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Preface

Beginning with Volume XX, the Deep Space Network Progress Report changed from
the Technical Report 32- series to the Progress Report 42- series. The volume number
continues the sequence of the preceding issues. Thus, Progress Report 42-20 is the
twentieth volume of the Deep Space Network series, and is an uninterrupted follow-on to
Technical Report 32-1526, Volume XIX.

This report presents DSN progress in flight project support, tracking and data
acquisition (TDA) research and technology, network engineering, hardware and software
implementation, and operations. Each issue presents material in some, but not all, of the
following categories in the order indicated.

Description of the DSN

Mission Support
Ongoing Planetary/Interplanetary Flight Projects
Advanced Flight Projects )

Radio Science
Special Projects

Supporting Research and Technology
Tracking and Ground-Based Navigation
Communications—Spacecraft/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 Commumecations
Deep Space Stations

Propram Planning
TDA Planning
Quality Assurance

In each issue, the part entitled “Description of the DSN™ describes the functions and
facilities of the DSN and may report the current configuration of one of the five DSN
systems (Tracking, Telemetry, Command, Monitor & Control, and Test & Training).

The work described in this report series is either performed or managed by the

Tracking and Data Acquisition organization of JPL for NASA.

iif
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Network Functions and Facilities

N. A. Renzetti
Office of Tracking and Data Acquisition

The objectives, functions, and organization of the Deep Space Network are
summarized; deep space station, ground conumunication, 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
Laboratory {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 solar
system. It has provided tracking and data acquisition support
for the following NASA deep space exploration projects
Ranger, Surveyor, Mariner Venus 1962, Mariner Mars 1964,
Mariner Venus 1967, Manner Mars 1969, Mariner Mars 1971,
and Mariner Venus Mercury 1973, for which JPL has been
responsible for the project management, the development of
the spacecraft, and the conduct of mission operations; Lunar
Orbiter, for which the Langley Research Center carried out the
project management, spacecraft development, and conduct of
mission operations; Pioneer, for which Ames Research Center
carried out the project management, spacecraft development,
and conduct of mission operations; and Apollo, for which the
Lyndon B. Johnson Space Center was the project center and

the Deep Space Network supplemented 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.S./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 spacecraft.

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 sys-



tem. It was recognized that in order to meet this objective,
significant supporting research and advanced technology
development must be conducted in order to provide deep
space telecommunications for science data return in a cost
effective manner. Therefore, the Network 1s continuaily
evolved to keep pace with the state of the art of telecommuni-
cations and data handling. It was also recognized early that
close coordination would be needed between the requirements
of the flight projects for data refurn 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 flight project team from the initiation of the
project to the end of the mission. By this process, require-
ments were identified early enough to provide funding and
implementation in time for use by the flight project n its
flight phase. .,

As of July 1972, NASA undertook a change n the interface
between the Network and the flight projects. Prior to that
time, since 1 January 1964, in addition fo 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 Space Flight Operations Facility (SFOF). The interface
change was to accommodate a hardware mterface 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 communications necessary
for the conduct of mission operations. The Network then
undertook the development of haidware and computer soft-
ware necessary to do its network operations control and
" momtor functions in separate computers. This activity has
been known as the Network Control System Implementation
Project. A charactenistic of the new interface is that the
Network provides direct data flow to and from the stations;
namely, metric 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
catried out by data system configurations as follows:

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

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

¢ The DSN Command Sysiem accepts coded signals
from Mission Control via the Ground Commumca-
tions Facility and transmits them to the spacecraft in
order to initiate spacecraft functions in flight.

The data system configurations supporting testing, train-
ing, and network operations control functions are as follows:

¢ The DSN Monitor and Control System instruments,
transmits, records, and displays those parameters of
the DSN necessary to verify configuration and
validate the Network. It provides operational direc-
tion 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 simulated data to support development, test,
training and fault isolation within the DSN. It par-
ticipates 1n mission simulation with flight projects.

The capabilities needed to carry out the above functions
have evolved 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 telecom-
munications and flight-ground design considerations,
and is almost completely multimission in character.

(2} The Ground Communications Facility provides the
capability required for the transmission, reception,
and monitoring .of Earth-based, point-to-point com-
munications between the stations and the Network
Operations Control Center at JPL, Pasadena, and to
the mission operations centers, wherever they may be.
Four communications disciplines are provided: tele-
type, voice, high-speed, and wideband. The Ground
Communications Facility uses the capabilities
provided by common carriers throughout the world,
engineered 1nto an 1ntegrated system by Goddard
Space Flight Center, and controlled from the com-
munications Center located in the Space Flight Opera-
tions Facility (Building 230) at JPL.



(3) The Network Operations Control Center is the func-

tional entity for centralized operational control of the
Network and interfaces with the users. It has two
separable functional elements; namely, Network
Operations Control and Network Data Processing. The
functions of the Network Operations Control are:

® Control and coordination of Network support to
meet commitments to Network users.

® Utilization of the Network data processing com-
puting capability to generate all standards and
limits required for Network operations.

e Utilization of Network data processing com-
puting capability to analyze and validate the
performance of all Network systems.

The personnel who carry out the above functions are
lacated in the Space Flight Operations Facility, where
mission operations functions are carried out by cer-
tain flight projects. Network personnel are directed

by an Operations Control Chief. The functions of the
Network Data Processing are:

@ Processing of data used by Network Operations
Control for control and analysis of the Network.

e Display “in the Network Operations Control Area
of data processed in the Network Data Process-
ing Area.

o Interface with communications circuits for input
to and output from the Network Data Processing
Area. ’

@ Data logging and production of the intermediate
data records.

The personnel who carry out these functions are
iocated approximately 200 meters from the Space
Flight Operations Facility. The equipment consists of
minicomputers for real-time data system monitoring,
two XDS Sigma 5s, display, magnetic tape recorders,
and appropriate interface equipment with the ground
data communications.
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Mark 1lI-77 DSN Command System

W. G. Stinnett
TDA Engineering

A description of the Mark III-77 DSN Command System configuration is discussed. A
comparison is made with the Mark III-75 System Configuration to explain the
implementation required to establish the Mark II-77 System Configuration.

. Introduction

The DSN Command System, one of the six Network
systems, will be undergoing implementation during the next
15 months that will lead to the Mark I1I-77 configuration. Of
significance is the implementation that will occur at the Deep
Space Stations (DSS) and in the Ground Communications
Facility (GCF). On December 16, 1976, installation of the
Mark III-77 configuration was completed on the first! DSS
(DSS 12 at Goldstone). The station was brought back on line
at that time for flight support. The first two months of
operational use is planned for mission demonstration passes
and station personnel training. (At the time of submitial of
this article, the second station (DSS 62 1n Spain) is off line and
installation of the Mark III-77 configuration is in process.)
Stations will be taken off line (nonoperational), implemented
per the Mark TII-77 configuration, and returned to flight
support status. The last station o be implemented will be DSS
11 at Goldstone in March 1978. Implementation in the GCF is

I¢TA 21 (Compatibility Test Area) at JPL and STDN (MIL 71) at Cape
Canaveral were implemented prior to DSS 12.

occurring at two locations. At the stations the lmplémentation
is consistent with the station-by-station reconfiguration
schedule. At -JPL, implementation is planned for October
1977.

Figure 1 provides a block diagram of the Mark III-75 DSN
Commdnd System. Figure 2 provides a block diagram of the
Mark II1-77 DSN Command System. Comparison of the two
figures shows that major configuration changes will occur in
two subsystems of the DSN Command System: the DSS
Command Subsystem and the GCF High-Speed Data
Subsystem.

The Mark I-77 DSN Command System will support the
ongoing Pioneers 6 through 11, Helios 1 and 2, and the Viking
missions. The configuration will also support the yet to be
launched Mariner-Jupiter-Saturn 1977 and Pioneer Venus
1978 missions. The configuration is multimission and will
consist of no mission dependent hardware or software
elements.



