that the left side of (13) indicates the number
of known cocfficients in the divisor and the right side of
(13) indicates the degree of the partial guotient gx(x))
It follows from (13) that

g;lrh'r,fﬂs i) > 2c1«g1.',. sAr -dde gy et X

By the properties of norm, (13) becomes

[[ Rr()

21 B o) Cona(®) X[ (14)
But, by (11) in the proof of the lemma 1, one has,
Lo [ =) | ()] (15)

Since, by (9),
[ B = 1q0Re () + Bo()  (16)

Then, by the lemma 1, (16) becomes

| Bees) =1 g0 ()= g |+ || R ()
(17)
From (8}, onc gets
fn(x) =1 (18)
and
[ Ro(x) || =1
68

Thus, from (15), (17}, (18), we have
Jors o(3) "= Reca() |- (19)
Substituting (19) into (14), onc obtains

HRg_,(x)

> I X(x)
Hence qufx), which is independent of X(x), is obtained
by the Euclidean division of Re.(x) by Re.{x) if and

only if

[ Rea(2) 1 > fX) (20)

Let ga(x) be the last partial quotients such that g,(x),
which is independent of X(x), can be determined by the
Euclidean division algorithm, 1t follows from (20) that

R (x) b < X(x) || (21)
By (19), (21) becomes
Powalx) <X
This imiplies
X < () 2 (22)

Since || o{x)

1* < | X{x} |-, thus (22) becomes,

lla(x) [ < | ona(x) i (23)
Consider either
7)) — Prix) | ey — P_(H
“E(l) au{x} || Ex) e(x) '
or
iy D[y P
2 L5 e - 5
if
gy = Dl s B
“E(t) o X) H }|E(‘) a(x) 3 ¢
then
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1t
Hm "(‘) nL() ; )
then
[ - 201 e - 225
+(%:‘_é% “:E:;)tSmax
(o0 Sl o -vml) e
By (12), {24} becomes either
\L(r) u,.(\ —Hl‘(x) 1—%
or
[ - 28 < o2 - 2
1f
1 U"( ~ ]Lm—%—%

this implies R.(x} = Rya(x) = 0. If

Pu(o)| _ Pualy)  Paly)
“Em-mﬂ,_MAV—mm
_ ) P,,” )tr"(‘l’.) - ‘rfhl ‘C)P,,(X) ”
IENGIREZCOY

(25)

By the same procedure used in the derivation of (A-10)
in Appendix A, (25) becomes

1
= Tomnl) o)

Px)  Puf)
U‘(l‘) (r.l(:\‘)

(26)

Multiplying (26) by ! o(x) | [|ox(®) ], gives

“ P ﬂ'n ) P"(T)D’( ) H = H fTrn'l(“:')| H

By (23), this yields,

| P(x)ru(x) = Pul(x)a(x) || <1,
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which implies

| P(x)aralx) = P (x)o(x)|| =

Then
P(x) _ Pux)

o(x)  onlx)

Hence the theorem is proved.

A simple example of throrem 2 for decoding a RS code
in GF(F},) is now presented.

Example: Let GF(2¥ + 1) be the field of integers modulo
the Fermat prime F. = 17. We co. wider a 2-error correct-
ing 8-tuple RS in GF(17). (Note that this example is the
same example in Ref. 10.)

Assume the infermation symbols are 1,2,3,2¢GF(17);
fe, I{x)=1x + 2x° + 8x° + 2x% By the cxample in
(Ref. 10), the encoding of I(x x) is the polynomial

blx) = 17 -+ 2% + 3x® -+ 2wt + 15%° + 12x* 4+ 2x + 5
Suppose that two errors occur in the received words, i.e.,

y(x) =5 + 2x + 9x* 1543 & 2t + Ly 4+ 230 4 1o7

By the cxample in (Ref. 10), the syndrome can be calcu-
jated, using a FFT over GF(F,). That is,

S = Ex =3 12"

n-u

for k=1234

Hence,
S ,=E, =8
S.=E.= -5
S, =E, =11
§, =E, = -1
By (6)
Y -l Byt 3 __ i . (x)
E{x) = —8x'—5x* + 11x” A Xed Ao = &)
X(x)
(27)
where
dr)=T[x—x)=x—cx+to
is1
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and X denotes the first unknown coefficient of X(x). Since Theorem 2, o(x) can be determined by the use of a con-

the deg X(x) < dego{x) = =2t = —4 in {27) then, by tinued fraction which is given below in tabular form,
s Rees(x) = G0 Rons(x) + Rof) 4:(%) Ru(x) ) = Gl
1 1
0 ' 0
1 0 0 —8r'—5x24 1lat o(a) =00+ 1 =]
e Bet - By 1l —xv Xyo = .o — x4 Xaef o

Ot + 0x2 + Ox-' + Oxt + -+

—_ 8_\--1 — 51--2 e ll.\"“ — i + X.\""’ e

2 RAGEES 2y + 3 10x-* + x° odx) = (2x +3)+ 140
-8y - Bxe|1 + Xxr L =2+ 3
SR IEa R L ) (S N NI W
MR\l T 10xt — Bx% + 200 X + - .
10g !t — 1852 — 3% 4 oo
1074 4 a9 4 Xat o 0o
3 G6x — 4 6xr—4 0+ Xy + -0 o= (Br—4) (2 + 5)
= Tx? 4 3y — 8yt — 5y 4 [1xt — + X% 4 + 1
PXxt e = 8l et Xt =x*—2x+9
Bt - Xt
— 6.\'-2
— 02 - Xyt
From the above tabular form, ohserve that (ev,e1.85.,8,,8:.e0,:) = {0,0,14,0,0,15,0,0)

R. =0+ Xz, Hence, o(x) = oi(1) = 2" — 2 + 9 where
=9 1 = (N ird 34T
M= = and o =9 By (7), one gets The corrected code word is
Epo—2E;, +9E;=0  forj>2 (28)
b(x) = y{(x) — e(x) = {53,2,9,152,1.2.1)
From (28), the rest of the transform E; of the error

pattern is E, =1, E, =11, E; =13, E.=E, - 12, By ~ (0,0,14,0,0,15,0,0)
example in Ref, 10, the inverse FFT over GF(2# + 1) of

the E; forj =01, --,7 is given by = (5,2,12,15,2,3,2,1)
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Appendix

The Computation of Continued Fractions by Using Euclid’s Algorithm

Lot S be an irreducible rational element S in the field
of real numbers. In this Appendix, it will be shown that
a finite sequence of rational approximations to S can be
constructed by using continued fractions.

Let § = a/b, where @ and b are integers, be an irre-
ducible rational element in the field of real numbers.
Using Euclid’s algorithm, one gets,

a=Dbq, + (A-1)
h= Vi + v

71 = v T ye
vi-r T yr-Gr T ove

Vi — Yn-2{fn-1 + i

Yn-g = ‘}'ri—1q" -+ Yn = Yndn

or
a Y
—_—— AN
AR
b 4
b
Te 7t
T Ga - Y
Y Y2
Y&~z s - VK
YE-1 YE-1
RaI] Yt
= 1
Y-z v ¥n-2
D2 = G
-1

By (A-1), § = a/b can be developed by a continued frac-
tion, as follows:

§= =g, + =
‘pb_fh 4 1_._
e
. 1
4+ ———,k<n
Gg + og
(A-2)
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or

O (A'S)

e—

where gy for k=12, -+, n are called the partial quo-
tients,

Let us define the convergents Sx for k=12,.--,n as
follows
S, = *
1
S'_\ = q| -t q:!
1
S( = fh - 1
.t =
. q- qu
a
Sn - E’ = Qs -+ . 1
v s -
o
+ —_—
qu

From (A-1), we observe that Sy is a finite sequence. In
other words, Sq, Sa, ++-, S, +-+ will be terniinated when
va = 0. Thus, 8, = a/h, where n is a finite number.

+ reeursive formula for convergents is generated as
follows. Let P, = 1 and Q. = 0. Then set

Lo B
S, I =0
1 o, 1 1 P, + P, P.
S,=q1 +—= g:9, = de) =

qa qg'l B dQEQl+Qﬂ 6—‘_

1
1 (q3+—q—1)Pl+P9

S:=q, + 1 i
qu T T (qz + Q_)Ql + Q

ki

1

=P, g0t 0 O /.
(q.Q: - Qa) 0 ‘
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The recursive convergents are defined as

q.ﬂ:Pxﬂ + Py Py
S s T e————t—r— U — A-4
g qh‘Qh’»l =+ Qh’—;' Qh‘ ( )

where P =5, P, =1,0,=0,Q, =1, for k =23,--,n.
(A-4)

In order tn calculate Eq. (A-4), it is necessary to com-
pute the partial quotients, To do this, by the same pro-
cedure used in the derivation of (A-4), we can show first
that S in (A-2} can be expressed in the following form:

_ (qf\' + ah‘)Pi\'-‘x -+ PK_._!

5= {gx + ax}Qro + Qi-e

. where oy is defined in (A-2)

If S has this form, then

fgr + ag) (Pioy — 8Qk-) =8 Q-2 — P

and,
_ . P.ﬁ'w.e - QK-::S _ R;\'—u
G P o 5T TR,
(A-5)
where Ry = Py — Q4S. It follows that
’ ’ R;\ ‘ ’
GxRi-y + Ry = —agBReo, = — | —— )+ Rk = Rk
K-i
Finally,
R = gxBRi-, + Rk, (A-6)

By (5-A), the initial condition of Ri for K=01, is
given by

R =P,—(Q.S=~8
Ri=P,—QS==1—0:§=1

Define a new function Ry in forms of Ry by Ri=
(—1)*Rg. Then (A-6) becomes

= (~1fRees = Gu(~ 1) Rr = (— 1Ry
It is evident that

Ri-» = qeRyy + Ry for both even and odd &

72

Hence
Ry = qgRi., + Re (A-T)
with
R.,=(—-1)"R.,=8§
R,=(-1FR,=1
and by (A-5)

(—1)%Rx = QxS = Pg (A-8)

To show that S; = (Px/Qy), which is computed by
using a continued fraction, is an irreducible fraction, i.e.,
{Px,Qx) = 1, consider the difference between Sx and 8x.,
for K > 1. That is,

Py Py PyQg — QxPy.

o M o M o ¥
(A-9)
Let I;.' = P}\'Q]\'-l - QA’PI\'-I- By (A'4),
Io = PeQro — QiProy = (qxPion + Prou)Qirn
= {qrQr-1 t+ Qua)Proy
= - (PK~IQI'I-2 - QK-]PH-:!)
= — Iy, (A-10)

Since I, = PyQ, — WPy =g,*0—1-1= —1 one has,
by (A-10), I, = —I, = 1. With the above result, one has
g = (—1)¥. It follows that

SK—SK-1=%—;—=_

or

PeQupy -~ QiPr, ={—1)% fork>1 (A-11)
If (Py,Qx) = dx, then, by (A-11), dx|(—1)%, This im-
plies that ey = 1. Hence (P ,Qx) = 1.

A simple example, showing how to compute the rational
approximations to an irreducible rational number, is pre-
sented in the following tabular form. For this example,
S is the fraction 38/105.
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P,
s Re.: = GsBsr + Rs gs R P;= qsPsy + Py Qs = qsQs-1 + Qs S¢= E_j%
-1 0 1
0 1 0
38 38 38 .
1 105 014‘1—05' 0 Eg P1—0'1+0-—-0—q1 01—0'0‘?‘1-*1 51-“].
35 20 29 1
) = — — e P = = W D= —
2 1=2 105 + 05 2 105 P.=2+0+1=1} Q.=2-1+0=2 S, 3
38 29 9 9 1
3 m-—l‘m‘i‘m 1 108 P,=1+1+0=1 Q= +241=3 S;.—E
29 9 2 2 o 4
4 I—%fs‘ﬁg'f'm 3 WS' P;-——S'l‘*'l—‘i Q|_3.8+u_11 S.Aﬁ
9 2 1 1 17
———— T . — — —— ,,_—_‘ . o == — * = r == —
5 165 4 105 + 05 4 05 P,=4+4+1=17 0, =411 + 3 =47 S 17
6  —ie=2e i 40 2 0  P,=2:17+4=38 CoeT 4112105 S, =
05 = 2" 105 2 "= = Q=2 = =105

From the tabular form when s=n =6, one observes  For a more detailed discussion of the relation of Euclid’s
R, = 0. By {A-8), algorithm to the continued fraction associated with a
p a8 rational element in the ficld of real numbers, see Ref. 12,

S:b“:a:ﬁ-
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The Fast Decoding of Reed-Solomon Codes Using
High-Radix Fermat Theoretic Transforms

K. Y. Liuand |. 5. Reed
University of Southern California

T. K. Truong
TDA Engineering Office

Fourier-like transforms over GF(F,), where I, = 2" -+ 1 is a Fermat prime,
have found application in decoding Reed-Solomon codes. It is shown here that
such transforms can be computed using high-radix fast Fourier transform (FFT)
algorithms requiring considerably fewer multiplications than the more usual radix
9 FFT algorithm. A special 256-symbol, 16-symbol-error-correcting, Reed-
Solomon (RS) code for space communication-link applications can be encoded
and decoded using this high-radix FFT algorithm over GF(F,).

1. Introduction

Recently, Justesen (Ref. 1) and Reed, Truong, and
Weleh (Refs, 2, 3) proposed that transforms over GF(F,)
(Refs. 4, 5) can be used to define Reed-Solomon (RS)
codes (Rel. 6) and to improve the decading efficiency of
these eodes, The transform over GF(F,) is of the form

ooy

Alf) = D a(t) 4"

i-n

for0<f<d—1 (1

where F, =2 -+ 1 is a Fermat prime for n <4. In
(1) the transform length d divides F, — 1, a{t) e GF(F,),
and v is a primitive dth root of unity which generates
the d element eyclie subgroup
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Gd — {?‘ 7:= RN .,I!i—].! 1}

in the multiplicative group of GF(F,}. The inversc trans-
form of {1) is

-

a(t) = {d) Z Alfyy"

0

for0<t<d—-1

o

)

where (d) denotes the residue of o modulo F, and {d)
is the inverse of (d) in GF(F,).

To transform longer integer sequences over GF(F,),
from Ref. 5, one can use the fact that v = 8 is o primi-
tive element in GF(F,). Such a v gives a maximum trans-
form length of 2+,

75



"

-

lod

In space communication links, it was shown in Rof. 7
that in the concatenated E = 16-crrov-correeting, 235-
symbol RS code, cach symbol with 8 bits and a K — 7.
rate = r or Ya, Viterhi deeoded convolutional code, can
be used to reduce the value of Ey/N, required to meet a
specified bit-crror rate Py, where Il s the received
energy for cach bit, and N, is the noise power speetral
density at the reeciver input.

Figure 1 presents a curve of concatenated code bit
probability of the error bound v /N, for o K - T,
Rt convolutional code with 8 hits per RS symbol,

I 3

Since 3 is an clement of order 20 iy GEE) (Ref. 3),
an RS code of as many as 2 symbols of 9 hits v oh eun
be generated in GEUE). Henee, by Ref, 2, the Fermat
theoretic transform over CGFE) can be used @ decode
an RS code of 2 symbols. For a given 293 information
svmbols, cach of 8 bits, as mentioned ahove by Ref, 2,
224 information symbols in GFiFN 1o, 8, = 0,8, . 8.,
can be represented in the vange from 0 to 22 - 1, After
encoding the information symbols, the parity check svm-
bols in the 256-symbol RS codoe may oceur in the range
between 0 and 24 JF 22 is observed as a prarity check
symbol, deliberately change this value to 0, now an error.,
The transform decoder will correct this error auton.
tically, Henee, the BS code generated in GF(F,) can be
used to concatenate with o K - 7, rate 'z or s convolu-
tional code,

The arithmetic used to perform these transforms over
CGFF,) vequires integer multiplications by powers of 3
and integer additions modulo F,. Towever, integer mul-
tiplications by powers of 3 modulo ¥, are not as simple
as multiplications by powers of 2 modulo F,. which
can be implemented by cireular shifts (Rel. 5. To
remedy such a problem, it is shown here that high-radix
fast Fourier transtorm (FF) aleorithims can be used to
reduce the number of multiplications required for trans-
forming integer sequences in GF(F,).

ll. High-Radix FFT Algorithms Over GF(F,),
Where F, Is a Fermat Prime

In order to develop high-radix FET algorithms over
GEF,), it is desirable, as we shall see, that multiplica-
tions involving the 2:th voots of unity in GFE) be
simple operations. This is made possible from the
fact that the 2'¢h roots of unity over GF(F,), where
2<i<ns 1 are plus or minus power of 2 mad F,.
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o
To see this, note that if 2|s, then
(202 e 20 mod F,
and
[2emearse]e oo geve a0 mod I,

Henee, by thearem 2.20 of Ref, 8, the conf uences
x4 o D¢ mod F,, )]
and

o -2 modF, @

have exactly two solutions given by

R AR mod F, (5
and
XL emen modF, (6)

respeetively. Now et v be a primitive dth root of unity
in GF(F,}), where 4=2" with 1 <t<2% Then by
theorem 1 of Ref. 9,
Y 1 modT,
Also by (8),
VAU (AL R 2 mod F,
Combining (3) and (6), one obtuine

?r.'_-.' . (Y.t.“:): ) _4,__2!.31: H IHO(I F"

where k= 1, 3. By repeatedly applying {(5) and () in
this manner, one has finally

a/'f“.:' —+—2F;:""‘1 n]Od Fn (7)
where 2<i<n 4 1 and k - L35 2t =1,

The high-radix FI'T  algorithms  over GFF,) are
similar to those over the ficld of comples numbers
{Refs, 10, 11). The following example illustrates the
radix 16, decimation-in-frequency, twiddle-factor FET
wer GE(F,),

Examp - Let F, 290 1. 357 d - 16 = 256, The

radix 18, docinmtinn-in~frc<|um]cy, twiddle factor, FFT
algorithm over GF(F,) is deseribed as follows.
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Let fand ¢ in (1) be expressed as
f=F16+f, (8)
t=t,+16 4 ¢, (9)
where
fioti=01,23:-15

Suhstituting (8) and (9) into (1), one has

AR = 3 T a(ts+ 16 + o)yt et i vonia
o it fyo0

(10)

Since y! = vy == 1 mod F;, (10) becomes

Alf) = IZ Za(t, L O e

T

15 L)
> HZ a(t,* 16 -+ b))y ‘] 7""":| yhie

fon ty

Let

10
Bl(fl]. 16 4 = I:Za(!‘ + 16 - t(,)*ﬂ‘-" l-;] 7fn:n

o

Baff 164 £) = SO Bu{f, 16 + 1)+ yho e

The radix 16, 256-point, FFT algorithm over GF(F.)

" is then composed of the following stages:

Stage 1:

Bi(f.+16 + t.) — [Za(t, *16 4+ ¢,) y0 '”—| - fotn
-

fp 0

(1)

Stage 2:

Buf.*16 + f,) = ['Z By(f.+ 16 4- £}y w:l (12)

fo 13

From (7),
?11; . _ydf_/lli e igk H]Od F.’l

wvhere k= 1,3, 5, 7. It is shown in Ref, 9 that if v is a
primitive element in GF(g), where ¢ is a prime,
then ~™ {5 also a primitive clement in GF(g), where
mo 35, — 2. It is well known (Ref. 5) that 3 is
4 primitive clement in GF(F,). Thus 3” is also a primitive
clement in GF(F,) for m = §,5, -+ 2" — 1.
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Now the choice of y = 37 gives
U (I (B = (=220 2 mod F,
since 3% e -2 {mod F.) und 2*:: —2 (mod F.). Hence,

™0 " in (1) can take on only the values =1 or a power
of 2,

Since multiplications by 2:1 involve only sign change
and since multiplications involving powers of 2 mod F,
can be achieved by eircular shifts, the 16-point discrete
Fouver trausform in the brackees of (11) can be evaluated
without multiplications. These results are then referenced
by multiplying by the so-called twiddle factor yf,
Using a similar argument, (12) can also be evaluated
without multiplications,

The number of operations required to perform a FFT
of 256 points using the radix 2, the radix 4, and the radix
168 FFT algorithms over GF(F,) is shown in Table 1,
From this table, one ean see that the radix 4 und the
radix 18 FFT algorithms require 30% and 705 fewer
multiplications, respectively, than the more usual radix 2
FFT algorithm,

In the above example, it was shown that one can find
a power of 3 for v such that

i 9 mod I,

FFor this v, one has

o anet

=
v 2

/2 mod F,,

From Ref. 5,
\‘fé- _gen 2(2:" ! ]_) H'I()d Fn

Henee multiplications involving integral powers of yf
can be accomplished either by circular shifts or a eircular
shift followed by a subtraction, depending on whether
an even or an odd power of 2 is involved, As a conse-
quence, a high radix FFT up to 2= also could be devel-
oped. For example, the 256-point FFT over GF(F,) could
be computed using a mixed radix FET of radix 32 and
radix 8,

In light of the above discussion, when transforming
long integer sequences in GF{F,), it is desirable to per-
form as many high-radix FFT iterations as possible to
reduce the required multiplications,
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Table 1. Number of operations reguired to transform
d -- 256 points FFT over GF(F,), where n = 3 4.

eoritl Mcd F, Mod F Circular
Algorithm multiplications additions shifts
Radix 2 769 2048 0
(d = 2%

Radix 4 513 2048 256
[d=(

Radix 16 225 2048 544
Id == (2]

WV
C
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Fig. 1. Concatenated coding performance witha K = 7,
R = 14 inner code and 8 bits/RS symbol
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DSN Telemetry System Performance With
Convolutionally Coded Data Using
Operational Maximum-Likeiihood

Convolutional Decoders
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M. E. Alberda
DSN Data Systems Section

This article describes the DSN telemetry system performance with convolution-
ally coded datu using the operational maximum-likelihood convolutional decoder
(MCD) being implemented in the Network. The report covers data rates from 80
bps to 115.2 kbps and both S- and Xeband receivers. The results of both one- and

two-way radio losses are included.

|. Introduction

DSN telemetry system performance with convolation-
ally coded data at low data rates was presented in Ref. L.
In that article, real-time telemetry data obtained from the
Compatibility Test Area (CTA 21) were processed by a
simulated Viterbi decoding computer program to measure
the system performance. The results covered the data
rates ranging from 8 to 2048 bps, which will be useful in
the design of telecommunication links for future space-
craft such as the Mariner Jupiter-Saturn {M]S), ta be
launched in 1977. Since such spacecraft will also employ
higher data rates, the work described in this article cover-
ing data rates from 80 bps to 115.2 kbps was undertaken.
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The article has a threefold purpose. The first is to give
overall MCD acceptance test data received from the
manufacturer. The second and third are to describe the
test purpuses, test setups, and test results from CTA 21
and from the Telecomrunication Development Labora-
tory (TDL), The tests concentrate mainly on the Block IV
receiver, high-data-rate, X-band carrier frequency with
some S-band results to allow S- and X-band performance
comparison. The effects of using different receiver band-
widths and subcarrier demodulator assembly (SDA) band-
widths are also investigated.

All 32 MCD production units were acceptance-tested,
and their required performance was verified at the highest
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data rate, 250 kbps, before delivery. They were also
checked with the telemetry processing assembly (TPA)
for proper interface prior to installation,

Since the actual operational software for the TPA was
not ready when this project was underway, a special real-
time computer program, called MCD Performance Evalu-
ation Program (MCDPEP), was written in assembly
language for collecting decoded data and formatting
them into an appropriate compressed form on disc, The
MCD status and symbol error information from the sym-
bol synchronizer assembly (SSA) was also recorded. The
recorded data were then processed by an off-line MCD
Data Avalysis Program (MDAP), also written in assemn-
bly language, to provide bit error rate (BER), symbol
error rate (SER }, burst error statistics, and MCD normal-
ization rate (NR). The burst error statistics are expressed
in terms of error-free runs (EFR) and vurst length sample
distributions,

The two-way radio losses of the DSN telemetry system
were also examined for various values of carrier loop
signal-to-noise ratio margin, These latter test results were
obtained at TDL,

At present, only certain tests at data rates 44.8, 67,2 and
115.2 kbps are available from CTA 21. However, the test
results from TDL cover a larger data range from 80 bps
to 115.2 kbps. Additional tests will be accomplished in
CTA 21 and in Spain, at DSS 69, by DSN Madrd Engi-
neering. This will allow station-to-station comparison.

. MCD Acceptance Test Data

Before delivery, each production MCD was verified to
satisfy the functional requirements. The telemetry test
data used were assumed corrupted by additive white
Gaussian noise, and the tests performed at the highest
allowable data rate, 250 kbps.

The acceptance tests consisted in part of BER per-
formance, MCD symbol synchronization recovery inter-
val, and channe! error rate performance. These were
accomplished for both code rates % and %. Table 1
summarizes an average performance in terms of bit signal-
to-noise ratio (STy/N,), BER, and channel error rate, The
table includes the corresponding standard deviation fig-
ures which are noticeably small. The functional require-
ments, lower and upper bounds, are also given in Table 1,

The verification of MCD sy11bol resynchronization re-
covery interval was done at §7'/N, = 3 dB. For each
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MCD, ten observations were made for each code rate.
This gives rise to 320 ubservations in all. The histogram
plots of both code rates are depicted in Fig. 1. The
figure indicates that the MCD time in symbols to re-
synchronization remains well below the functiona! re-
quirements, ie, 2000 symbols for rate % and 3000
symbols for rate 4.' The corresponding cumulative dis-
tribution plots of Fig. 1 are given in Fig. 2,

lil. Performance Tests at CTA 21

The purpose of the test investigation at CTA 21 is to
obtain telemetry system performance for medium to high
data rates under the Mark 111-1977 DSN telemetry system
configuration. Emphasis is placed on the X-band Block
IV receiver with corresponding results for the S-band,
Block III receiver, Effects of receiver and SDA band-
width are also examined. Another objective is to determine
an optimum modulation index for each data rate.

The equipment used is a typical telemetry string (re-
ceiver, SDA, SSA, MCD, and TPA), along with symbols
provided by the SCA via a radio frequency link. The SCA
provides a cyclical repetitive 2047-bit pseudo random
noise (PN) sequence encoded by a 7:% (or %) convolu-
tional encoder (with alternate symbols inverted) at the
desired symbol rate and modulation index value, The
MCD receives the noisy quantized {5-bit parallel) sym-
bols from the SSA, performs its decoding function, and
outputs decoded data to the TPA. The SSA, after proper
initialization fron: the TPA via commands transmitted by
the 920 emulator, periodically (once every 10% symbols)
outputs symbol error count (SEC) to the TPA via the
5SA/TPA coupler, Thus, MCD decading performance is
obtained from output $SA SER and output MCD) BER,

The MCDPEP (resident in the TPA) stores and eval-
uates all MCD output data in real-time. Data are received
fn 8-bit bytes and sequentially stored in two alternate
memory blocks (200 16-bit words/block), using the ex-
ternal direct memory processor (DMP) in the data chain-
ing mode. Data are processed from one block while the
other block is being accumulated. Data processing starts
by searching the stored data to find frame synchroniza-
tion within the known 2(47-bit PN sequence, congisting
of 11 consecutive 1s. Normal data, and inverted data if
necessary, arc searched. After finding frame syne, every
stored data bit is compared with the corresponding known
"This assumes a neminal bit transition density (1/40- 1/2 at 3 dB

and greater). For low bit transition densities, the result may not
be valid; see Ref. 2.
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PN bit, being done § hits {one byte) at a time. Every byte
containing one or more erroneous bits is stored in an
output error list (OEL), and periodically trunsferred from
core to disc in 50-word blocks, 32 hits/word.

The exclusive-OR byte pattern is stored, with 1's indi-
cating error bits and (s indicating correct bits. The corre-
sponding good byte count (GBC) is also stored in the
same eatry, providing the number of consecutive correct
hytes since the last previous error byte.

The 32-bit word format nsed for each OEL entry is
shown below.

GBC (16 bits) XOR (8 bits} NR (7 bits) 1 bit
Good Byte Byte Error MCD MCD
Count Pattern Average NR  Sync Change

An entry is made in the OEL whenever one of the
following events occurs:

(1) GBC Full Count. An entry is made any time this
counter reaches full-scale value, which is 8 X 2'% or
524,288 consecutive correct bits,

(2) MCD BER, Once every DMP block (or 3200 bits)
the MCD is commanded to output its 4-bit NR word,
This number is derived from the MCD internal
normalization rate. It is related to the input SER
and consequently the output BER. These NR
outputs are stored and averaged (over 31 outputs),
and the average value is entered in the OEL in the
7 bits provided (4-bit whole number plus 3-bit
fractional number) once every 99,200 data bits. For
these NR entries, the GBC value is shown 25 0,
although the actual value is retained and continues
to be accumulated.