Il. Deep Space Station Implementation

Figure 3 contains a block diagram of the Mark ITI-77 Deep
Space Station configuration and denotes items requiring
implementation or modification from the Mark III-75
configuration. The major modifications are shown in the
exploded view. Implementation plans include the following:

(1) Replacement of the existing Telemetry and Command

Processors (TCPs) with dedicated Command Processor

Assemblies (CPA%) at all stations.

{2) A change in interface between the DSS Command
Subsystem and the GCE High-Speed Data Subsystem
(ie., the Star Switch Controller).

(3) Implementation of a computer at the terminal end of
the GCF High-Speed Data Subsystem (i.e., the
Communications Monitor and Formaiter Assembly
(CMF)).

(4) A change in interface between the DSS Command
Subsystem and the DSS Monitor & Control Subsystem.
This includes an interface via the Star Switch
Controller beiween the CPA and the Monitor and
Control Computer (the Digital Instrumentation
Subsystem (DIS)). This nterface change also includes
implementation of a Data System Terminal (DST) that
places the DSS Command Subsystem under the DSS
centralized opetations concept.

(5) A change n 1ntesface between the Frequency & Timing
Subsystem (FTS) and DSS Command Subsystem.
Includes the implementation of a Time Format
Assembly (TFA).

(6) Minor modifications to the Command Modulator
Assembly (CMA).

{7) An upgrade of the DSS Transmitter Subsystem at DSS
12 and 62; upgrade from 10 kW to 20 kW.

The CPA is a Modecomp Computer, Model II-25. Its
implementation is part of the DSN plans to replace the
existing XDS8-920 computers in the Network. The first phase
of this replacement is being carried out via the DSN Mark III
Data Subsystem (MDS) Implementation Project. (Telemetry
Processor Assemblies (TPAs), Metric Data Assemblies (MDAs),
and Communication Monitor and Formatter Assemblies are
being implemented by this project simultaneously with the
CPAs.) In the Mark III-75 configuration, the DSS command
processing function shared the same computer with telemetry.
In the Mark HI-77 configuration, the command function

resides in a dedicated command computer. (Note backup
avaflable at each DSS.) This newer dedicated computer will
provide higher reliability, greater processing speed, and more
core available for the command function. The higher reliability
will derive from isolation frém the telemetry function. The
increased processing speed will aliow the DSN to support
higher spacecraft command bit rates. In the Mark III-75
configuration, where the command and telemetry functions
were shared in the XDS-920 TCP, the DSN had reached the
limit of command bit rate support. The 8 bfs used to support
the Helios mission very nearly matched the limit of the DSN
capability. The 16-b/s command rate required by the Mariner-
Jupiter-Saturn 1977 mission required the DSN to replace the
TCP. The CPA processing speed will allow the DSN to suppoit
expected major increases in command bit rates for future
issions.

As part of the implementation at the DSS, Star Switch
Controllers (SSC) are to serve as the intercomputer communi-
cations hardware devices. Connected to the SSCs will be two
CPAs, two TPAs, one MDA, one DIS, and two CMFs. All
communication between the computers is via the SS5Cs.

The Mark IH-77 configuration includes the implementation
of two Modcomp II-25 computers (CMFs, prime and backup)
at each DSS for the terminal end of the GCF. The prime
functions of the CMF include interfacing with the communica-
tion equipment at the DSS to receive/transmit high-speed data
blocks fromfto JPL, to communicate with the station com-
puters (CPAs, TPAs, MDA, and DIS) via the Star Switch
Controllers, and to provide a centralized station digital original
data record (ODR). It should be noted that the centralized
ODR concept is different from what exists in the Mark I11-75
configutation. In the Mark III-75 configuration the TCP and
DIS provided digital tape recordings (ODRs) of .all inbound
and outbound high-speed data blocks. In the Mark III-77
configuration, this function has been centralized where the,
CMF logs all station inbound and outbound data.

As in the Mark III-75 configuration, DSS Command
Subsystem status data 1s provided to the DSS Monitor and
Control Subsystem in the Mark ITI-77 configuration. However,
in the Mark Ul-77 configuration, the data are communicated
via the Star Switch Controller. The major change that is
occurring in the interface between these two subsystems is due
to the implementation of the DSS centralized inputfoutput
device (the DST). The Data System Terminal Assembly (DST)
consists of two cathode ray tubes (CRTs) and a prime and
backup keyboard. After each computer has been loaded, all
operator inputfoutput functions can be accomplished from the
DST. This will permit a more rapid operator response for
controlling and monitoring the station computer-based subsys-
tems.



With the implementation of the Modcomp Computers, a
new interface with the Frequency & Timing Subsystem is
required. The Time Format Assembly (TFA} provides the
required interface. The TFA furnishes GMT and timing pulses
of 1, 10, 100, and 1000 pulses per second to the CPA.

Minor modifications are to be accomplished in the Com-
mand Modulator Assembly (CMA) during the Mark II-77
upgrade. Due to implementation of CPA (CPA does not have
an analog to digital converter whereas the TCP does), the
method of checking the voltage outpui level of the CMA to
the exciter will be changed. A voltage comparator will be
- installed in the CMA and a good or bad signal will be provided
to the CPA software. In the Mark III-75 configuration, the
TCP software does the comparison to nominal limits. Changes
will also be made that will invert bit sync of Manchester
encoded coherent phase-shift keying (PSK) data to make it
compatible with the MJS 77 spacecraft (inverted from Viking).
Additionally, an improvement will be made where symbol-by-
symbol checking of Manchester encoded data will be accom-
plished. (In the Mark III-75 configuration, checking is done on
a bit-by-bit level.)

As indicated in Fig. 3, implementation is required in the
DSS Transmitter Subsystem. DSS 12 and 62 transmitters are
to be upgraded from 10 kW to 20 kW. This will provide 20-kW
transmitter capabilities at all DSN stations.

lll. Ground Communications Facility
Implementation

Due to the nature of support provided by the Ground
Communications Facility (GCF) High-Speed Data Subsystem,
the implementation of the Mark III-77 configuration will
coexist with the Mark III-75 configuration for a significant
period of time. Figure 4 provides a block diagram of the dual
configurations that will exist from late CY 1976 through late
CY 1978, The reasons that the dual configurations have to
remain in existence for two years are-

(1) Both Mark III-75 configured stations and Mark III-77
configured stations will exist through March 1978.

(2) The committed interface to the Viking and Helios
missions will be maintained through end of misstons.

The implementation of the Mark 1II-77 GCF High-Speed
Data Subsystem will occur at the Deep Space Stations and at
the Jet Propulsion Laboratory. At the DSS, the CMF
computers are being implemented on a schedule consistent
with the station-by-station upgrade to the Mark IfI-77 configu-
ration. In the Central Communications Terminal (CCT) at JPL,

three types of functional computer assemblies are planned to
be implemented for the Mark III-77 configuration. The three
types of assemnblies are: (1) Error Detection Correction (EDC),
(2) High-Speed Switch (HSW), and (3) Central Communica-
tions Monitor (CCM). All computers will be Modcomp.
Implementation in the CCT is planned to be completed in
October 1977 for initial Pioneer Venus 1978 testing.

The EDC assembly, as previously stated, will be physically

- installed and in line with data flow in late 1977. The functions

of this assembly will be to establish a protocol with the GCF
compuier (CMF) at a Deep Space Station such that short line
outages and block errogs are corrected by retransmission. With
this correction scheme, the DSN should approach 100 percent
in the delivery of real-time data. The primary driver for this
implementation is to cut down on the station time and
personnel effort for posttrack replay of missed telemetry data.
The DSN can then more easily meet the completeness criteria
for project data records with this real-time correction by
retransmission scheme.

The HSW provides the data block routing function for the
GCF High-Speed Data Subsystem at JPL. Data are received
from a DSS and routed to the appropriate destination — Ames
Research Center, Network Operations Control Center (NOCC),
andfor Mission Control and Computing Center (MCCC).
Likewise, data destined for a DSS are received from Ames,
NOCC, or MCCC, and routed to the appropriate DSS.