(3) MCD Node Sync Change. When a node sync
change occurs, the MCD outputs its own status and
an entry is made in the OEL, with the least signifi-
cent bit equal to 1. 1f the MCD had previously
ackieved symbol sync, and then a sync change
occurs; this means that the MCD output data are
temporarily not valid and the program reverts to
its frame sync search mode. When frame sync is
again found, this implies that the MCD has re-
gained symbol sync and the output data are again
valid.
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The MCD generates a node sync change when its input
symbols are uncorrelated. To resync, the MCD attempts
to find an acceptable level of symbol correlation by re-
grouping the incoming symbols.

The OEL continues to accumulate and is stored on disc
for the test duration, nominally 107 bits, At the same time,
another list is output on the Terminet printer containing
every other average NR value, or once every 198,400 bits.
When this list has reached the desirzd length, the test is
manually terminated by actuating a switch on the TPA
console, after which the stored SEC list is printed on the
Terminet, with one entry every 10% symbols (or any
other power-of-ten number of symbols available).

MDAP is an off-line program for use to complete the
MCD data analiysis phase. The program converts the OEL
entries produced and recorded on disc by MCDPEP into
a sequence of EFR’s, classifies them, and generates their
sumple distributions. It also generates average BER and
average NR at every 99,200 decoded bits. At the end of
each run, the following are printed:

Total number of decoded bits

Total number of bit errors

Average bit error rate

Total number of EFRs

Total number of bit bursts

Tatal number of normalization rates

Average hit errors per burst

Average burst length in bits

EFR sample distnbution

Number of distinct EFRs

Burst length sample distribution

Number of distinct burst lengths

Symbaol error rate

When a sync change hit is detected, MDAP outputs the

entire data statistics, reinitializes program parameters,
and restarts to process the remaining data again,

Figure 3 gives an overall view of the test configuration.
(A more detailed configuration is given in Fig. 7 which
will be discussed later), The STu/N, used in describing
the system performance is obtained from the average SER
accumulated for each run via an uncoded performance
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curve. The MCD error rate calibration curve (MCD input
5Tu/N, in dB vs MCD normalization rate indication) for
each rate is also obtained from the program printout, as
shown in Fig, 4,

A. Optimization of Modulation Index

The signal energy per bit (which determines the bit
error probability of a telemetry channel) of any modula-
tion system is related to the total received power Py as
follows:

ST« _ P, P,

N NP Tr nwor s ey
where
P, = sideband power available for data
N, = single-sided noise spectral density, W/Hz
Ty = bit time in seconds

nwpr = subcarrier waveform distortion loss
s = system cfficiency
= et e + s, AB, where
et = radio loss, dB
nent. = subcarrier demodulation loss, dB

nespn = bit syne and detection loss, dB

One way to optimize the performance of the telemetry
system is to maximize the data rate. To achicve this, the
values of P;/N, and 5T ,/N, must be specified. Then the
parameters P,,/Py and #, are adjusted to obtain the maxi-
mum data rate. Another way is to specify the values of
the data rate, $T,/N.,, and adjust the parameters P,,/P,
and #¢ to minimize the required P,/N..

The casiest parameter to adjust in the telemetry system
is the modulation index. This parameter determines the
allocation of power in the various sidebands and strongly
affects the magnitude of the system losses.

For a single channel, a square-wave subearrier, P,/P;,
is sing, where 4 denotes the system modulation index.
Since gy is usually small (g, = 0 dB), Eq. {1) may be
rewritten as

2o B wps = 17 2
NO B Nﬂ BPR S, o / " (H)

If the vaiues of Py/Ny, 9, and BPS are known, the plot
of $Tw/Nu vs # can be obtained from Eq. (2). Such plots
for various values of Py/N. from 51.45 to 54.58 dB are
given in Fig. 5. They are for 10- and 30-Hz Block IV
receiver and wide bandwidth Block 11T SDA, From these
curves, onc can determine the optimum modulation index
tor cach Pp/N.. To derive this value algebraically, one
first expresses Eq. (2) as

P,

A’n Ty

BPS = —_-ST,, -5in*f
N,

The maximum data rate, BPS,,.,, can now be computed
by sctting the derivative of BPS with respect to # equal to
zero, vielding

-2

fopr = tan™! ( dg ‘
' dé ‘ = oy

This indicates that the optimum modulation index for
a single-channel system is totally dependent on the proper
characterization of the systerm losses.

B. Test Strategies and Preliminary Resuits

The end product of the project is to obtain DSN telem-
etry system performance using convolutionally coded data
in terms of bit error probability (BER) vs ST /N, and the
carresponding burst characteristics, Toward this end, we
first proceed to determine the optimum modulation index.
This is to be used to corroborate the theoretical value of
the true optimum modulation index. Once this parameter
is determined, the telemetry system performance for it is
then ohtained.

The results obtained so far have been for data rates
44.8, 67.2, 98.8, and 115.2 kbps, Figure 6 describes the
telemetry system performance at data rate 67.2 khps. The
test conditions are given in Table 2, The true optimum
modulation index for this rate appears in Fig. 6(a) to be
about 80 deg, which is in agreement with the theoretical
value. The curves BER vs $T /N, corvesponding to modu-
fation indices 79 and 80 deg are given in Fig, 6(b). The
sample distribution plots of the burst lengths are given in
Fig. 6(c)~(f). The average burst length vs modulation
inclex and the average burst error vs modulation index are
given in Fig. 6(g). The average hurst length and average
burst error vs $T/N, are given in Fig. 6(h). And finally,
the MCD error rate calibration for this data is depicted
in Fig. 4.
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IV. Performance Tests at TDL

One purpose of the tests conducted at TDL is to mea-
sure system two-way radio losses using an operational
MCD over various data rates for both 8- and X-band
receiver. Another purpose is to obtain telemetry system
performance in terms of BER vs 8Ty/No.

Equipment used for the tests includes the Block III
exciter, Mariner Venus/Mercury transponder, X-band
transmitter, Block I11 receiver (S-band), Block IV receiver
(S- and X-band), Block 111 $DA, Block I1[ 854, and a
production model MCD. Test data patterns include 31-bit,
127-bit, and 2047-bit PN codes, The detailed test equip-
ment setup is shown in Fig. 7.

Figure 8 describes system two-way radio loss curves
derived from measurements taken in TDL during January
1976, for code rate 7:%, 3 bit quantization. The figure pro-
vides BER vs 8T 3/ N, for various values of the uplink mar-
gin, M¢ = Pe/N, 2By, where P is the carrier power and
By, is the single-sided design point phase-lock-loop band-
width. This parameter is selectable for each test from the
dial at the recciver panel. Here the theoretically optimum
downlink modulation indices, discussed in Section 111,
were used for all tests. This means that the ground receiver
loop SNR was not held constant but was allowed to vary
with signal Jevel as it will be in an operational situation.
These results are not exactly the same as will be obtained
with the MJS"77 transponder, due to differences in receiver
loop parameters, but are close enough to provide a basis
for prediction of the MJS'77 losses.

The most obvious conclusion to be drawn from the data
is that the X-band two-way rudio losses are so great that
they will impose operational limitations on the MJSTT
mission. In order to limit the loss to about 1 dB, the
uplink carrier margin must be 35 dB or greater. This is
equivalent to an uplink carrier power of ~120 dBm,
which is just about what cun be achieved at Saturn, range =
10 AU, with a 100-kW, 64-m DSS. Operation at greater
distances or with a 26-m DSS will require noncoherent
operation of the X-band downlink,

The operational thresholds are also shown in Fig. 8
Further, the X-band telemetry threshold as a function of

uplink margin is described in Fig. 9.

The difference between the X-band and S-band per-
formance is believed due entirely to the greater turn-
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around phase jitter on the X-band signal due to the VCO
phase noise being multiplied by a greater ratio {11/3
times). The magnitude of the problem can be reduced by
increasing the frequency of the uplink signal (thus re-
ducing the multiplication ratio) or by using a feed-
forward technique for removing most of the phase jitter
from the downlink. Using a feed-forward system has been
demonstrated in the laboratory and resulted in almost no
two-way degradation at uplink margins as low as 5 dB.

Tt is strongly recommended that both of the above solu-
tions be investigated, It is probably too late to do anything
about M]JS, but the standard transponder should cer-
tainly include the feed-forward features.

The TDI, MCIY error rate calibration curve wus pre-
viously given in Fig. 4. The telemetry performance curves
in terms of BER vs ST /N, for rates 7.2 and 115.2 kbps
ave given in Fig. 10. The performance of code rates 1/2
and 1/3 at data rates 115.2 and 76.8 kbps, respectively, is
given in Fig. 11 For BER’s of 10 ¥ to 10 *, the rate 1/3 code
is 0.3 dB beiter. For a BER of 107, the improven 1. is
L25dB.

V. Telemetry Performance for Radio Frequency
Subsystem

Telemetry performance for the Radio Frequency Sub-
system (RFS) using both the TDL telemetry simulator and
the Mark 1li Data System (MDS) as sources is listed in
Table 3 and plotted in Fig. 12. Telemetry performance is
similar to that obtained previously during developmental
tests and no anomalies were found.

The high rate (115.2 kbps) two-way telemetry loss at
X.band was found to be slightly worse than that mea-
sured on the MVM'73 RFS. This was expected since the
MJS’77 RFS has a wider bandwidth. The measured losses
for both transponders are shown in Fig. 13, The effective
telemetry loss at a threshold BER of (5.0 X 10°) as a
function of uplink carrier margin is shown in Fig. 14. This
shows that an uplink carrier margin must be at least 35 dB
whenever high-rate X-band telemetry is being transmitted
in the two-way coherent mode. With the present DSN
capability, this characteristic precludes use of the two-way
coherent mode with high-rate telemetry for ranges greater
than 10,0 AU for a 100-kW, 84.m station or 2.0 AU for a
20-kW, 26-m station,
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Tablel. JPL MCD acceptanc. test data
(averaged over 32 units)

Bit error rate

Coderne STy/N. - No-bie ‘ Uaper e o bound
Moean Std. dev. /
AMCGDITPA 172 3.0 1006 % 10° 7.4 % 10! 1.82 x 10" 0.0 x 104 i1L.5 0.51 1t 13
1.0 4,096 % 107 3.05 % 10-® 624 x 10-% g0 % 10" 749 0.62 T 9
5.0 6.553 X WY 1.36 x 10 7.08 x 10" 05 % 104 5.0 0.93 4 3]
/3 3.0 4,096 x 100 2.00 x 10+ 247 X 10" 3.6 X 101 11.1 0.45 10 12
3.3 4,006 X H¥ $5.92 X 10-% a7 % 10" 1.0 % 10! 0.7 .44 0 11
4.5 4,006 x 10% 283 % 10° 511 % 107 7.0 % 100 7.1 0.24 G 8
ACD-DDA 1D 3.4 4,006 x 1¢ 2,88 x 101 2. 4] %X 10-® 3.6 % 0! - - - -

Table 2. Test conditions and results for 67.2-kbps, Blocl IV recelver, S-band

Test Total bits Maod index, RVC IV S§haA (1l AVE AVE MCD input AVE
1D (% 10M) deg BW, Hz BW, Hz BER SER, % §T /M, 4B MCD NR
DAL 1.51 7 30 Medium 1.24 % 10! 597 3.85 175
2 1.42 78 - 1.48 x 10! 64.07 3.80 8.00
it} 1.21 80 1.12 X 10! 5.60 4,03 775
4 1.38 () j.25 % 1! 8.05 4.81 8.13
5 1.81 % 1,55 x 10 ¢ 5.96 3.85 7.88
6 1.4} 7 800 % 107 5.88 3.85 7.50
7 1.08 kL) 2,70 % 107 3.02 5.48 313
8 1.10 9 0 1.46 68.77 1.13
DBl 1.356 K Narrow 131 x 10 5.99 3.84 7.50
2 1.50 78 1.10 % 10 4 6.03 3.82 7.75
3 1.35 80 656 X 107 5.46 4,09 7.25
4 1.33 79 1.39 X 10t 6.25 8,72 8.25
5 1.58 7% 855 X 10 ¢ 5.76 3.95 7.38
6 1.068 70 1.00 X 10°F 5.91 1.88 7.5
7 1.00 79 B10x 107 2.97 5.51 3.13
8 1.57 5 ) 1.44 6.80 1.00
nCil 1,24 el 10 AMediuvm 1.35 % 101 8.42 1.84 4.08
2 1530 78 1.59 x 1 6.41 9.65 8.38
3 1.7 9 1.53 x 10! 641 3.65 8.63
4 1.47 80 1.82 X 104 6.42 3.64 .00
3 1.58 80 408 ¥ 10 © 5.75 1.95 7.13
6 1.04 80 (.48 X 10-" 5.84 3.91 8.00
T 1.05 80 270 x 107 2.95 5.52 3.13
8 1.30 50 0 1.32 6.95 1.00
D1 1.30 77 Nuarrow 757 x 10°° 6.20 3.74 8.00
a 1.27 8 1.18%x 10 ¢ 5.89 3.89 7.00
3 1.3 79 R72 % 10° 5.74 3.96 7.5
4 1.31 80 1.32 x 10-* 4.03 .82 8.25
3 1.54 80 6.44 x 10% 5.74 1.96 7.75
3] 1.12 80 0.82 % 10-* 5.92 3.87 7.88
7 1.15 80 0 2.97 5.51 1.13
8 .10 80 0 135 6.9¢ 1.00
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Table 3. Measured telemetry performance

Band/test ML, deg Biﬁ,:;:"’ ST;‘I{}N"’ BER QNLI(:OSB
X1 800 1152 884 47X 104 154
X2 B0 1152 284 KO X104 144
X3 800 1152 580 21x 10 152
X4 80.0 M8 484 18X 100 181
x50 795 1152 808 20X 107 152
X6 79.5 MA 315 LIX10 12
X4 79.5 209 309 LEX 100 116
X8 705 216 800  20x 10 106
X 72.0 T2 308 L4x 10 29
X100 725 256 342 23X 107 8.5
X1ls 650 130 278 3.5 x 10 8.5
51 45.8 256 307 LIX10 169

vThese tests perfermed with MDS/RFS combined; others por-
formed using TLM simulator for source,

.

e
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Fig. 3. MJS telemetry system test configuration at CTA 21
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Fig. 6. Telemetry system performance at 67.2 kbps Fig. 6 {contd)
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Fig: 7. MJS telemetry system configuration at TDL
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Modification of Hipotronics Discontinuity

Enamel Wire Test for Wire Screening

W. D. Schreiner
Quality Assurance DSN and Mechanical Hardware Section

The Quality Assurance DSN and Mechanical Hardware Section and the Fabri-
cation Section have redesigned the wire spindle section of the wire screening test
equipment to prevent breakage of small gage magnet wire during testing

operations,

l. Introduction

In the last year, use of magnet wire at JPL has increased
dramatically. With emphasis being directed toward
smaller and lighter packaging of electronics, the use of
lighter gage wire has risen sharply,

Prior to its use, the wire is screened by Quality
Assurance for defects. In attempting to perform screening
tests with our existing test equipment on the smaller gage
magnet wire, problems were encountered with repeated
breakage of wire, After investigation and analysis, a
deficiency was discovered in the design of the spindle that
induced improper load and wire tension during testing
operations.

Il. Description of Equipment

The equipment used by Quality Assurance to perform
the screening test is a Hipotronics Discontinuity Fnamel
Wire Tester Model DT-1 (Fig. 1). This unit is designed to
spark-test the insulation coating of magnet wire and to
record the number of defects.
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The procedure is to set a spool of magnet wire on the
left side spindle, remove a small amount of insulation from
the end of the wire, feed the wire through the guide
rollers and through the mercury bath, and then attach the
end of the wire to the ground terminal of the takeup
drum. The voltage range is selected and the machine is
started, pulling the wire through the mercury bath. Any
defect in the enamel coating completes the circuit
through the mercury to ground and activates the defect
counter. A footage counter is preset to run 30.5 meters for
each test.

1il. Problem

The problem experienced was frequent breakage of
wire in the smaller gages (38 and under). This was caused
by the manufacturer’s design of the feed spindle (Fig. 2).
The spindle was designed with radia: bearings only, with
no means for supporting the weight ov the spool. (A spool
of wire weighs from 0.45 to 4.54 kg.) To adjust tension, a
screw on the bottom required tightening or loosening.
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This action exerted a compression load on bearings not
designed for this purpose. Erratic operation was the result,
causing constant breakage of wire.

IV. Solution

A redesign of the spindle was accomplished by the
Quality Assurance DSN and Mechanical Hardware

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-36

Section, and the Fabrication Section. The new design (Fig.
3) incorporates a compression bearing below the spindle
to carry the load. In the main body there are two radial
bearings. This combination provides smooth, free-running
action regardless of weight. Tension is accomplished by
use of a spring-loaded nylon button that presses against
the main shaft; it is adjusted by a set screw. The result has
been an extremely smooth operation with no breakage or
loss of wire during test.
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Fig. 1. Hipotronics Discontinuity Enamel Wire Tester Model DT-1

Fig. 2. Feed spindle, manufacturer's design Fig. 3. Feed spindle, new design
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Two MBASIC Programs That Write
Applicatior Programs for Accessing a

Database

R. M. Smith
DSN Facility Operations Section

A method was desired to relieve the tedium of writing and testing application
programs. Two utility programs were developed to produce application
prograems that perform relational operations on data. No coding is performed by

the user,

{. Introduction

The nature of the MBASIC Processor facilitates its use
by people who are not primarily programmers and who
may never have had any previous programming experi-
ence. Many managers, and other people needing to make
use of management data, fall into this category of user.
However, for many data users, programming is so much
less important than data usage that it would be beneficial
to reduce or eliminate programming in their data
activities, One approach to minimizing programming time
is to make use of a generalized application program
similar to the one described in a previous article (Ref. 1),
A generalized program, once written, allows the user to
concentrate upon data usage rather than program writing,
However, a generalized program requires that the user
spell out an access strategy each time the program is used.
If a specific application is required for reneated use, then
a specialized application program is most desirable. Two
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different approaches to the use of specialized application
programs were described in Refs, 2 and 3. This article
describes the result of some preliminary efforts to design a
simple method of producing an MBASIC application
program while isclating the user from the task of writing
code.

Application programs that extract data from a database
may be data dependent {(knowledge of data organization is
built into the application program, making the program
sensitive to changes in data organization) or may possess
varying degrees of data independence (immunity of an
application program to changes in data organization). The
greater the degree of data independence, the less the
effect of changes in the database. The programs described
in this article are preprocessors that accept relational
statements from a user, convert the statements to
MBASIC code, and store the statements as an apglication
program for later use.
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ll. Description of the Program ‘WRITER'

“WRITER' produces specialized application programs
with a moderate amount of data independence. User input
to the program is fully prompted and makes use of
relational operations (Refs. 4, 5) to specify database access.
The relational operations may be invoked in any order
repeatedly or used singly. Figure 1 illustrates a session
invokirg a restriction and a projection in sequence. Figure
2 illustrates the same pracess in relational notation. Figure
3 is a simplified flow diagram of the program showing the
iterative nature of the main program in accepting user
input and choosing a specified subprogram to assemble
program statements,

In a typical sequence of events, the user
1. Enters the name of the new program to be written.
2. Enters the type of relational operation.

3. Enters the parameters that describe the selected
relational operation.

‘WRITER' then assembles a program by the following
process:

1. Copies a set of generalized code lines to a
temporary program file.

2. Appends code lines (te the temporary program file)
that are created by “WRITER’ and are specific to
the user’s application.

3. Appends standardized subroutines (stored for this
purpose) for each relational operation involved.

4. Copies the temporary program to a file named by
the user,

Figure 4 is a copy of the program produced by
"WRITER'’ using the process depicted in Fig. 1. Line 100
and lines 902 through 918 are the generalized code lines
mentioned previously. Lines 2000 through 2320 and 3000
through 3310 are standardized subroutines for a projection
and restriction, respectively. (Lines 5000 through 5090
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update a temporary directory relation that describes data
files accessed by the application program.)

lll. Description of the Program ‘WRITPR'

‘WRITPR' produces specialized application programs
with no data independence. User input is fully prompted
and makes use of relational operations (Refs. 4, 5) to
specify database access, Figure 5 illustrates a session
invoking a restriction and projection (see relational
notation in Fig. 2). Figure 6 is a simplified flov diagram of
the program. The user prompting sequence for “WRITPR’
is similar to that of “WRITER’ but *‘WRITPR’ differs in its
approach to writing the application program (compare
Figs. 3 and 6). “WRITPR’ assembles a program by writing
code lines (on the program named by the user) that are
specific to the user’s application. Figure 7 is a copy of the
program produced by ‘WRITPR’ using the process
depicted in Fig. 5.

IV. Misceilaneous Information

To produce code that is specific to the user’s applica-
tion, both programs use “WRITE ON" statements that
incorporate variables and “counters” into a completed
statement for the application program. Examples of this
process are shown in Figs. 8, 9, and 10 and are taken from
the program “WRITPR'. Figure 8 shows the lines of code
that produce lines 110 and 120 of the program presented
in Fig. 7. The code lines in Fig, 9 produce line 130 of Fig
7, and the code lines in Fig. 10 produce line 150 of Fig, 7.

Each of tie sessions (illustrated in Figs. 1 and 5)
requires approximately 3 to 4 min of terminal time and
produces programs that are fully functional, requiring no
testing of the MBASIC code. Both provide the user with a
uniform, extremely simple process for data acces=. Figure
11 illustrates the data output produced by the ay.plication
programs written by “WRITER’ and ‘WRITPR'.

Data files accessed by these programs must be in, at

least, first normal form. The file used in this article (Fig,
12} is in third normal form (Ref. 4).
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FIN
ENTEF MAME OF NEW FROSRAM: [NEW

EMTER RELATIOMAL GFERATION ‘RsPsJx OF "ITOF": R
ZOURCE RELATION: EMSeEQPT.ASIIGNMENT
TOMAIN NAME: UWHER
LOGICRI. DFERATOR: =
IOMAIN YALUE: 12
PROJECT TO: eFILE

ENTER RELATIONRL OFERATION <®sFsJ> OF "STOP": P
S0URCE RELATION: eFILE
QUANTITY OF DOMAIHI: 3
TREGET RELATION: TERMIMAL
DOMAIN NAMES: CONSOPSTAT «LOCATION

TEST IMEW

ENTER FELATIONRL OFEFATION C(R,F40> OF “3TOP": ETOP

RMS *EQPT, ASSIGNMENT' | QWNER = 12
7 TERMINAL (CON, OPSTAT, LOCATION)

Fig. 2. Relational notation describing the
process illustrated in Figs. 1 and 5

Fig. 1. lllustration of a session at a terminal using WRITER' to create an
application program (User responses are to the right of each colon,)

WRITER!

SELECT
NEW PROGRAM
NAME

COPY
"STANDARD"
CODE TO NEW
PROGRAM

)]

SELECT
RELATIONAL
DPERATION

1

GOsuUB

NO YES

STOP

GOsus

SET VARIABLES
FOR RELATIONAL
QPERATION

WRITE CODE
ON MNEW

APPLICATION
PROGRAM

APPEND
RELATIONAL
SUBRGUTINES

RETURN

Fig. 3. Simplified flow diagram of ‘WRITER’
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COPY ‘INEW” TO TERMINAL

100 JUIH=1000:PFUJ=EBOO:RESTtBGQU-NN=44’THPG=5000
110 COPY “RMSeEQOPT .RREL- TO “eIREW”

120 DIRS="eINEW’

130 FLIS*’RHSOEQPT.HSSIGHHENT’nUNS=’UUHEF’-LDSG’*’:DVS*’lE’
140 PES="oFILE"

150 GOIUE RESY

{60 SOSUB TARG

170 RENAME “oMOLDl FRI‘#FILE

180 FL1S="oFILE »oli= 3

190 LTRING DP$CQD) - CON’ « "OPSTAT 7 »"LGCATION "~
210 MN=32&

220 s0sUB PROJ

302 ITRING RCD(LD

304 OPEM “oHOLDL o [NPLT »1

906 AT ENDFILECL: GO0 TO 94

905 INPUT FROM 1 LSENG o0& tRODCL

310 FRINT RCDCID

912 50 TO 905

St4 CLOSE 1

916 REMOVE DIRS

918 STOF CHARC(1Z3+ END OF RUR7S

2000 BPEN “eSTOL17 »HUTPUT »:2

2010 FLGG=0

2020 DIM FSC1LsDi15»TCLsH»D8ALD

2030 OREN DIRSINPUT 4

2040 AT ENDFILEC4: B0 TO 2140

2050 INPUT FROM 4:FSCLasD1d»Tollh D801
2060 STRING DOM(TCL22

2070 IF F$C1y=FL1S THEN WRITE ON Zepcyr s DSty ELSE B0 TO 2100

2080 FLOG=FLGG+]

2090 pOMCFLER»=D%c] 2

2100 IF FSCiy4FLLS THEN 60 TO 2050
2110 N=Dc1Y

2120 IF Tc1x=DC1y THEN 60 TO 2140
2130 B0 TO 2050

¢140 CLOSE 3.4

2150 2=TC1:

216G DIM DNCODY sDCL oD 1 96 802D
2170 GPEN “eSTOL1" s INPLIT 2

2180 AT ENDFILEC3: 60 TO CE240

2190 INPUT FROM 3:0Ci0 0%l

2200 FOR I=1 UNTIL I[=R031

2210 IF DSC1r=DF$<l; THEN DN(I =D<1)
2220 HEXT 1

2220 60 TO 2190

ce40 CLOZE 3

2250 OFEN FLIS»INFUT.Z

2260 OPEN “oHOLDL »LJUTPUY 24

2270 MY EMDFILECS: &0 TO 231¢

2280 INFUT FROM 3:K$Cly FOR J=1 TO £
gege FOR I=1 UNTIL [=R0+i

2284 FOR J=1 UNTIL J=Z+1

ZeB%S IF I1<GD THEN iUH=NM ELSE CH=132
2286 IF J=DHCIY THEN WRITE Oh 4 LZING cesd” S0 STHAR(CHD
2288 MExXT U

2890 NEXT T

2300 GC TO 2880

2210 CLLSE 34

2320 RETURNL

Fig. 4, Data independent application program praduced by using ‘WRITER'
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3000 OPEN “oSTOL” «(UITPUT =

INnS FLGREN

SO05 DIM FSCLDsDCLasTCLa DALY

3010 CPEM DIRS»INFLIT 4

F020 AT ENDFILEC4) 50 T 20%0

030 INFUT FROM 4:F$¢ 1) sDC1 4T 1,010

A0IT STRING DOMCTCL a0

040 IF F${1)=FL1$ THEN WRITE ON JI0C12 2 o 30801 ELSE 60 TG 050

IU4T FLAG=FLGO+]1

I04€ DOMCFLGEY=TI$C] &

0S50 IF FECLOBFLLIS THEN G0 TO 2020

I0E0 N=Dol)

SO70 IF Told=DclY THEM 150 TO =090

3080 30 TH zeze

SO0 CLOZE .4

310G DIM D1ty 281D

2110 TTRING REOND

I120 OFEN “#XTOL- s [NFLT 3

130 AT ENDFILEC=2 <0 T 2170

140 INFUT FROM 3:D1c1:sLE8C

3150 IF DEsci=Dxe THEN GO TO 3170

3180 50 TO 140

3170 CLOSE 3

120 A=D1

3190 IF LO%="= THEMN R=0 ELTE G0 TO 3210

3200 50 TO 3240

3210 IF LOS=":" THEN F=3i ELZE 60 TO 5230

3I2E0L 30 TO 3240

20 IF LO$=CHAR(E(D: THEN E=-1

J240 OPEN “eHOLIL - HUUTPUT sS

G250 OFEN FLIS»INPUT +4

; G RT ENDFILEC4r O TO 27200

0 INFUT FROM 4:R$cI FOR I=1 TO ™

20 IF COMPCASID ) +LVS =R THEN ®RITE ON % UTING (537 1%
ASCT)HCHARCHMY FOFP I=1 TO M=1~ASCNY ICHARC I3

296 50 TO 2ETH

3300 CLOSE 4.%

310 RETURMNA

TS RLIY RY )
To o fah

SO00 DFEN “oTRANIF - +OUTPLIT» 1

SO10 WRITE ON L'RES: s 212 5  sFLEG:7 7 :DOMCIY FOR I=1 TO FLGG
5020 CLOse |

D0I0 AFPEND “eTRANIF- TO DIPS

5S040 FETURNE

Fig, 4 (contd)
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LOAD “WRITFF-
RUM
ENTER HAME 0OF NEW PROGRRM: DNEW
SELECY A RELATIONAL DPERATION CRESTFROJJOINY OF ENTER "STOP®: FEST
TOUPCE RELATION:® EMSeEGFT LTI IENMENT
DOMAIN NRME : OWHER
LOGICHL OFERAFDOR: =
DOMATH YALUE: 12
PROJECT TO: TEFRM
PROJECT ALL DOMAINIT N
ENTER GURNTITY DF DOMAIRS: 3
ENTER NAMEY OF DOMAING: CONSOFETASLOCAT
SELECT A RELATIONAL OFERATION (RELT PROSJGIN: OF EMTEFR “sTOP~: ITOF
TEST “DHNEW-

END OF LR

Fig. 5. Wlustration of a session at a terminal using “WRITPR' to create an application program
(Userresponsesaretotheﬁghtofeachcoan

GOsSUB 1

SET VARJABLES
FOR RELATIONAL
OPERATION

WRITER'

SELECT NAME
CF MNEW
PROGRAM

SELECT

RELATIOMNAL

OPERATION
.