Included in the Mark III-77 configuration is the Central
Communications Monitor Assembly (CCM). This assembly will
receive status data from GCF equipment.at a D33 (the CMF)
and at the CCT. These data will be processed and displayed for
all data streams such that the GCF status can be monitored
from one central-location.

IV. Network Operations Control Center
Implementation

As can be seen from Fig. 1 and Fig_ 2, there are no changes
from the Mark III-75 to Mark H[-77 configuration in the
NOCC affecting the DSN Command System. The physical
assemblies do not change. There are some changes in the
nature of sofiware sustaining effort — Improvements in opera-
tor displays, inputs, etc.

V. Future Plans

This article primarily discusses the physical configuration of
the Mark III-77 DSN Command System rather than the



functional capabilities. Due to the nature of the DSS imple-
mentation occurring over an extended period of time, in which
a given project is supported by both Mark III-75 and Mark
HI-77 configured stations, the software functions performed
by the CPA closely match those of a TCP (see Progress Report
42-29 for description). When all TCPs in the DSN have been

replaced by CPAs, plans are to update the software. The prime
change will be to greatly increase the command storage
capability at a DSS-such that outages upstream in the system
have little, if any, affect on the function of commanding a
spacecraft. The operation and capabilities resulting from that
implementation will be discussed in a later article.
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Viking Mission Support

D. W. Johnston, T. W, Howe, and G. M. Rockwell
DSN Network Operations Section

This report summarizes Deep Space Network support for the four Viking spacecraft
during October and November 1976. The period covers the last portion of the prime
mission which officially. terminated on 15 November 1976 and the start of the Viking
Extended Mission on that date. November also covered the Mars-Sun-Earth superior
conjunction period with the rapid degradation of RF link performance resulting in the
tapering off and termination of telemetry data coincident with a rapid increase in Radio
Science Experiment activity. The various Radio Science Experiments are described in
detail and the Computer dided Countdown Program utilized by the tracking stations

during the Viking mission is also described.

l. Viking Operations Activities

Network Operations support of Viking planetary operations
continued through the period with the official end of the
prime and start of the extended mission occurring on
15 November. The actual support of radio science started on a
regular basis with Solar Corona and Earth Occultation Experi-
ments beginning on 3 and 6 October, respectively. High-power
transmitter (usually -at 100 kW) support for the Relativity
Experiment began on 3 November. High-rate telemetry sup-
port was terminated on 7 November. These conditions were
- established primarily because of the link degradation during
the superior conjunction period and remained in effect
through the end of this reporting period. Due to the nature of
the radic science organization and requirements and the
degradation of all data types durng superior conjunction, an
extra effort was required in short range planning and control
of the required support. This effort was expended mainly in
the production and coordination of special procedures and in
the generation of the sequence of events (SOE) to be used by
the Network Operations Control Team (NOCT) and support-
ing' Deep Space Stations (DSSs). Added tracking by DSS 43 in
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Australia was also required, affecting support of other projects
and station activities.

Other support during the period included additional Lander
receiver tests utilizing DSS 63 in Spain. The special procedures
required were implemented -without problems during the
tracks from 9 through 12 October. A special alternating
ranging test was successfully supported by DSSs 61 and 63 on
17-October with Orbiter2. The purpose of the test was to
develop the procedures to be used for the Mariner Jupiter-
Saturn (MJS) Project ranging support requirements.

The 64-m stations, Network Data Processing Area (NDPA),
and the Ground Communications Facility (GCF) were released
from Viking Modified Configuration Control (soft freeze) on
15 November. All Network Tfacilities remained in standard
configuration control throughout the period except for DSS
12 at Goldstone and DSS 63. DSS 12 was released on
3 October for Mark III Data System (MDS) reconfiguration.
DSS 63 was released on 15 November for antenna bearing
corrective maintenance.



A significant problem occurred during the period when DSS
14 was unable to process high-rate telemetry during the period
22 to 27 October due to Block Deceding Assembly (BDA)
failures requiring special coordination of data recovery proce-
dores. The data recovery involved shipping the analog record-
ings to Compatibility Test Area 21 (CTA 21) for digitization
and subsequent Intermediate Data Record (IDR) production.
Time was not available for this effort at DSS 14 due to
tracking and station internal requirements. On 16 November a
second problem occurred when DSS 14 tracking support was
cancelled in order to extend the hydrostatic bearing mainte-
nance work in progress. Viking support requirements were
successfully negotiated in real time, using DSS 11,

II. Occultation and Solar Corona
Support

On 1 October, Lander 1 was contuing to send data via
daily direct S-band link. Lander 2 was continuving to send
science data via both the relay link and direct link. Orbiter 1
was synchronized over Lander 2 and acting.as a relay station.
Orbiter 2 had just begun an orbital walk to begin observations
of the Martian northem polar cap. Highlights of DSN support
and Viking activities during this reporting period are as
follows:

20ct  The first “grazing” Earth occultation for VO-1
occurred with no degradation observed on the

downlink.

DSSs 14 and 43 began taking data for the Solar
Corona Experiment.

3 Cct

4 Qct  “Grazing” Earth occultations continued for VO-1

with no degradation observed on the downlink.
50ct  The first *hard” Earth occultation occurred
during DSS 43’s pass on (lus dale. No eflects of
superior conjunction on AGC or SNR had been
observed.

70c¢t  The third Earth occultation occurred. It was
noted that the VO-1 X-band downlink AGC
mcreased by 3 dB when the uplink transmitter
was turned off.

11 Oct  Following Earth occultation exit, VO-1 was
found to be transmitting in the cruise mode at a
data rate of 33.333 bfs. The Attitude Control
Electronics had switched to the backup system.
The CCS had ertoneously responded to a loss of
Sun signal during solar occultation and issued a
“Sun Loss Routine.”

15 Oct

17 Oct

21 Oct

26 Oct

29 Oct

4 Nov

6 Nov

VO-2’s Infrared Thermal Mapper (IRTM) was
commanded on. It had been turned off earlier due
to the mirror stepping problem.

VO-1 Earth occultations now occurring during
the DSS 63 view period.

An alternating range exi)eriment:duling the DSS
61/63 view period for the MIS 77 Project.

A special Radio Science Coordination Voice Net
for DSSs 14 and 43 was introduced for the
purpose of technical information -exchange
between the radio science advisors and the sta-
tions, Superior conjunction effects have not yet
been observed on the downlinks. Some noise has
been observed on the uplink.

A high-gain antenna calibration for VO-2 tock
place during the DSS 14 pass. The DSS 14 Digital
Instrumentation Subsystem (DIS) program halted
during this test, causing 2 data poinis to be lost.
AGC levels were reported by voice during the DIS
outage.

Effects of solar conjunction are now being seen in
uplink and downlink. Variations are seen in
uplink AGC and downlink SNRs.

Severe RFI at DSS 14 caused loss of 8-kb/s data
for half an hour. A message was sent to all
Network stations requesting system noise temper-
atures be included in the post-track reports for
the purpose of determining solar conjunction
effects on station parameters. The data are to be
taken between 4 November and 17 December

1976.

Message sent to all Network statidns advising
them of a requirement to use high-power trans-
mitters during the time frame of 3 November to
15 December 1[976. Power levels to be used are as
follows:

100 kW at DSS 14
50 kW at DSSs 43 and 63
20 kW_ at DSSs 11,42, and 61

Use of higher power levels decreases noise on
two-way doppler and ranging.

Solar conjunction effects continue to be seen.
Effects are as follows: Up to 10-dB finctuation on
uplink AGC; up to 20-dB degradation cn engi-
neering SNRs. The 26- and 64-meter stations
indicate the same SNR. Downlink degraded by
2 dB.
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10 Nov  2-kbfs data being received on this date showed
SNR of 6 dB but had extremely high bit error
rate, The Sun-Earth-probe angle on this date was
4.5 degrees. This was the last attempt for VO
high-rate data.