GOSUB /1

| GOosus #2
|
| NO YES

WRITE CODE
ON MNEW
APPLICATION
PROGRAM

RETURM
GOsUs 12

APPEND
CLOSURE
STATEMENT

Fig. 6. Simplified flow diagram of ‘WRITPR'
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COFY “DHEW- TGO TERMINAL

100 STRING CONYOWNER] »LOCAT) »OFPSTRL sRECDTI

110 OPEN “EMESSEQFT .ASSIGNMENT *» INFUT, 1

120 AT ENDFILEC 1 GO TO 166

130 THPUT FROM 1 500N sOWNER 1 2L OCAT L »OFSTAL D RECDTY
140G IF DUNERI="12° THEN PRINT CONtIOPSTRLSLOCATI
150 B0 TO 130

120 CLOSE I FORP I=1 TO 1

170 ZTOP CHARCLZI I+ END OF RN

Fig. 7. Data dependent application program produced by using ‘WRITPR'

3170 LIME=LINE+L D

¢

3190 LINE=LINE+10
3200 WRITE ON 1:3TROLINEY:” AT ENDFILEC :Jlz"> 50 TO - :
LINE+Z0+10eR

3180 WRITE OMN 13STRCLINEX " OPEMN © 17775 sSRISCJJrz <~ s W INPUT s " 2

Fig. 8. Sample code lines from 'WRITPR’ {lines 110 and 120 of Fig. 7)

3210 LINE=L INE+10

SDOMCTS BSTROJSD SCHAR (44> FOR I=f TD MN-1~DOMCND ¢
ATRCLID SCHARCLS)

3220 WRITE ON 1 USIMG “¢aa- 13TR(LINED 1+ INPUT FROM < 1Jg:

Cw

Fig. 9. Sample code lines from ‘WRITPR' (line 130 of Fig. 7)

3230 LINE=L INE+1 0
3260 WRITE ON 13STRCLINEY :* 50 TO - tLINE-<10+10eR)

Fig. 10. Sample code lines from "WRITPR' (line 150 of Fig. 7)
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LOMD “DNEW”

»RUMN

BESCLL OL 1e
CReER12 us 1
ENDL COF RUN

V4

LOARD - INEW~
PRUN

BESC11 OL L&
CRERLIE US 1Y

END OF RUN
>

Fig. 11. Nata printout resulting
from sunning ‘WRITPR'
and ‘WRITER'

COPY “RMISEOPT .AZSIGNMENT” TO TERMINAL
AASR1Z LY+ 1Y s L » 01 067
AEECE1 v 1X 21X 0L 170273
CD3E15 1%y 10 5P 121078
EBSCI2s140 14,00 001274
AXIB09s11 217 ER» 190176
DRAC12s 1% s 150l 071071
BBSC11212918»0L s (31274
ARPILS » 1Y 2 1% s 25027€
BESC13:11911 3P 091274
CCPCOZ2 e1x o 1o UE W 151LI7E
CXSBLR»tY 17 0L 151071
?RGBIE-IE;!YnUS;lIOS?G
b

Fig. 12, Structure and content of the relation {data flle)
used in this article
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N77-14061

Differential Range Validation: A New Technique for
Near- Real-Time Validation of Multistation
Ranging System Data

A. L. Berman
DSN Network Operations Section

Near-real-time validation of ranging system data is currently restricted to
multiple range acquisitions during single passes (Pseudo-DRVID). This article
describes a new technique (“Differential Range Validation”) which utilizes pre-
dicted range and doppler pseudo-residuals to validate two-station, contiguous-pass
range acquisitions down to the 10-meter level.

|. Introduction

During the first part of this decade, near-real-time vali-
dation of ranging data was only sporadically attempted
and far less often successful. In March of 1973, this
author introduced the “Pscudo-DRVID” Teehnique (see
Ref. 1), which gave the Deep Space Network (DSN) the
first viable near-real-time ranging validation capability,
Since then, “Pscudo-DRVID” has enjoved considerable
success in validating multiple range acquisitions during
single passes. However, there still remained a persistent
and unfulfilled desire to be able to validate range acquisi-
tions between two or more Deep Space Stations {(1DSSs).
Responding to this need, this report presents a technigue
to validate two-station, contiguous-pass range acquisi-
tions—hereafter to be referred to as “Difterential Rang.
Validation.”
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1. The Differential Concept

The reasons why Planetary Ranging Assembly (PRA)
renge acquisitions cannot be simply compared to predic-
tions' are thoroughly cxplored in Ref, 1. Suffice it to say
here that the range ambiguity values are (or should bel)
frugally chosen to be only stightly larger than prediction
(nr orbit determination) errors, and this straightforwardly
causes a dircet comparison of PRA measurements to pre-
dictions to be without meaning in the conventional sense
of a “residual.” No matter that the absolite range crror
in predictions may be kilometers or tens of kilometers—it

tHere considered to be output from the PREDIK program, PREDIK

is the Metwork Operations Control Center (NOCC) Signia 5 track-
ing prediction progran. Inputs to PREDIK are the Simulation
Qutput Program (30P) and Fast Phi-Factor Generation Program
(FPCP).
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is, i general, true that the groeth of predicted-range
crror (excepting orbital and encounter phasesD s fre-
quently of the magnitude:

~0.1 1«

This would map into an increase in predicted-range error
over (suy) five hours of:

1 moeter
1533 eveles

0.1 eyele ! \

- [18.000 sceconds] - 18 meters
second

At the same time, the abselule vange change over the
same 5-hour period may easily be 100,000 ki or more,
This then mativates the centeal concept of the Differ-
ential Range Validation Teclnique:

PRA (or Mu II for that matter) range measure-
ments between two  different D8Ss ean be
validated with a high degree of confidence
by comparing the differenced vange acrpuisi-
tions to the differenced predicted range.

Even better, one is not constrained by the aceuraey in
predicted-range error change over several hours, In near-
real-time, one is automatically given viw the Nebwork
Operations Control Center (NOCCY Pseudo Residual
Program a frequent measurement of e rafe of crowth
of the predicted-range crror—the doppler psuedo-
residual. Obviously, one can easily and substantially cor-
reet differenced predicted range by simply adding a tevm
computed direetly from the observed doppler psendo-
residual, The specifies of the Differential Range Valida-
tion technique are presented in the following section,

Ill. The Differential Range Validation
Algorithm

One starts by noting the relationship between range
and the output of the PRA:

Ry - K[M(#] - RPRA(D
0< RPRA(H) < K

where

R

roand trip range at tme £

-

-ambiguity resolution factor: a
input, in units of R(H

quantized
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M(t)

integer, determined from independent or-
bital knowledge

RPRA(H) = “scaled” output of the PRA, i.c., in the swne
units as R

Additionally, the following parameters are required for
a complete description of the algorithm:
X; = parameter X applicable to DSS;
T'SF, = track synthesizer frequency, Hz

N; = number of components

K, = K(TSF N} = Tg.(_.;m [2¥0)]

= ambiguity

¢ = speed of light, m/s

Ry (&) = actual round trin range, m

R,i(t) = predicted round trip range, m

Mo (t) = [Rai(t) — Rei(f) modulo K:1/K;

M_i(t) = [R,i(t} — R,i{t) modulo K;]/K,
PRTR; = PRA range measurement, range units
(RU)

RPRA (1) [PRTR;),m

_ €
" 48(T'SF))
T0 -~ PRA acquisition time

Bias; = station range bins RU

Now consider a PRA acruisition at DSS 1 with a
T0 = ¢, and a subsequent PRA acquisition at 1D8S 2
with a TO = ¢,

Em(f:) = K|[~"”a:(fl)] +- HPRAl(t:)
Roo(t.) e= K[ Mu(6:)] + RPRAL(t)

and

AR{: = Rdﬁ({'.!) - R«!!(tl)
o= RPRA(t,) — RPRA(t,)
+ {Ka[Maalta)] — K'[Mm(tl)]}
Now in Pseudo-DRVID, one could reasonably assume
the same number of components and the same track

synthesizer frequency for cach range acquisition during
the same pass, and henee all relevant quantities would
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= il )

have the same ambiguity as

a modulus, For range acqui-

the smaller ambiguity (K,), This is accomplished by
sitions at different DSSs, however, one might find differ- writing:
ent numbers of components:
Ki[Moo(t.)] = KL + ¢ L = integer
N:.#N,

and one can certainly expect the track
quencies to be different:

TSF, = TSF,

If the number of com
quantities could easil
modulus (ambiguity), since

K;
i

= Q¥-¥) —

integer, N, > N,

However, even minor chan
effect on the actual PRA
following example:

Ni=N,=10 components
Ry =R,.=8Xx 10V m

Now let
TSF, = 22000000 Yz
50 that
K; = 297684.8679 m
and

RPRA, = R,, modulo K, = 36905 m

Similarly,

TSF. = 2°000010 Hz
K. = 297684.7395 m
RPRA. = R,.modulo K, =173289 m

with a difference in PRA measurements of :

ARPRA = RPRA. — RPRA, = 136384 m

To compensate for the different ambi
acquisition performed with the larger
is “transformed” to an “equivale

guities, the range
ambiguity (say K,)
nt” range acquisition at
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synthesizer fre-

ponents only were different, all
y be operated on by the smaller

ges in TSF have a dramatic
measurement. Consider the

or

€ = (Ko[M,.(t.)]) modulo K,

One can now op

erate on AR, with the ambiguity K, as
follows;
ARq = RPRAg(tg) — HPRAl(tl) + €
+ {K;L - Kl[Mal(tl)]}
and
ARPRA 2= (AR,) modulo K,

=~ RPRA.(t.) ~ RPRA,(t,) + ¢

with

€ = (K[ Ma.(t.)]) modulo K,

Unfortunately, one does not have Mo.(t)); howaver if one
assumes

l‘fﬂ:_l(tg) = Mﬂ?(tﬂ)
then

€ = (Ky[M,:(t.)]) modulo K,

One can easily see that even if predictions were in crror
by several times the ambiguity

Mao(ts) = Myolt) = ;] = small integer

the error in € would still be extremely small;
assume ATSF = TSF, -~ TSF,
I = arbitrary integer
€+ Ae = (Ko[M,u(t.) —J]) modulo K,
A€ = (K:Myo(t,) — JK,) modulo K, —e¢
= {[K._.M,,,_.(tu)] modulo X, — ¢}
+ (—JK.) modulo K, + IK,
= (—JK;) modulo K, + IK,
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Now

K,= K;Q‘-’Vz—-‘-'.)(l _ ATSF)

TSF,
so that

ATSF

= — (¥r-X3) —_—
A€ ( JK,2 [] TSF,

:I)modulo K, + IK,
= (—JK,2¢-¥)) modulo K,

+ (]Kigi.\’z-i\'ﬂ I:?gil?])modulo K, + IK,

= (]K12“‘"—"”=’ [ATSF]) modulo K, + IK,

TSF,
but since
. . ATSF
|IK12"‘="'" TSF. l<< < K,
then
ATSF
Ae = JK,2¢¥~¥0 ST + IK,
and
ATSF

{Ae) modulo K, = JK 2(¥=¥ T

2

Finally, one obtains the difference in predicted range:
ARy = Rpslts) — R(ty)
and
ARPRA, = (AR,) modulo X,
= (Ryu(ts) — Ry (t)) modulo K,
One now has the differential quantity of interest:

ARPRA — ARPRA, = RPRA(t,) — RPRA{t,) + ¢
- (Hyz(tz) - Rm(h)) modulo K,

with

€= (Ko[ M a(t:)]) modulo K,
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or

ARPRA — ARPRA, = (RPRA.(t,) — RPRAL(t.)
+ Ko[M,u(t2)] + Rpalt,)
—_ Rpu(tg)} modulo Kl

IV. Correction of Predicted Range via Use
of the Doppler Pseudo-Residual

As mentioned in Section II, the accuracy of the range
prediction used in differential range validation can be
substantially improved by merely utilizing the already
automatically provided doppler pseudo-residual, To
facilitate the discussion, define the notation

AX(t) = X(t.) — X{(t))
SX (1) = Xoft) — X,(t)
where
Xa(f) = “actual” quantity at time ¢
Xy(t) = “predicted” quantity at time ¢

Thus,
8R(f) == Ru{t) — R,(t)

= predicted-range error ot Hme ¢

Let one now assume a prediction error over a short time
period (several hours) of the form:

SR(t) =~ A + Bt + C*

and hence:

1
- [8R(1)] = B + 2C¢
Now
240 240 . 1 dR :
D3(t) = 96 55 TSF, — 9657 TSF.,.(l - -C—W)ﬁ‘ Bias,

where

D2(t) = two-way doppler
TSFp = rceeived track synthesizer frequency
TSFp = transmitted track synthesizer frequency

Bias; = dappler bias
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so0 that (with TSFp = TSF)

_(96\240  _(dR. _dR,
8D2(t)—( ) = ISP T ‘"}TT}

= ( ) “‘i? TSF{(?; [BR]}

= value of doppler pseudo-residual

Thus one has

2}
$D(t) = (96) qﬁ TSF (B + 2Ct,)

AN
$D2(t,) =(9 )93(1) TSF{B + 2Ct,)

and

(8D2(t,) + sD(t.)}

96
( - ) T TSF{B + 2Ct, + B + 2Ct,)

=( c);ig TSF{2(B+ C[t, + £])}

Now the quantity one is interested in is the range error
change, ASR, from ¢, to t,:

ASR = 8R(t.) — SR(t,)
= A -+ Bt, ++ Ct — (A + Bt, + Ct})
= Bty — £} + C(t3 — t)
= (t,~ &) [B + C(t; + t)]

- _t)[ ¢ (i é)TéF{SDQ(t‘);r'SDZ(tE)}]

which is to say that one can incorporate almost exactly
predicted-range ecrror growth up to second order:

SR(£) = Ray(t) — Ru(t)
=A-+FBt+Cr

by simply using the observed doppler pscudo residuals
at £, and £.:

sD2(t,), D2(8.
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in a form as follows:

AR:I = AB,, + AR
= Rp(ts) — Bp(ty)

_[e 221 L (3Dt + 5D
Tt~ )| 56 240 TSF )

o

V. Final Expression for Differential
Range Validation

Incorporating the stution range delays and the dop-
pler pscudo-residual correction, one arrives at the final
expression:

ARPRA — ARPRA, =
;RPRAg(t._.) — RPRA(t) + K. [Mu(t2)]

¢ [ Bias Bias,
__[WF? TSF, ]+ finlts) = Bl

c 221 sD2(t,)  SD2At)
Ul t)[96240( ){ TSF, = TSF, }]f’“"d“lOK‘

VI. Preliminary Results of Differential
Range Validation

Twelve cases of Viking two-station, contiguous-pass
range acquisitions were compared with the differential
range validation technique; the results are presented in
Table 1. The twelve cases presented in Table 1 produced
the following composite result:

|ARPRA — ARPRA, |0 = 9.5m

It is noteworthy that these results were obtained via the
exclusive use of routine tracking predictions.

An HP9819) program containing the differential range

validation algorithm (sce Ref. 2) has been delivered to
the Network Analysis Team, Tracking (NAT Track), and
the technique is considered operational,

Vil. Summary

Attempts to validate ranging system data in near-real-
time prior to 1975 were generally unsuccessful, In 1975,
the Pseudo-DRVID technique was introduced, and it
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proved quite successful in the near-real-time validation range validation technique presented in this report
of multiple range acquisitions during single passes. Hlow-  answers this need by providing a practical method of
ever, there still existed a need to be able to validate validating two-station, contiguous-pass range acquisitions
ranging data between separate DSSs. The differential down to the 10-meter level during cruise phases.
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Table 1. Differential range validation results

Case DOY, 1976 s/C D5Ss at ,"]:rtm; o ARPRA — JRPRAp, m
1 152 27 81-11 17:45 158.1
2 153 27 61-11 1:40 58
3 156 a7 63-11 12:08 —15.0
4 157 27 43-63 535 9.3
5 210 30 11-42 4:45 53
8 210 30 [1-42 1:10 111
7 211 30 42-6] 1:17 9.4
8 21] 380 61-11 1:14 -52
9 213 30 61-11 4:21 —6.1
10 216 80 42-61 1:20 17.5
11 217 30 6111 10:21 13.0
12 217 30 4261 1:17 3.0
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N77-14062

The 1976 Helios and Pioneer Solar Conjunctions—
Continuing Corroboration of the Link Between
Doppler Noise and Integrated Signal
Path Electron Density

A. L. Berman, J. A. Wackley, and S.T. Rockwell
DSN Network Operations Section

Observed doppler noise (rms phase jitter) from the 1976 solar conjunctions of
the Helios 1 and 2 and the Pioneer 10 and 11 spacecraft was processed with a
recently developed doppler noise model “ISEDB.” Good agreement is obtained
between the observed data and the model, Correlation is shown between devia-
tions from the ISEDB model and sunspot activity, but it is insufficient to be
modeled. Correlation is also shown between [SEDB model deviations for (space-
craft) signal paths on the same side of the sun.

I. Introduction

Utilizing observed doppler noise data from the 1875
Helios 1, Pioneer 10 and Pioneer 11 Solar Conjunctions,
the authors have constructed a geometric model (the
“ISED” series) for plasma-induced doppler noise (rms
phase jitter). The functional form of the model was de-
veloped by assuming that doppler noise was proportional
to the integrated signal path clectron density, with the
cleetron density assumed to be:

A B
N,,(T) = —r-;,- + F

r = heliocentric distance
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Reference 1 deseribes a modification to the model
(“ISEDB”) which accounts for heliocentric latitude; Refs,
2 through 5 document the development of the basic
model, The most recent model—ISEDB—is defined as
follows:

ISEDB =

[({A[(s_m’i)_il Fla,8) -+ A, [ (Sinl T ]} 10- 1416, )

+ (0.0015}2]"':
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where

Flo,8) =1 — 0.05 {(B — /2 +a);— (o ~— 7/2)“}

_ 0.00275{(48 - /2 a); - {a— 1r/2)"’}

@ = Sun-Earth-Probe angle (SEP), rad
A = Earth-Sun-Probe angle (ESP), rad

and
. = heliographic latitude, deg
= sin"* [cot a( —cos §;5in a,, sin € - sin 8, cos €)]
ar. = right ascension
8; = declination
€ = the obliquity of the ccliptic (23.445 deg)
with
Ay = 9.65 % 10~
Ay =5 X 10
Ay = 9 x 10

It will be the intent of this article to ascertain if the
Helios 1 and 2 and the Pioneer 10 and 11 observed
doppler noise continues to be well represented by the
ISEDB model.

Il. Data Description

The data consists of pass average, good, two-way
doppler noisc collected during the following time inter-
vals (DOY = Day of Year, 1976):

Spacecraft Begin (DOY) End (DOY)
Pioneer 10 51 175
Fioneer 11 79 215
Helios 1 75 293
Helios 2 % 293

All doppler data was taken st a 60-scc sample rate with
the exception of some Helios 2 passes, which utilized
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doppler sample rates of either 10 or 1 second. In these
cases, the following relationship was used to transform
the doppler noise from the actual sample rate to an
“equivalent” 60-s sample rate:

SR?. 11285
noiseg,, = naises,;._.( SR1 )

where
SR1,2 = sample rate 1, 2

The collected noise data was fit with the ISEDB model
and a new A, was selected to minimize the standard
deviation of the residuals:

A, =11.21 X 10+

Scatter diagrams for the data (observed doppler noise

vs the ISEDB model) are seen as follows:

Fig. 1-—Pioneer 10

Fig. 2—Helios 1

Fig, 3—Helios 2

Fig. 4—Combined
while the following figures present observed doppler
noisc and the ISEDB model as a function of DOY:

Fig, 5—Pioneer 10

Fig. 6—Pioneer 11

Fig. 7—Helios 1

Fig. 8—Helios 2
Examination of these figures leads one to conchlude in a
qualitative sense that the (ISEDB) model continues to he
in good agrecement with the doppler noise ohservations
during the 1978 Pionecr 10 and 11 and Helios 1 and ¢
solar conjunctions. The statistics of the observed doppler

noise as fit to the ISEDB model were as follows, with
“dB" = 10log,, (observed noise/ISEDB);

Pioneer  Pioneer Helios Helios All
10 11 1 2
o, dB 2,04 177 247 2.65 2,28
Bias,dB  —037 —001 -—-063 +138 4002
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Itl. Correlation of Observed Doppler Noise
With Sunspot Activity

In Ref. 2, the authors attempted to correlate observed
doppler noise with sunspot activity (the “RISED” modcl).
Although a quantitative correlation with sunspot activity
(as measured by Ry = Zurich (daily) sunspot index)
was demonstrated, it was not (at that time) considered
optimistically. The data presented in this report was
processed with the RISED model {now “RISEDRB"), and
a new A, to minimize the standard deviation was com-
puted to be

A, = 1016 > 107
Basically, the RISEDB performance (as compared to
the ISEDB modeling) ¢an be summarized by spaceeraft

as follows:

Pioneer 10—significant degradation

Pioncer 11—minor improvement

Helios 1  —significant improvement
Helios 2 —unchanged
All —minot improvement

The statistics are as follows:

Pioncer  Pioncer Helios Helios All
10 11 1 2
o, dB 295 1.72 2.90 265 222
Bias,dB  ~043 +080 -053 +1.06 4005

ISEDB residuals, “smoothed/phased” sunspots (== XRu;
sce Ref. 2), and RISEDB residuals are seen in the fol-
lowing Rgures:

Fig. 9 —Pioneer 11

Fig. 10—Hclios 1

Fig. 11—Helios 2
Regions which appear ta show evidence of correlation

between observed dappler noise and sunspot activity
are as follows:
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Pioncer 11, DOY 80-145 (Fig, 9)
Helios 1, DOY 75-175 (Fig. 10)
Helios 2,  DOY 90-135 (Fig. 11)

However, these regions must be balanced against regions
of little or even negative correlation, as follows:

Pionecr 11, DOY 175-195 (Fig, 9)
Helios 1, DOY 185-255 (Fig. 10)
Helios2, DOY 140-170 (Fig. 11)

IV. Multispacecraft Correlation

One would expect to see good correlation hetween
ISEDB residuals from different spacecraft, as long as the
signal paths are on the same side of the sun. Figure 12
shows ISEDRB resicduals for Pioncer 10, Pioneer 11, and
Helios 2 when these signal paths were cast (left) of the
sun, while Fig. 13 shows ISEDB residuals for Pioneer 10,
Pioncer 11, Helios 1, and Helios 2 when these signal
paths were west (right) of the sun, Regions of correlation
between various spacecraft are as follows:

HE 1/HE 2, DOY 90-134 (Fig13)
PN 11/HE 1, DOY 180-215 (Fig. 13}
PN 10/PN 11, DOY 80-105 (Fig. 12)

V. Summary

Observed doppler noise data from the 1976 solar con-
junction phases of the Pioneer 10 and 11 and the Helios 1
and 2 spaceeraft was fit to the ISED model (“ISEDB™)
and suhsecquently shown to be in good agreement with
the model—thus continuing to corroborate the direcet link
hetween observed doppler noise and integrated signal
path clectron density. Some evidence of correlation be-
tween sunspot activity and doppler noise is scen (the
RISED model), but the relationship is insufficient to
model in a quantitative fashion. Finally, correlation
hetween doppler noise deviations from the ISEDB model
continue to be seen for (spaceeraft) signal paths on the
same side of the sun.
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DSS Range Delay Calibrations: Current

Performance Level

G. L. Spradlin
DSN Metwork Operations Section

1t is the intent of this veport to deseribe a task undertaken approximately 18
months ago, under the auspices of the Ranging Accuracy Team, to develop a
means for cvaluating Deep Space Station (DSS) range delay calibration
performance, and through which inconsistencies frequently noted in these data
could be resolved. Development of the DSS range delay data hase is deseribed,
The data base is presented with comments regarding apparent discontinuities,
Data regarding the exciter frequency dependence of the deluy values are
presented, and the report concludes by noting the improvement observed in the
consistency of current DSS range delay calibration data over the performance

previously observed.

I. Introduction

The mewsurement of the distance, or range, to u
spacecraft, as accomplished by the DSN Ranging Subsys-
tem, is essentially a precision meuasurement of the time
interval between transmission and receipt of a hinary-
coded signal called the range code. Unfortunately, the
time interval (from transmission to receipt of the range
code) measured by the Ranging Subsystem 1s not the
desired measurement. For the purposes of orbit determi-
nation, the measurement needed must be from the defined
station location to a reference point on the spacecraft and
back, and therefore, the delay actually measured by the
Ranging Subsystem must be modificd (corrected) to
account for delays of the range code that are not part of

138

this reference-point-to-reference-point  measurement.
Among other correction factors that must be upplied to
the measured value to obtain the desired value is the dela
experienced by the range code as it passes through the
Station equipment, or the station range delay.

Historically, the station range delay has been considered
one of the largest contributors to inaccuracies in
spacecraft range measurements despite the measurement
(calibration) of the station's range delay prior to and
immediately after each spacecraft track during which
range data were taken. Inconsistencies and apparent errors
in the station range delay calibration could be expected to
contribute at least several meters of uncertainty to the
spacecraft range measurement. The inconsistencies of
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station range delay calibrations were recognized by the
Ranging Accuracy Team as being incompatible with the
stringent range accuracy requirements of future missions,
and hence, one of the initial tasks undertaken by the team
was to develop a data base from wlich current perform-
ance could be ascertained, and improvement monitored.
This report describes this effort, and delineates the current
station range delay calibration performance.

il. Establishing The Data Base

It was decided in early June 1975 that the data base
would not include any currently available data, nor would
it include station range delay calibrations as reported via
the station posttrack reports, Instead, each station capable
of ranging was requested to perform special range delay
calibration measurements.

To provide control over the conditions under which the
measurements were to be made, each staticn was
requested to use a specific set of parameters including
specifications of range code component integration times,
level of carrier suppression, downlink wignal level, antenna
peinting angles, and uplink power level. The report trom
the station was to include, in addition to the range delay
calibration, five postrange acquisition Differenced Range
Versus Integrated Doppler (DRVID)} values so that the
range delay calibration could be corrected for waveform
distortion, exciter frequency, the number of the receiver
used, and which maser was used.

It was originally thought that a one-month period of
data collection would provide a sufficient data base;
however, due to a lack of available time at the stations to
perform unscheduled activities, far too few measurements
were made available to constitute a data base. Time for
the stations to take the needed measurements was then
made available through the Deep Space Network (DSN}
Scheduling Office. The measurements were to be made on
a noninterference basis during or immediately after
normal station posttrack countdown procedures. One-half
hour was added to the allotted time tor the normal
posttrack procedures to heip alleviate any time bind that
right be caused by making the additional measurements.
Mcasurements wei s scheduled to be made at each station
as frequently as once per day with no more than seven
days between measurements, depending upon station time
availability. Also, the time span over which data would be
collected was extended from the original one wonth
period to a six-month period.