15 Nov This was the last day of the Viking prime mission.
Engineering data were still being received at an
SNR of 3dB at 26-m DSSs and 5dB at 64-m
DSSs. Bit error rate for 26-m DSSs was estimated

to be 23 in 4687 bits or 0.005.

Table 1 lists the Viking DSS support during the reporting
period.

lil. Viking Radio Science

A very important part of the Viking prime mission has been
the radio science experimentation. This activity was increased
considerably during the latter part of the Viking prime mission
as mentioned earlier. The specific experiments that were
perfonined, and in many cases will continue into the Viking
Extended Mission (VEM), are:

(1} Orbiter-quasar VLBI

(2} Earth occultation

(3) Solar corona

(4) General relativity

(5) Orbiter 8- and X-band doppler and ranging

(6) -Lander ranging

- Each of these experiments is designed to provide scientists
with specific data to help answer pending questions concerning
the solar system and our-environment. Following is a brief
description of what each experiment is-and .to what extent it
has been carried out to date, including what results have been
obtained.

A. Orbiter-Quasa_\r VLBI

During a Very Long Baseline Interferometry (VLBI) Exper-
iment, radio signals from a spacecraft and quasar will be
alternately recorded, simultaneously, "at two Deep Space
Stations (DSSs). The VLBI will yield precise measurements of
angular separation of the two sources. The results will show
precise location of the spacecraft and in turn that of Mars and
Earth -as well. By performing such experiments over a period
of years, exact orbits can be determined and also a test of the
general theory of relativity.
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There *have been 2 total of six Orbiter-Quasar VLBI passes
of data acquired between DSSs 14 and 42 since Viking arrived
at Mars. These passes were:

Date Orbiter . Quasar
14 July VO-1 OL 064.5
15 July VO-1 OL 064.5
19 August VO-1 P1148-00
22-23 September - V02 3C279
2324 September Vo2 13C279

The data from the first two passes have been processed
through the Caltech VLBI-correlator-and appear to be of good
quality. .

Continued acquisition of the Orbiter-Quasar VLBI data
type during the Viking Extended Mission will depend upon the
resources available to plan, acquire, process, and analyze’ this
data type.

At DSSs 14 and 42 special equipment is required to
perform these VLBI functions. This equipment is listed below,
and its conﬁgura;tion is depicted in Fig. 1.

(1) VLBI S-band receiver

(2) Hydrogen maser

(3) Viking frequency converters
(4) Mark H recorder system

(5) VLEI frequency synthesizer

8. Earth Occultations

Toward the end of the prime mission, the orbit of Orbiter 1
passed behind Mars as viewed from Earth. Thus, in early
October, the Orbiter’s signal was gradually cut off, or occulted
by the atmosphere and later by the surface’ of Mars. The
variations in the signal on entry and exit from occultation are
used to- determine Martian atmospheric and ionospheric
properties. In addition, occultation measurements produce
precise radii of Mars at the occultation points.

The Viking Orbiter 1 Earth occultations started on
6-October over DSS 43 (Canberra), “walked” into DSS-63
(Madrid), and ended over DSS 14-(Goldstone). This compli-
cated sequence was the result of the Lander 2 landing site
selection. Orbiter 1-was synchronized over Lander 2 during the
occultation perfod, and since the Lander 2 site.was changed,
the first Barth occultations moved from the Goldstorne to
Canberra view period. This upset years of plans and tests of



the occultation ground data system and could have resulted in
the majority of the occultations occurring over Madrid, where
there are no occultation open-loop receivers or recorders.
However, the Radio Science Team and Viking Project finally
elected to eliminate the “radio science walk,” and, conse-
quently, the occultations occurred over all three 64-m DSN
stations.

There were 27 pauwrs of occultations. Ten exit occultations
occurred over DSS 63 for which there were no coverages
scheduled due to conflicting requirements, or there were, only
closed-loop one-way data acquired as soon as the station S-
and X-band receivers were able to lock up. These 10 exits are
really of no value to the experiment. In addition there were
three enter occultations over DSS 63 for which there were
conflicting requirements, and no closed- or open-loop occulta-
tion data were acquired. Finally, DSS 14 lost its first exit
occultation due to conflicting Project requirements. Conse-
quently, only about 75 percent of the occultations provided
data, This record is very good, considering all the conflicts.
The DSN and Viking Flight Team (VFT) did an excellent job
in acquiring the data due to the amount of preparation that
went into the planning, procedures, and occultation demon-
stration tests.

The first closed-loop data from DSS 43 enter occultations
showed no indication of any ionosphere with the entry and
exits occurring on the dark side of the planet. The atmospheric
pressure and temperature profiles and the planefary radii
suffer from the data noise due to the solar corona effects. The
Sun-Earth-probe angle at the start of occultations was about
15 degrees.

The configuration used for occultation observations at
DSSs 14 and 43 consists of the standard closed-loop system
and also the open-loop system, which-is the most important.
The cpen-loop system consists of two open-loop receivers and
two dedicated openloop FR-1400 analog recorders. The
open-loop system is shown in Fig. 2, and the FR-1400’s track
assignments are listed in Table 2.

The pattern of occultations for the first phase is shown in
Fig. 3. This phase ran from I October to | November. The
next phase begins on 16 January 1977 over DSSs 63 and 14.
The first phase involved Orbiter 1 only. The next segment will
utilize only Orbiter 2 in a similar manner. A more detaled
look .at Orbiter 2°s .cccultations will be discussed in future
articles.

The analog data recorded during these occultation passes
were forwarded to the Compatibility Test Area (CTA 21) via
the DSN’s Network Information Center (NIC). The configura-
tion (refer to Fig.4) of CTA 21 at the Jet Propulsion

Laboratory includes special equipment to support the analog-
to-digital conversion of Viking occultation data recorded at
the 64-meter stations. Analog occultation fapes received at
CTA 21 contain recordings of both S- and X-band data from
receivers operated in both the open-loop and closed-loop
modes. The closed-loop receiver data can consist of up to 16
parameters which are digitized in pairs. A single occultation
could result in analog tapes containing 22 minutes of entry
and exit data from the open-loop receivers and 22 minutes of
closed-loop receiver data. Digitization of all analog data by.
CTA 21 would require approximately 12 to 15 hours.
However, typical requirements during the prime mission have
been on the order of 4 hours digitization time for each
occultation. In addition to the occultation data conversion
support, CTA 21 provides a backup capability for analog-to-
digital conversion of Viking telemetry data. During the prime
mission a combined total of 38 occultation and telemetry
analog tapes, resulting in 63 digital tapes, were processed by
CTA2l. )

C. Solar Corona

As Mars and Earth approached superior conjunction on
24 November, radio signals from the Viking spacecraft passed
close to the Sun and were gradually affected by the influence
of the solar corona. Signal variations, using dual-frequency
downlinks, will provide new information on regions close to
the Sun.

Eight days of intensive solar corona data were acquired
from 3 through 10 October to check out the solar corona data
acquisition process and also to get useful solar corona data at a
Sun-Earth-probe angle of about 15 degrees. These data were
acquired from DSSs 14 and 43 using Orbiter 1, Orbiter 2, and
Lander 2. Data were acquired in two modes: a multiple
spacecraft-single station mode, and a single spacecraft-dual
station mode. Both closed-loop data (4 streams of 10 per
second data for 2 hours) and open-loop data were acquired.
The open-loop receivers at DSS 14 were operated in two
modes: a mode to collect dual S-band data from two orbiters
using Synthesizer Local Oscillator (SYNLO) predictions, and a
mode to collect S- and X-band data from one orbiter using
Programmed Local Oscillator (PLO) predictions. This week of
successful operations provided the experience and data needed
to design the solar corona passes during the solar conjunction
period.