Coincident with the effort to establia a data base, a
task was undertaken to reevaluate and update the standard
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pre- and posttrack range delay alibration procedures,
including the reporting format (Post Track Report).
Provisions were made in the new procedures to incorpo-
rate the controlled range delay calibration into the
standard station procedures. The Post Track Report
format was redesigned to provide detailed information
regarding configuration, and to provide the needed data to
ascertain the health of the ranging subsystem. The obvious
advantage of the aforementioned incorporation is that the
data base would now receive almost continuous inputs as a
product of normal station operations, and station range
delay calibration performance could be more closely
monitored.

After a confidence-building period of approximately one
month, the specially scheduled calibrations were discon-
tinued, and the new Post Track Report was adopted as the
data source for the data base. A copy of the portion of the
new Post Track Report format containing range calibra-
tion information is shown as Fig. 1. Item A.3 contains the
station range delay calibration data, and the necessary
configuration information. The information used as input
to the data base is found in items 3.(a).1 and .2, and 3.(b}.1
and .2, The numbers reported here by the stations are
converted from the frequency dependent unit of meusure-
ment (Range Unit, RU) output by the ranging subsystem,
after adjustment by the DRVID correction, to meters
(one-way) for ease of compurison with flight project
navigation and radio science requirements, and for entry
into the data base.

I, The Data Base

Station range delay calibration data extracted from the
data base and plotted in meters (one-way) versus day of
year are presented in Figs. 2 through 10. Specific station
performance will not be detailed at this point. Instead, it
is intended simply o present the data base, and to explain
peculiarities, events, and characteristics that can he seen
in the plotted data. A more detailed analysis of the data
will be presented in a subsequent section of this report.

A. Goldstone, Pioneer, DSS 11

DSS 11 is the station to have most recently acquired a
ranging capability, this event occurring approximately
sixty days after data collection began from other stations.
Early data from DSS 11 indicated that, for whatever
reason, this station did not reflect the inconsistency of
riige calibrations noted in the early data from other
staticns, In fact, it became an interim goal to try to
improve the performance of other stations to that level
already being achieved at DSS 1i. As indicated on this
station’s plot, an Engineering Change Order {ECO) that
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altered the station range delay calibration path was
installed temporarily, day 63 through day 70, and
permanently on day 158. All calibrations indicated on this
plot were made using Maser | and Receiver 1.

B. Goldstone, Mars, DSS 14

Figure 3 is a plot of DSS 14 S-band calibrations. All data
were taken using the S-Band Polarization Diversity (SPD)
maser and primarily Receiver 3 of the Block 1V Receiver-
Exciter Subsystem, although there is a scattering of points
taken using Receiver 4. Also, all calibrations were made
using the Block IV doppler translator instead of a dish
mounted Zero Delay Device (ZDL); both devices perform
the function of simulating & spacecraft by converting a
transmit-level frequenc: to a receive-level frequency.

Prior to day 90, D3$8 14, like other stations in the
Netwaorlk, utilized the Flanetary Ranging Assembly (PRA)
to conduct spacecraft ranging, On day 90 an R&D ranging
machine, the MU II, was installed to provide range data
enhancement for the Helios project at superior conjunc-
tion. The MU II has been retained at DSS 14, and is
currently used for both Viking and Helios ranging
operations.

Figure 4 presents DSS 14 X-band range calibrations.
The family of points seven to eight meters below the
major point grouping represents a perindically occurring
anomaly that recently has been determined to be the
result of a procedural error (incorrect switch position)
during the range delay measurement.

C. Australia, Weemala, DSS 42

DSS 42 range calibrations presented in Fig. 5 were
taken using Receiver 5, Maser 1, and a dish-mounted
ZDD.

As mentioned earlier, DSS 11 did not indicate the
inconsistency in range calibrations noted elsewhere in the
Network. As data collection progressed, it became quite
clear that DSS 42 was unable to provide consistent
calibrations, and that the problem was not due to an
equipment failire, nor was it procedural in nature. It also
became clear that DSS 42 range calibrations were highly
exciter reference frequency dependent, and that the
calibrations at DSS 11 were not. Further, it was found that
the locations of the dish-mounted ZDDs at these two
stations were radically different, and that a poor location
of the ZDD could result in the calibration inconsistency
being observed, the apparent result of signal multipath
effects. A pragmatic decision was made to relocate the
DSS 42 ZDD to a position on the antenna identical to that
where the ZDD was located on the DSS 11 antenna. This
was done on day 114 with an obvious and dramatic
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reduction in range calibration inconsistency. An additional
small step in the plotted calibrations can be seen to occur
on day 140 coincident with a klystron change.

D. Australia, Ballima, DSS 43

DSS 43 calibrations presented in Fig. 6 reflect a
multiplicity of configurations. The majority of data
collected prior to day 30 of 1976 were taken using the
Block III Receiver-Exciter Subsystem, Receiver 1, the
SPD Maser, and a dish-mounted ZDD. After day 30, the
Block IV Receiver-Exciter Subsystem became the prime
data source, and data from Receivers 3 and 4 in
conjunction with the SPDD maser are represented. As with
DSS 14, all Block IV measurements utilized the Block IV
doppler translator.

Calibrations made ai DSS 43, while using the dish-
mounted ZDD, again indicate a strong exciter-frequency
dependence. The apparent increase in the calibration
measurement after day 260 of 1975 resulted from work
done in the tricone area of the antenna, but did not
appear to significantly alter the apparent frequency
dependence of the dish-mounted ZDD calibrations.

The cause of the dramatic improvement indicated after
day 140 is not clearly understood, but it is felt to be the
result of possibly two things: (1) stringent configuration
control exercised per Viking project requirements, and (2)
a significant decrease in the frequency dependence of
range calibrations made using the doppler translator
(possibly due to an inadvertent but fortunate elimination
of a multipath or leakage problem).

Figure 7 presents DSS 43 X-band range calibration data.
Again a distinct change in the plot occurs at day 140.
With the exception of the anomalous calibrations reported
on day 142 and day 162, all calibrations after day 140 fall
into one of two distinct families of points. Tests conducted
at DSS 43 indicate that while there is only a minor change
in the S-band range calibration value as exciter frequency
is changed, the change in the X-band calibration value is
quite significant Thi uw two families are not unex-
pected, as the upper grouping of points represents
calibrations exiracted from Viking Orbiter 1 Post Track
Reports (i.e., the calibrations were made in the region of
frequency channel nine), and the lower point grouping
from Viking Orbiter 2 Post Track Reports (calibrations
made in the region of frequency channel 20).

E. Spain, Robledo, DSS 61

DSS 81 range delay calibraiions shown in Fig. 8 were
made using Receiver 5, Maser 1, and a dish-mounted
ZDD.
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The small grouping of points between days 261 and 282
of 1975 at approximately the 360-meter level reflects the
temporary insertion of an additional cable in the range
delay calibration path during station troubleshooting of a
ranging subsystem problem. There is no available
explanation for a similar family of points between days 43
and 76 of 1976,

Although it is not obvious by inspection of DSS 61
range delay calibrations presented on Fig. 8, tests
conducted at DSS 61 indicated that this station’s range
calibration value was also exciter-frequency dependent
and, like DSS 42, the DSS 61 ZDD was relocated to a
position similar to the DSS 11 ZDD location on that
antenna. The ZDD relocation occurred on day 77 of 1976,
after which a clear improvement was observed in the
range calibration corsistency. An additional discontinuity
and noted increase n frequency dependence is observed
on day 139, coincident with an S-band mixer change.

F. Spain, Robledo, DSS 63

Like DSS 43, DSS 63 range calibrations presented in
Fig. 9 indicate that a number of configurations were used
for calibrations at this station through day 125 of 1976.
Data prior to day 300 of 1975 reflect use of the Block 1ii
Receiver 1, the SPD maser, and a dish-mounted ZDD.
Measurements after day 4 and before day 112 reflect
mixed use of Block IV Receivers 3 and 4, the SPD maser,
and the Block 1V doppler translator. With the exception
of four points, all measurements after day 112 were made
using Receiver 3, the SPD maser, and the Block IV
doppler translator.

Use of the high-power klystron at DSS 14 and DSS 42
has not been mentioned, as use of this device has not had a
significant impact on the reported range delay calibration,
This statement cannot be made of calibrations reported at
DSS 83. For an unknown reason the use of the high-power
klystron at DSS 63 does result in a significantly different
range delay. The family of points between 648 and 651
meters reflects its use.

The increased point-to-point consistency of calibrations
after day 135 is again attributed to tight station
configuration control, a result of Viking Project support.

Figure 10 presents DSS 63 X-band range calibration
data. The data were taken using primarily Receiver 4;
however, a scattering of points representing Receiver 3 is
also present.

The family of points between roughly 624 meters and
628 meters is representative of use of the high-power
klystron {denoted by the “H,” above the plotted point),
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and an anomaly recently traced to a faulty relay in the
Block 1V X-band doppler translator.

Again there is a general reduction in the scatter of the
calibrations after day 130, and as with the S-band
calibrations, it is felt this phenomenon is attributable to
configuration control.

IV. Calibration Performance Analysis

The frequency dependence of the station range delay
calibrations has been mentioned numerous times in the
preceding section of this report. The cause of the
frequency dependence of the range delay is not clearly
understood as of this writing. In fact, the extent to which
it is a problem is also not clear. In an effort to understand
how the range delay varies as a function of frequency,
each station capable of ranging has been requested to
conduct a “Range Delay Versus Frequency Test.”
Essentially, the test simply provides calibration data at
channel center frequencies, channels 5 through 26.

It was previously mentioned that DSS 11 did not reflect
the frequency dependence noted in data from DSS 42 and
DSS 61, and that the ZDDs at DSS 42 and DSS 61 were
relocated to agree positionally with the DSS 11 ZDD
location, in an apparently successful attempt to reduce the
DSS 42 and 61 frequency dependencies. Figure 1l
presents the results of a range delay versus frequency test
conducted at DSS 11 on day 252 of 1975. Clearly, there is
a variation of the range delay with change in frequency;
however, the peaksto-peak change is only about 1.5
meters. Compared to the apptoximate 8-meter and
7-meter changes seen on Figs. 12 and 13 (DSS 42 and DSS
61, respectively) DSS 11 appears relatively insensitive to
changes of frequency.

Figures 14 and 15 present DSS 42 and DSS 61 range
delay versus frequency data after relocation of their
7ZDDs. The reduction in frequency dependence is
noticeably significant with both stations showing a range
delay variation with frequency change of roughly 2 to 3
meters peak-to-peak.

Tests run at DSS 14 and DSS 43 also indicate a range
delay variation with frequency change. The results of the
DSS 14 test are shown in Fig. 16 (S-band) and Fig, 17 (X-
band)} with indicated peak-to-peak changes of approxi-
mately 6 meters and 3 meters respectively. The DSS 43
results shown in Fig. 18 (§-band) and Fig. 19 (X-band)
indicate an S-band peak-to-peak change of about 3 meters,
and an X-band peak-to-peak change of roughly 6 meters,
and for an unknown reason, a significantly different profile.
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Test data from DSS 63 are not yet available: however,
inspection of range delay information in the data base
indicates that neither the S-band nor X-band range delay
calibrations vary siaificantly us a function ot frequency.

Each spacecraft tracked by the DSN is assigned and
communicates within a particular frequency channel. All
station range delay calibrations made and reported viu the
Post Tracl: Report are measured at a frequency within the
frequency channel ussighment of the spacecraft whose
track is being reported upon. With the information
presented above (a station’s range delay calibration is
frequency dependent), the consistency or repeatability of
a station’s range delay calibration cannot clearly be
ascertained without consideration of the spacecraft (or
spacecraft frequency channel assignment) as an indepen-
dent variable. That is, the determination of‘the consist-
ency of a station’s range delay calibration should be based
upon a consistent spacecraft {i.e., consistent frequency), as
much as it would upon use of a consistent station
hardware configuration (same receiver, same maser, ete,).

The data presented in the data base consist primarily of
range delay calibrations extracted from Post Track
Reports for Viking Orbiter 1 (VO-1) and Viking Orbiter 2
{(VO-2). The information presented in Table 1 describing
station range delay calibration performance was con-
structed considering the spacecraft as an independent
variable. The meun and standard deviation (1 o) were
computed using the last N range delay calibrations
{excluding known anomalous points mentioned earlier)
reported from each station. The mean for each configura-
tion has been indicated on the data buse plots {Figs. 2
through 10). Only those station hardware configurations
recently and frequently used have been considered.

It was mentioned at the beginning of this report that
staticn range delay calibrations have historically been
considered a major source of inaccuracies in the measure-
ment of spacecraft range, and that the inconsistencies in
the station calibrations were suspected to have contrib-
uted up to s2veral meters of uncertainty to the range
measurement,
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Data presented in Figs, 2 through 10 clearly indicate
that unexplained point-to-point inconsistencies of from 5
to 10 meters were commonplace in the calibrations
recorded during the first several months of data collection.
The data base also delineates that by relocation of the
ZDDs at DSS 42 and DSS 61, stringent configuration
control at all stations, an increasing knowledge of the
sensitivity of the range delay to many variables, and
continuons monitaring and feedback regarding calibration
performance lo the stations, the consistency of the
calibrations has been greatly increased, and point-to-point
consistency of less than one meter {1 o) is the current
level of performance.

V. Summary

Station range delay calibrations have long been
considered one of the major contributors to inconsistencies
observed in spacecraft range measurements. Recognition
of this plus knowledge of future mission needs for highly
accurate range data led to an effort undertaken by the
Ranging Accuracy Team, to acquire knowledge regarding
the current ability of the Network to provide consistent
range delay calibrations, and to develop a data base
through which improvements in calibration performance
could be monitored.

It has been the intent of this report to describe the data
base development, graphically present the data base, and
to protidz some explanation of trends or characteristics
that are observed in the graphical presentation. A
substantial amount of data is presented regarding one
easily discernible characteristic—the frequency depen-
dence of the range delay.