The configurations at DSSs 14 and 43 differ somewhat, in
that DSS 14 uses a PLO at certain tunes, as described above.
These differences in configurations are shown for comparison
in Figs. 5 and 6. Table 3 also lists the different modes DSS 14
can operate in due to this addition. The track assignments are
the same as for occultation (see Table 2) except that only
tracks 1, 2, 4, and 6 are used.
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Fortunately for the Solar Corona Experiment, there will be
extensive periods of one-way tracking of the “second™ orbiter
during the General Relativity Experiment. Since one-way S-
and X-band data are not corrupted by the uplink solar corona
scintillations, the Solar Corona Experiment can get all the data
they can use without the usual conflict between the Relativity
and Solar Corona Experimenters. Solar corona observations
started again on 2 November and have been scheduled through
11 January 1977. Both digital and analog tapes from DSS 14
and analog tapes of the opendoop receiver will be available.
Closed-loop 8- and X-band doppler data from the two-way
orbiter used for the General Relativity Experiment will also be
useful for the Solar Corona Experiment even though it suffers
from uplink solar corona scintillations,

D. General Relativity

Because signals are affected by the Sun’s gravitational field,
a precise solar gravitational time-delay test of the general
relativity theory will be performed. These tests can have a
major impact on fundamental physical laws and on studies of
the evolution of the universe,

In September the Viking Project reviewed and approved the
proposed Radio Science Team General Relativity Time Delay
Experiment. This experiment proposal is based upon the use
of lander ranging with simultaneous orbiter ranging for solar
corona charged-particle calibrations. The period of time
covered by the simultaneous lander and orbiter ranging
extends from 3 November through 9 December. In addition,
near-simultaneous lander and orbiter ranging before and after
this time period is used as an essential part of the General
Relativity Experiment data base, to solve ‘for planetary
ephemerides errors and as part of the radio science lander
location and Martian pole location and dynamics experiment.

Experience during the Viking prime mission has shown that
the ranging system (the planning, sequencing, data acquisition,
and processing).does not operate i a hands-off mode. Due to
various reasons, including Lander 1 direct link receiver failure,
Orbiter 2-Lander 2 separation anomaly, Lander 2 Traveling
Wave Tube Amplifier (TWTA) 1 failure, and several opera-
tional procedural errors, only about 25 percent of the
nearsimultaneous lander and orbiter ranging passes that were
scheduled actually acquired good near-simultaneous orbiter
and lander ranging. As a consequence of this poor record, and
the Helios experience during the solar conjunction period, a
real-time radio science ranging team was organized and started
into operation near the end of October. One of the first
problems observed by the real-time ranging team was a
degradation in the ranging signal-to-noise ratio from Lander 2.
This foretold the ultimate failure of TWTA 1, which resuited
in a reduction in the amount of ranging coverage available
from Lander 2 (both in length of ranging period and number
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of periods) which resulted in a revision of the whole General
Relativity Experiment plan.

As of 10 November 1976, there have been four attempts to
acquire simultaneous lander and orbiter ranging from DSSs 14
and 43. The first pass with Lander 1 on 3 November experi-
enced a Mu 2 ranging machine failure that was corrected in
time for the next day’s pass, which was successful. The two
passes with Lander 2 on 8 and 9 November were successful.
The real-time ranging team has been able to monitor and
correct many operational errors which, if they were not
caught, would have resulted in lost ranging data. If this success
rate continues, the General Relativity Experiment should be
able to achieve its objectives. However, the solar corona effects
will become much more severe as we approach solar conjunc-
tion on 25 November,

E. Orbiter §- and X-Band Doppler and Ranging

Since November 1975, when the X-band transponders on
the orbiters were turned on, several hundred S- and X-band
doppler and ranging passes of excellent data have been
acquired during cruise and planetary operations. During
planetary operations, tracking data taken near periapsis have
enhanced the accuracy of determining the Martian gravity field
and local gravity anomalies. This will be accomplished through
elimination of error sources by use of dual-frequency S- and
X-band tracking. The gravity field definition provides informa-
tion on the mass, internal structure density and mass distribu-
tion, geological processes, and the evolution of Mars. These
data have been extremely useful in evalvating the new X-band
sysiem performance, monitoring solar flares and solor corona
noise, and for the charged-particle calibration of doppler and
ranging data. Four data types, i.e., 8- and X-band doppler and
ranging, have been compared and yielded the same charged-
particle results. Namely, S- and X-band differential doppler.
S-band DRVID, X-band DRVID, and 8-X band range yield the
same change of total electron content during recent high solar
activity passes. This demonstrates the performance of the DSN
S- and X-band doppler and ranging system beyond any
reasonable doubt.

. Lander Ranging

By acquiring lander doppler and ranging data along with
near-simultansous ranging from the lander and orbiter, much
knowledge will hopefully be gained concerning Martian polar
properties and lander position. Specifically, these data will be
used for Radio Science Lander location, and Martian pole
location, and dynamics experiment. The nearsimultaneous
ranging {(see Fig. 7) from the lander and orbiter from the same
DSS have been requested to eliminate the effects for differ-
ential charged-particle differential station location errors for
stations located on different continents.



The power of the lander doppler and ranging data has been
demonstrated by the navigation and radio science use of the
small amounts of data to solve for very accurate lander
locations and pole directions. Efforts will continue during the
extended mission to improve on the quality and quantity of
lander and near-simultaneous orbiter ranging for the radio
science lander position and Martian pole location and
dynamics experiment. Hopefully, this experiment will yield
knowledge about changes in the Martian spin rate and Martian
pole precession and mutation. These would be important
results for understanding Martian dynamics and internal
structure.

In addition, lander and near-simultaneous orbiter ranging
can be used for another test of general relativity: a dynamic
test as contrasted to the time delay test discussed earlier, This
dymamic test of general relativity will require lander and
orbiter ranging over the lifetime of the landers and orbiters.

Therefore, the lander ranging and near-simultaneous orbiter
ranging are the most unique and probably the most important
radio scierice data to be collected on the Viking project.

IV. Viking Computer-Aided Countdown
Program

The Computer-Aided Countdown (CAC) Program
DXI-5140-TP was developed by personnel of the Madrid Deep
Space Station (DSS 62) within its “DSN Engmncering Pro-
gram,” with the assistance of the DSN System Support Group.
Work on the program began in March 1975; however, due to
heavy workload associated with preparations for Viking launch
and tracking support, it was not completed until March 1976.
During the month of March the program was evaluated and
software acceptance testing was performed.

The program combines tasks previously performed by other
test software programs, shortening the time required to

support station precalibrations, and thus making more effec-
tive use of station time.

The program provides for a centralized verification of
station performance in four important areas:

(1) Telemetry System performance
(2) Command System performance
(3) Doppler performance

_(4) Planetary Ranging Assembly countdown performance

The program was written for a typical 64-meter DSS with
the ability of testing six telemeiry channels, two command
processors, and Block I S-band, and Block IV S- and X-band
doppler. For 26-meter DSSs the program is capable of testing
four telemetry channels, two command processors, and Block
III S-band doppler.

The software was designed with the [lexibility of accom-
modating all possible Viking telemetry rates, Orbiter andfor
Lander commanding, and any combination of Block III, Block
1V, S-band, X-band doppler processing.

The CAC Program was first used by the DSN in April 1976.
The months of April and May were designated as a trial and
training period. During this period the three Ievels of
computer-aided countdowns were exercised, while DSS
personnel became familiar with the program and developed
procedures for ifs optimum use. Table 4 defines the CAC level
by station and identifies the options of each. Beginning on
1June 1976 the level 1 computer-aided countdowns were
committed at all Network stations supporting Viking.

The level 1 CACs were continued throughout the Viking
prime mission and into the Viking Extended Mission. The
leve] 2 CAC will become the prime countdown level with the
option of using level I for passes in which a critical event is
scheduled. Table 5 identifies the resuits of the level 1 CACs
during two months of continuous use.
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Table 1. Viking support

Period DSS Tracks Track time Commands
September 11 20 216:14" 1430
12 6 45:21 6
14 72 487:59 1205
42 - 35 315:42 1532
43 68 578 06 - 2685
44 11 91:29 . 4
61 29 261:13 1078
62 7 59:37 33
&3 83 557:52 B 438
340 2613.33 8660 -
Qctober 11 32 212 43 1515
12 0 0:0 0
14 77 413:57 1292
42 32 351:08 - 2776
43 .85 787:16° T 2967
44 1 4:51 0
61 31 251:52 2676
62 5 . 35:36 319
63 79 590:02 1524
342 2647.25 13069
November 11 - 18 103:36 339 .
1-15 i2 0 0 0
14 30 .. le7-18 403.
42 I 113:43 444
43 36 - 327:16 1963
44, 1} 0 (0]
- 61 17 133:49 0
62 2 15:40 0
63 24 i81:01 143

138 1042:23 3292




Table 2. FR-1400 recorder configuration for DSSs 14 and 43 (dedicated recorders for occultation data)

Data
s M
Track IRIG . VCO center Deviation Deviation ratio®
= Function voltage,
channel freq, kHz peicentage
volts
1 Speedliock Direct il
Voice 13.50 +40.0 +5
2 S-band OLR 108/432°- £40.0 £l 1:1
Digitizing tone -
3 9 RCVR 3 AGC 3.90 * 75 +5 1:1
10 RCVR 3 SPE 540 7.5 5 1:1
11 RCVR 4 AGC 7.35 7.5 x5 1:1
12 RCVR 4 SPE 10.50 + 75 £5 1:1
13 RCVR 3 DAGC 14.50 x 7.5 E3l 1:1
15 RCVR 3 DPE 30.00 * 1.5 *5 1.1
17 RCVR 4 DAGC 52 50 + 7.5 *] 1:1
20 RCVR 4 DPE 124.00 + 75 +5 1:1
4 NASA time 13.50 +40.0 +5 1.1
Speedlock Direct
5 9 RCVR 1 AGC 3.90 + 7.5 +5 1:1
10 RCVR 1 SPE 4.50 + 75 5 11
. 11 RCVR 2 AGC 7.35 + 7-5 +5 1:1
12 RCVR 2 SPE 10.50 + 7.5 +5 1:1
13 RCVR 1 DAGC 14.50 + 1.5 x1 1.1
15 RCVR | DPE 30.00 x 7.5 +5 1:1
17 RCVR 2 DAGC 52.50 = 75 +1 i:1
20 RCVR 2 DPE 124.00 + 75 =5 1:1
6 X-band OLR 1087432 £40 0 x1 1:1
Digitizing tone
7 NASA time 13.50 400 %5 1:1
Speedlock Direct

3The mput to each recorder track will be adjusted to 2 8 volts p-p. -
BUse the 108.0-kHz VCO when recording solar corona data and the 432.0-kHz VCO when recording oceultation data.
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Tzble 3. DSS 14 solar corona local oscillator

configuration model
Setting, MHz
OLR
. Local
Mode configuration oscillator 5 100.B 510(_)B
to be source synthesizer 1  synthesizer 2
selected
1? s/s SYN 2723 723
SiX SYN ~ed NA
2 SIX SYN =46 30.00135
3 s/s PLO NA NA Table 5. CAC performance
14 © 88 PLO NA 30.00135 Number of passes
5 5/% PLO NA NA Performance DSS 14 DSS 43 DSS 63 Total
6 SIx PLO NA 30.00135 64-m CAC scheduled for 50 36 57 143

6-channel support

3Fail safe mode. To be selected for unmodified OLR operation.

Station green afier full 38 30 50 118
DSS testing

Equipment anomalies 8 3 [ 17
corrected during built-in

Table 4. CAC options hold

Equipment anomalies 2 3 2 7
corrected during testing
and built-in hold

DSS CAClevel Time, houss Options

14 1 6 2 hours of full DSS testing followed

43 by a built-in 2.5-hour hold (o1

63 rectification). Then 1.5 houss of
retest and data transfer test.

DSS unable to support 2 0 2 4
6 channels at the end

of the CAC due to

equipment anomalies

2 3 2 hours of full DSS testing followed
by a I-hour retest and data fransfer I i
rost Cornclusions: 1. D88s were red for 6-channel support prior to the
est built-in hold 17.5 pescent of the passes.
42 1 4.5 1.5 houss of full DSS testing fol- .
61 lowed by 2 2-hour butlt-in hold. 2. DSSs were red for 6-channel support prior to AQS

2.8 percent of the passes.

Then a 1-hous retest and data
transfer test.

2 2.5 1.5 hours of fnll DSS testing
followed by a 1-hour retest
and data transfer test.

11 i 3 1.5 hours of full DSS testing fol-
12 lowed by a 0.5-hour built-in hold.
44 Then a 1-hous retest and data trans-
62 fer test.

2 2.5 1.5 houss of full DSS testing fol-

lowed by a 1-hour retest and data
transfer test.

3 1.5 1 hour of full DSS testing fol-
lowed by 0.5 hour of data transfer
test.
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Fig. 7. Near-simultaneous lander/orbiter ranging
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Intermediate Data Record Support
for the Viking Prime Mission

J. A. Swindlehurst
DSN Facllity Operations Section

In producing Intermediate Data Records (IDRs) to satisfy the demanding requirements
of the Viking Prime Mission, the DSN was called upon to make many procedurdl,
hardware, and software workarounds to compensate for the deficiencies that inevitably
come to light when a complex new capability such as the Network Data Processing Area
is exposed to a high-demand operational enviromment for the first time. In due course,
most of the problems were identified and corrected, or modifications were made to the
IDR system design. Despite these difficulties, IDR production for the Viking Prime
Mission achieved an astonishing level of performance both m quantity of data delivered
and timelines of delivery. This article discusses the more significant problems encountered
in IDR production during the mission and gives a definitive statement of the production

levels accomplished.

l. Introduction

The DSN has met the telemetiy Intermediate Data
Records (IDR) commitment to the Viking Project Prime
Mission. As with any new system, there were numerous
anomalies which had an adverse impact on accomplishment of
that task. Expenience with the Data Records Processor (DRP),
coupled with improvements to the hardware and software and
the development of more efficient operational strategies to
cope with many of the problems, led to a maximization of
data percentages delivered and minumized generation/delivery
times.

Generation of IDRs is the prime task of the Network Data
Processing Terminal (NDPT) located in Butding 230 (Fig. |).
The DRP software is used for the recall and merge functions,
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while the Network Log Processor (NLP) records all data on
Network Datza Log tapes

This 1eport presents an analysis of the NDPT’s perfor-
mance in the accomplishment of that commitment from
19 Apnl through 10 November 1976. Included are all orbital
IDRs containing lander direct and relay data, as well as the
remake and supplemental IDR requests recewved from Viking
Project Data Records personnel. Each IDR includes tapes and
summaries required for each unique station pass.

Following the performance analysis is a discussion of the
constraints and problems that were encountered, and the
corrective actions taken to cope with those problems. Addi-
tionally, the planned enhancements to the system are dis-
cussed.



II. Performance

The percentage of ‘telemetry Intermediate Data Record
data delivered to the Viking Project averaged 99.988 percent
of the committed data from the stations” Digital Original Data
Record magnetic tapes. The majority of the missing data were
delivered at a later date. Delivery times ranged from less than
1'h to several days from the end of each station pass.!

Figure 2 depicts the weekly data percentages delivered
over the 28 weeks covered by this report. The first 14 weeks
show an enatic pattern of accomplishment, while the last 14
-weeks’ output was basically stable. This improvement was due
to the development of new cperational techmiques to handle
magnetic tape “read” problems and two key milestone events.
On 6 June, a new Data Records Processor software package,
with a new magnetic tape handler, was incorporated into the
system. Unfortunately, this new handler had been written for
a slightly different hardware package. An investigation by
NDPT personnel uncovered the needed changes and, on July
27, a modification to the DRP’s tape controller was imple-
mented. From that point on, the data percentage stabilized
and the generation tumes decreased.