Table 1 is presented at the conclusion of the analysis
section, and provides a summary of station range delay
calibration performance. The mean and staidard devia-
tions for each frequently used stalion configuration
{receiver, maser, and spacecraft) are prcsented. It can be
seen that station calibrations are now guite consistent,
with the standard deviations being generally less than one
meter. This represents a significanl improvement over the
5. to 10-meter variations observed early during the data
base development.
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Table 1. Station range delay calibration perforniance

DSS Configuration N MEAN,m o,m

11 RCVR1/TWAM1/VO-1 33 307.0 0.1

RCVR1/TWML/VO-2 82 306.2 0.4

14 RCVR3/SPD/VO-1 57 493.5 0.5

RCVR3/SPD/VO-2 30 495.6 0.4

RCVR4/XRO/V0O-1 53 4817 0.6

RCVR4/XRO/VO-2 23 4825 0.3

42 RCVR5/TWM1,/VO-1 8 3817 0.6

RCVR5/TWMI1/VO-2 33 382.1 0.5

43 RCVR3/SPD/VO-1 43 509.1 0.3

RCVR3/SPI/VO-2 22 508.7 0.3

RCVR4/XRO/VO-1 41 498.0 0.7

: RCVYR4/XRO/VO-2 20 494.7 0.6
8l RCVR3/TWM1/VO-1 12 353.5 0.9

RCVR5/TWM1,/V0O-2 35 350.9 0.7

' 83 RCVR3/SFD/VO-1 36 656.7 0.5
RCVR3/8PD/VO-2 29 657.5 0.5

RCVR4/XRO/VC-1 31 634.1 0.5

RCVR4/XRO/V0O-2 29 A32.0 0.5
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e

. —

A, MISSION INDEPENDENT,

L.
2,
3.

5.
6.

DSS i DAY i PASS ¢ MISSION 1 8/CID

ACQUISITION Z; "ND OF TRACK Z.
RANGE DELAY:

(a) S-BAND PRETRACK MEASUKEMENTS AT -150 DBEM (1, 2) AND AT
EXPECTED SIGNAL LEVEL (3, 4):

1. RANGE _ RU; DRVID RU; 8/I. -150 DBM; RDA ATTR DB
2, RANGE RU; DRVID RU
2. RANGE RU ; DRVID RU; s/L DBM; RDA ATTR DB
4. RANGE RU; DRVID RU

XMTR PWR___KW; EXC NO, i TWM ; RCVR NO.

EXC FREQ HZ; CARRIER SUPPRESSION (3 and 4) DB

() X-BAND PRETRACK MEASUREMENTS AT -150 DBM (1, 2) AND AT
EXPECTED SIGNAL LEVEL (3, 4):

l. RANGE _ RU; DRVID RU; 8/L. -150 DBM; RDA ATTR DB
2, RANGE RU; DRVID RU
3. RANGE —~ RU;DRVID RU; S/L DBM; RDA ATTR DR
4, RANGE RU; DRVID RU

TWM s RCVRNO,
(c) S-BAND POST TRACK MEASUREMENTS AT ACTUAL SIGNAL LEVEL OF THE

PASS:
RANGE RU;DRVID RU; S/L DBM; RDA ATTR
RANGE RU;:DRYVID RU
XMTR PWR KW;: EXC NO,  TWM ; RCVR NO.
EXC FREQ HZ; CARRIER SUPPRESSION DB
XMTR PWR DURING PASS KW; KLYS NO.
(d) X-BAND POST TRACK MEASUREMENTS AT ACTUAL SIGNAL LEVEL OF THE
PASS;
RANGE RU; DRVID _RU; s/L DEM; RDA ATTR
RANGE RU; DRVID RU

TWM i KCVR NO.
{e) REMARKS:
STATION TIME OFFSET WITH RESPECT TO DSN MASTER:

{(a) OFFSET , UNCERTAINTY REFERENCED TQ

(b) TIMING SYSTEM RESET SINCE LAST POST TRACK REPORT:
MAGNITUDE . DIRECTION

SYSTEM NOISE TEMPERATURE DEG. K

EQUIPMENT FAILURES OR ANOMALIES {indicate start and end times or start and

estimated time for return to operation. Reference TFR(s) aud DR{s),)

Fig, 1. Post Track Report format
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DSN Research and Technology Support

E. B, Jackson
Radio Frequency and Microwave Subsystems Section

The activities of the Venus Station (DSS 13) and the Microwave Test Facility
(MTF) during the period June 14 through October 10, 1976, are discussed and
progress noted.

Continuing remote controlled pulsar observations are noted, along with
routine observations of 22 pulsars. Preliminary installation of equipment for
planned unattended operation of the Venus Station is reported, along with
extensive measurements and performance evaluation of the 26-m antennd.
Sunport of the X-band radar at the Mars Station (DSS 14), and stability and
reliability testing of the DSS 13 receiving system is reported. Klystron testine
wnd other DSN support activities of the DSN High-Power Transmitter
Maintenance Facility are noted, along with energy conservation modifications {0
two buildings at DSS 13. Radio Science experiment support included Planetary
Radio Astronomy, Pulsar Rotation Constancy, Interstellar Microwave Spectros-
copy and Very Long Baseline Irterferometry observations. An increased
schedule of clock synchronization transmissions, planned on five-day centers, is
noted, as 39 transmissions were made to Australia, DSS 43, and Spain, DSS 63.

{Tracking Station Systems Technology), DSS 13 will be the
Jemonstration station with which remotely operated,
unattended tracking operation is demonstrated.

I. Development Support Group

The activities of the Development Support Group, in
operating the Venus Station (DSS 13) and the Microwave
Test Facility (MTF) during the period June 14 through

The first phase, remote controlled observation of pulsars
October 10, 1976, are discussed.

has been demonstrated on several occasions. During this
period, 35 station support hours, of which 6 hours were
remote controlled tracking, were utilized in support of
this project. During the remote controlled pulsar obsarva-
tions, pulsars 0031-07, 0329+ 54, 0355+ 54, 0628-28,
(736-40, and 0833-45 were successfully observed without
intervention by on-station personnel. The rest of the

Ii. Station Automation

In support of RTOP 68 (Station and Network Monitor
and Control Technology Development) ard RTOP 69

——~n
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support time was devoted to troubleshooting and perform-
ance measurement.

lIl. Pulsar Observations

In support of the Radio Science Experiment “Pulsar
Rotation Constancy” (0SS 188-41-51-09), DSS 13 provided
130-3/4 hours of observations, during which the emissions
from the pulsars tabulated in Table 1 were recorded.
These data, recorded at 2388 MHz, left circular polariza-
tion (LCP), are used to determine precise pulse-to-pulse
spacing, changes in this spacing, pulse shape, and pulse
power content of the signals received from these pulsars.

V. Maser-Receiver-NAR Reliability-Stability
Testing

Reliability and stability testing of the DSS 13 total
receiving system is conducted during nonmanned station
periods. The 26-m antenna is prepositioned to a fixed
azimuth and elevation and the Noise Adding Radiometer
(NAR) data collection system automatically records total
receiving system temperature as the 26-m antenna beam is
swept across the sky by the rotation of Earth. During this
period, the antenna was fixed in azimuth at 360 degrees
and progressively positioned from 49.9 to 49.1 degrees
elevation, and 496-/2 hours of testing were automatically
performed, This testing is performed at 2295 MHz, using
right circular polarization (RCP) on the 26-m antenna.

V. Unattended Operation, DSS 13

In preparation for the planned unattended operation of
DSS 13, the Polarization Diversity S-Band (PDS) feedcone
removed from DSS 14 has been modified into a feedcone
having all the capabilities of an §-Band Polarization
Diversity (SPD) feedcone, except simultaneous reception
of two polarizations, but using only two -waveguide
switches instead of three. Two Block IIl Receiver-Exciters,
obtained surplus from the Spaceflight Tracking and Data
Metwork (STDN}), have been installed in the Operations
and Data Processing building at DSS 13 and completely
checked out with the STDN and DSN frequency
canverters. The first “milestone” demonstration is planned
to be an automated telemetry reception track from a
spacecraft in March, 1977,

VI. 26-m Antenna Measurements and
Evaluation

In order to evaluate the effects of several .cars of
experimental operation on the stability of the surface
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panel adjustments, careful measurements of the surface
deviation from the desired parabola were made on the 26-
m antenna. Measurements were made at three different
elevation angles: near zenith, near horizon, and at 33
degrees. The subreflector was removed and returned to
JPL for precision measurements, and installation of a
removable vertex plate. While the feedcone was off the
antenna, antenna waveguide run measurements were
made in preparation for installation of the modified
feedcone described above, designated SVU (S-band,
Venus, Unattended).

Replacement of the oil seal on one elevation ball screw
was performed, and an examination of the gearbox was
made to ensure that no hidden damage existed. The oil
seal replacement solved the oil leakage problem, and,
althovgh brass shavings and a piece of broken gear were
found in the gearcase, no immediate problem is foreseen.

After reinstallation of the subreflector, new vertex plate,
and feedcone, pointing evaluation tracks were performed,
using an automated program called SCOUR (SCan and
COrrect Using Receiver), which utilizes the SDS-930 to
provide antenna control. Using Virgo A, 3Cl44, and
3C273 as sources, 21-1/2 hours of pointing error
evaluation were performed.

Several problems were experienced with the S§-band
maser refrigerator with which the 26-m antenna is
equipped. During this period, the displacer crosshead
drive has been overhauled and replaced twice. The system
is working correctly at this time, although some audible
roughness exists in the drive mechanism.

VIl. X-Band Radar, 8495 M.z, 400 W

During a series of radar observations of the comet
L’Arrest, the VA949] klystrons used as final amplifiers
failed and were removed. In preparation for restoring the
system to service, the traveling-wave tube amplifiers
(TWTA) used as klystron drivers were tested, and the
TWT power supplies (Logimeuwics Corp. Model A300)
were modified, with a new HV cable connector for
improved reliability. This modification required fabrica-
tion of a complete new back parel assembly and
rearrangement of connectors. After modification, one of
the three power supplies dev-loped an intermittent fault
and was repaired. At this time, the TWTAs are
operational.

VIIl. Energy Conservation
The Operations and Data Processing {G-51) and
Lahoratory and Office (G-60) buildings at the Venus
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Station have each been equipped with a time clock with
which the lighting (interior and exterior) and air
conditioning are operated. The air conditioning is on a
multiday time clock, while the office and laboratory
lighting is controlled by personnel-set limers, with a total
tinie of 10 hours available. Excluding the transmitting
systems, the air conditioning systems at Venus are the
largest users of electricity, and automatic turnoff of this
usage when the station is nol manned will reduce
consumption.

IX. Deep Space Network High-Power
Transmitter Maintenance Facility (DSN
HPTMF)

The X-3070 klystron loaned to Arecibo Radio Observa-
tory has been returned in apparent good condition as
evidenced by a vacuum check. Arecibo did not find it
necessary to use this klystron.

At the request of the Transmitter Cognizant Operating
Engineer (COE), a klystron socket tank, klystron focusing
magnet, magnet adapter and 300-kW RF water load were
loaned to Varian Corporation to be used in testing a
repaired DSN 100-kW klystron. These items we:e
returned after testing was completed.

In continuing support of the DSN mission, four each,
20-kW klystrons, Varian Model 5K705G, were tested to
assure usability in case of need. (These klystrons had been
obtained from the STDN.) Two of the four klystrons meet
all applicable specifications. Three arc detectors, fabri-
cated by a vendor, were checked, wiring errors corrected,
repairs made where necessary, and operation and response
time verified. Additionally, a light source and powcr
supply for the crowbar on the HV power supply at DSS
14 were repaired.

Routine scheduled maintenance was performed on the
20-kW test transmitters, and the DSS 13 transmitter
control system was converted to the same solid state
configuration used in the DSN. During this maintenance
period, a documentatiur. update program was started to
ease the planned configu-ation of the system for unal-
tended operation for uplink transmissions to spacecraft,
During this maintenance period, the X-3070 megnet used
in the Advanced Systems Demonstration transmitter failed
due to inadequate coolant flow, and the system is
currently inoperative.

As part of a program to improve the spectral purity of
the uplink transmissions, a high-resolution spectrum
analysis was made of the carrier emitled by the 20-kW

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-36

Laa i A B &

test transmitters and also of the HV power supply used
with these transmitters. The same spectral components, at
similar relative amplitudes, were found ir both the RF and
HV dc spectra. Detailed analysis is beiig performed.

X. Planetary Radio Astronomy

In support of the Radio Science experiment “Flanetary
Radio Astronomy” (OSS 196-41-73.01), DSS 13 measures
and records the radiation received at 2295 MHz from the
planet Jupiter and various radio calibration sources. These
measurements use the 26-m antenna, the S-band station
receiving system, and the NAR. During this period, 109-
3/4 hours of observations were made, during which the
radiation received from Jupiter and the calibration sources
tabulated in Table 2 were measured and recorded.

XI. Interstellar Microwave Ypectroscopy

In support of the Radio Science Experiment “Interstel-
lar Microwave Spectroscopy” (OSS 188-41-52-12) DSS 13
provided 23 hours of station support, including 17-3/4
hours of tracking reception at 2273.5 and 2321.729 MHz.
Sources used for this experiment included 3C58, NGC
7822, and 118 +48.

Xil. VLBI Support

In support of the several programs that utilize Very
Long Baseline Interferom~try (VLBI) techniques, DSss 13
devoted 6-3/4 hours of tracking to check out new
equipment utilized for this purpose. Sources observed
were 3C84 and 3C273.

Xlll. Clock Synchronization System

The interval between transmission of clock synchroniza-
tion signals was shortened at the request of the Viking
Project. This increased transmission schedule, program-
med on five-day centers, was instituted in support of the
encounter, orbit, and landing phases of Vikings I and 11
spacecraft with Mars.

Although Spain, DSS§ 63, had some difficulty with their
receiving system, 18 transmissions were made to them as
scheduled by DSN Scheduling. Another 21 transmissions
were made ta Australia DSS 43, for a total transmission
time of 40-3/4 hours. Both stations are now reporting
good reception and correlation with their local station
clocks.
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Table 1. Pulsars observed at DSS 13, June 14 through
October 10, 1976

0031-07
0329+ 54
0335+ 54
0525+21
0628 --28
0736 —40
0823+26

0833—45
113316
1237+23
1804 - 00
1642 ~03
1706—-16
1749-28

1818—-04
191104
1929+ 10
1933+ 16
2021+51
2045-16
2111 +46
2318+47

Table 2. Radio calibration sources observed at DSS 13,
June 14 through October 10, 1976

3C17
3C48
3C84
3Cla3
3C138
3C145
3C147
3C218

50273
3C274
3C278
3C286
3C309.1
30345
3C348
3C353

3C418
NRAO530
0]287
PKS0237-25
PKS2134-00
Virgo A
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