Prior to Orbital Operations, the merge/Inteimediate Data
Records work load was sporadic, as was the output. Starting
with 21 June, through 3 November, around-the-clock coverage
became mandatory. There were 782 Intermediate Data
Records delivered, with an additional 102 Remake/
Supplemental IDR Requests completed (Table 1). An average
of 99.990 percent of the required data were delivered within
9.07h of the scheduled station loss-of-signal at the 64-m
stations. Of this total, 46 IDRs were delivered more than 24 h
after Loss of Signal (LOS). Approximately 36 more were
delivered partially completed.

Both the data percentage delivered and the delivery/
generation times show a steady improvement over the period
depicted in this table. Of special interest is the decrease in
delivery time. The apparent increase 1 time after 20 Septem-
ber is due to a change in the IDR pickup (from the NDPT)
procedure. At about that time, there was a decrease i the
manning available to the Network Operations Control Area for
around-the-clock coverage, and delays of 6 and 7 h between
generation and pickup/delivery times became common. Actual
generation times stabilized at approximately 4.8h fiom
station LOS. The delivered data percentages improved after
27 July due to-those enhancements mentioned above.

Extracted from the Prime Mission IDR Statistics Report generated by
the NDPT.

A profile of the quality of the IDRs delivered, excluding
remakes, is depicted by Fig. 3. This shows the percentage of
IDRs that were delivered with mussing data blocks. To
illustrate, approximately 83.4 percent were delivered with five
or less missing blocks. The actual percentage of the _total-
delivered data is shown in Table 1 and Fig. 1. A different view
of IDR quality is provided by Fig. 4. In Fig. 3, only orbital
operations original IDRs were included (remakes and supple-
mental excluded). The percentage figure listed in the abscissa
reflects a given delivery percentage, while the ordinate shows
the percentage of all IDRs that met that criterion. For
example, 84.3 percent of all IDRs contained 99.990 percent
(or more) of the required data.

Figure 4 indicates that 60.6 percent of all IDRs were
delivered without any missing data The remaining 394
percent of IDRs saw one or more malfunctions occurring
during the mergefrecall operation, and those IDRs represent
100 percent of the data that were recoverable at the time of
delivery. In some cases, the decision was made {o release a less
than 100 percent IDR to Project, so that the data could be
processed. -

Early in the orbital period, the decision was made to
deliver IDRs with 99.8 percent or more of all required data

. logged by the stations. Then, Viking Data Records personnel

established the guideline of requesting only remakes of IDR
gaps of more than six blocks. These two decisions reheved
much of the pressure from operating personnel in the Network
Data Record Termunal, and the workload backlog became
reduced to a more workable level.

Hl. Constraints

One of the major factors impacting IDR generation was
the limited amount of time available for data recall With only
two wideband lines available, and three stations (64-m)
engaged in around-the-clock support, there was not much time
available for extended recalls. - .

Under normal conditions, with the Data Recoids Processol
and Automatic Total Recall System (ATRS) interface work-
ing, there_was sufficient tume to meet all requirements and
insure a high-percentage IDR. However, 5.88 percent of all
IDRs (46} were one or more days late due to recall and/or
playback problems resulting from hardware malfunctions at
either end, high numbeis of recallable gaps, systems interface
problems, or iape ‘“read” problems encountered after the
station had been released.

The problem worsened when a large number of gaps were

waiting recall from both the current pass and any backlog.
When this occurred, the operational priorities required recall
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of the current pass first, followed by the backlog. The
capability of recalling multiple streams of data did exist, but a
backlog (and the attendant pressures on NDPT personnel),
coupled with the current day’s requirements, made it difficult
to verify that all recall tapes were complete and readable. One
day’s backlog could impact several days of normal IDR
production until all the backlog was worked off.

IV. System Anomalies

There were several areas in which problems could impact
the production of IDRs within the Viking delivery time
requirements. These were the Network Data Log function,
recall and gap editing function, and merge function.

A. Logging Function

The Network Log Processor provides the interface between
the NDPT and the rest of the Network. All incoming and
outgowng traffic is routed through 1f, to include interfaces
between Building 230 (NDPT) and Buwilding 202 (NDPT)
(Fig. 1). In addition to routing all data, the NLP logs all
inbound high-speed and wideband data plus the .outbound
messages to the Network. As the data are received by the NLP,
they are logged on one of four Network Data Log (NDL)
tapes one for all high-speed mbound, one for each of two
wideband lines, and one for outbound messages. Unfortuna-
tely, the NLP does not have the capability to vahdate that it
wiites tapes correctly, and improperly wntten data blocks/
records are not detected until the merge function is carried
out.

B. Recall Function

The recall portion of the Data Records Processor intet faces
with the ATRS program in the station TCP (Fig. 1). Edited
gap lists received from the Sigma 5 in the Network Control
System are stored on the DRP disk. Full capacity 1s twelve
streams of up to 199 gaps each. Recall can start only when the
DRP has one or more streams available and the station TCPis
initialized for ATRS recalls, Typical problems encountered
with this arrangement were.

(1) TCP not responding. The DRP recall mitialization
blocks were observed to leave Building 230, but the
TCP did not acknowledge receipt. A variation of this
problem occurred when the TCP acknowledged and
then remained inactive. Resolution normally consisted
of one or more reicads/recoveries of the ATRS
program, This problem occurred frequently throughout
the penod of this report.

(2) Initialization acknowledged, tape positioned, no data
recesved. Usually the station Digital Original Data
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Record (DODR) tapes appeared to be searching for
data, but none were recovered at the Data Records
Processor. Either the DODR tape started after the
recall request, or the program required another reload/
recovery. '

Data blocks rejected. Sometimes the data received were
outside the time range of the active recall request.
Either the data contained a timing anomaly, or the
TCP’s high-speed status block was received prior to the
last block of recall data transmitted. The latter problem
was found to be due to the routing of the data streams.
Normally the status block is transmitted on land iines,
and the wideband data are relayed through a satellite.
When the gaps are sufficiently close, the status block is
received prior to the data due to the greater distance
(and longer time) the wideband data have to travel. At
the station, the sequence is as follows: when the-data

buffer is empty (recall data sent), a status block is
transmitted to the Data Records Processor within a few

microseconds after the data blocks.

Example:

17,700-km (1 1,000-nu) high-speed line for status
blocks -

72,400-km (45,000-mi) wideband line (via sateflite)
for data

17,700 km (11,000 mi)  _
99,300 km/s (186,000 mi/s)

0.059 s for status blocks

Circuit delay = 2

and
72,400 km (45,000 mi)  _
299,300 km/s (186,000 mifs)

0.242 s for data

The difference of 0183s 1s ‘greater than the
computer times at either end, and the status block
arrives prior to the data. When DRP receives the
status block, that message is closed and a new one
opened. The data then arrives and are rejected as
being out of range of the new message.

The only operational fix was to have both data streams
assigned to the same type of communications circuit.
Recently, a software fix has been designed to provide
the capability of writing the data to tape rather than
rejecting them as was done previously.

Availability of edited recall messages: Any systems
falure in the telemetry processor (TLM, RTM), the
support system (NCS/Sigma), or the DRP software can
cause the need for a reload of the system. This can
delete the required gap files. The options available are



to either recreate the gap list by reading the NDLs back
through the Test and Training Systern into the Tele-
metry System, or to do an *NDL only’” merge and
build a manual recall stream. Both actions are time-
consuming and normally cause an IDR to be late.

(5) Bad data lines. An excessive number of gaps or late
receipt of edited Gap Lists from NOCA can also cause
problems. When there are less than 200 gaps, the
system normally works well. However, instances of
over 700 gaps in a pass have occurred and saturated the
systemn. Gap edifing time requirements have exceeded
the man and machine hours available for the task and
have caused delays of 24 h or more in delivery times. A
further complication is the slow rate at which the'DRP
prints out recall status messages (approximately 70
characters per second when 300 characters per second
are required to keep up with system messages). This
means that the initial validation of the recall has to
await the machine printout and may lag the data by
several minutes.

C. Merge Function

The merge processor 1s the first place the validity of the
NDL and Recall tapes are checked. Until the merge summary
prints out, or the system alarms over 2 read error, there is no
way of ensuring that the data are recoverable. Under the
original DRP software and tape controller, there was no way
of knowing if the IDR was even vahd until processed by the
Viking Project. The introduction of the new tape handler
software on 9 June 1976 remedied that but introduced new
problems. Until the hardware tape controller was modified on
26 July 1976, the new software was halting seveial times
during each IDR run and severely impacting generation times.

However, several anomahies continued to hinder the merge
process:

(1) System would not accept tape. The system refused to
read NDL or merge tape because an apparent parity
error had .been detected by the tape handler. The
operational workaround was to then mount a second
NDL on a sepaiate drive, reassign the drive address, and
open the new tape. If that was unsuccessful, a series of
NDL tapes were tried until one was accepted. Once the
tape had been opened, the drive addresses were reset
and the meige proceeded.

(2) “Terminal” read errors. When the Merge program
encountered a “terminal” read enor, it closed out the
IDR, wrote a summary, and termmated the run prior to
the end of data. Originally, the corrective action was to
put a new load pomnt on the tape at the point of the
read error. Then the tape would be mounted on a drive

assigned to the NLP, and a new tape header written
there. The merge job would then, if the process
worked, be started after the new load point. Unfortun-
ately, this procedure did not prove very successful and
caused large outages.

Currently the operational ““fix™ is to halt the tape when
the terminal read error is detected; then, a new job is
started using the false NDL option with reassigned tape
addresses as in the problem covered in Paragraph C-1.

(3) “End of Recall Data errors. This condition arose when
trying to merge multiple recall files from a single recall
tape. The system would sense a false “end of data”
condition and refuse to process the remamnder of the
recall data, In this case, the only recourse was to recall
the data again.

(4) System halts. System “halts” occurred on a random
basis and only a system recovery/reload could restore
operations. This condition required a “reinitialization”
of the merge program with a further loss of time.

(5) Data block “time tag” eirors. Occasionally a data block
would be received where the day, hour, or minute was
outside the “window™ of the IDR request. When this
occurred, the system beheved it had recovered all the
avalable data and terminated the jdb. The only way to
merge any data past the.data record containing that
block was to stop the tape at that record and use the
tape address procedurs mentioned for other tape
problems. The merge then would be restarted using a
start time of a few seconds after the error.

To ensure that the above problems did not cause Inte:-
mediate Data Records to be late, the merge function was
started on a backup Display Computer as soon as the first
recall tape became available. By doing this, the content of the
recall tape and Netwoik Data Log tapes could be validated,
and any data losses due to any of the above listed anomalies
could be made good. This procedure produced a high
percentage of complete IDRs during orbital operations, as
shown in the accompanying data.

V. Improvements

There are several design improvements in progress that are
expected to have significant impact on IDR production
performance. In order of thewr potential for improving
performance, they are:

{1) Redesign of the magnetic tape controller (hardware}
and handler software.

(2) Revision of the meige progiam to allow reading NDLs
past tape records with ““terrmnal” error.
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(3) Change to the recall processor software to allow data to
be logged to the Recall tape after the status block is

received.

VIi. Conclusions

The Intermediate Data Record generation system has
proven tobe a viable means of supporting_the Viking Project
Data Records requirements. While there are still problems that
need resolution, the combination of known operational
workarounds and pending systems enhancements should mini-
mize their effect.

‘Central to the successful generation of any IDR is the recall
function. All the other anomalies can be dealt with, given fime
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to recall any missing data. But recall problems have a limited
time frame in which to be resolved. It is the one function that
ties everything together. As illustrated in Fig. 1, all other
computer systems that handle the data to be merged have to
interface correctly and in a timely manner for the recall
function to work.

_ Because of the anomalies in the system, a real-time tradeoff
has to, be continually made as to when an IDR should be
released, The guideline followed throughout most of the
orbital operations period was to release any IDR that had over
99.80 percent of the committed data rather than delay for the
next available recall periods. Gaps of excessive size (over 6
data blocks) were then marked for a *remake” at a later date.,



Table 1. IDR performance

Time No. of No. of Avg, Avg. Deli- - No. %

Period . Passes Remarks Percentage very Time, h ~ Late Late
20 June- .

20 July g4a 5 99.966 10.93 - 10 119
20 Aug. 160 42 99.983 1045 17 10.56
20 Sept. 192 10 99.996 4867 6 3.1
20 Oct. 221 27 ’ 99.994 6.33P 13 5.9
10 Nov. 125 18 99.997 4.89b 0 0.0
Totals 782 102 99.990 ’ 707 46 5.88

ATwo passes waived due to excessive gaps and recall problems.

BTFimes reflect change i “pickup” policy. Generation times average appronmmately 1h less.
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Pioneer Mission Support

T. P. Adamski
DSN Network Operations Section

This article reports on some recent activities within the Deep Space Network in
support of the Pioneer Profect’s in-flight spacecraft. The amount of tracking coverage
provided by the Network and the current status of operational testing of the Mark I

Data Subsystems are presented.

|l. Pioneers 6,7, 8, and 9

Coverage of these spacecraft has continued to be at rnimal
leveis. Pioneers 6 and 9 wers tracked a total of seven times
during the perntod from September through November, but
Pionee1s 7 and 8 were not tracked at all. The only anticipated
coverage in the foleseeable future will be limited tracking of
Pioneer 7 in Februvary. This will be in support of the
spacecraft’s passage through the geomagnetic tail, at a range of
approximately 20 million kilometers from Earth.

Il. Pioneers 10 and 11

A. Mission Operations and Status

Both spacecraft continue 1o be 1n excellent health. Tracking
coverage has increased recently due to the lessening of other
commitments on the Network. Total tracking coverage times
appear in Table 1.

On September 20, a failure was detected in the Pioneer 10
high-gain antenna feed movement mechanism. This unit moves
the feed to provide a constant offset of one degree against
which measurement is made of the actual angular separation
between the spacecraft spin axis and the spacecraft-Earth line.
The feed assembly 1s moved by means of a piston tiaveling
within a bellows filled with Freon 21. The bellows burst,
allowing the Freon to escape and the antenna feed to return to
its normal position. This was not an unexpected failure, since
the projected life of the bellows was approximately two years
and the spacecraft is now in its fifth year of flight. The backup
feed movement mechanism will be used for all future
measurements. It should be noted that the Navigation Team
was able to detect the falure from radio metric data. The
escaping Freon imparted -a velocity change to the spacecraft
equivalent to a doppler shift of 0.02 Hertz. Such accuracy of
detection and measutement 1s impressive, considering the fact
that the spacecraft is more than one bilhon kilometers from
Earth.
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The Navigation Team also detected an ur{explained velocity
change of 0.057 metersfsecond during a Pioneer 11 precession
maneuver on September 15. The reason for the change is
unclear, but it may have been caused by one of the thruster
jets sticking open, resulting in an excessive pulse length.
Subsequent precession maneuvers have been conducted suc-
cessfully -with another pair of thrusters and this pair will
continue to be used until the problem is understood.

B. Mark Il Data Subsystems Support of Pioneer

Implementation of the Mark IIT Data Subsystems (MDS)
hardware has been completed at the Goldstone Echo Station,
DSS 12, and the first in a series of three Pioneer demonstra-
tion passes was conducted on December 18. The purpose of
the pass was to exercise the station equipment and personnel
while in a Pioneer 11 flight support configuration.

The pass was structured to closely resemble a typical
Pioneer track. Activities included standard downlink and
uplink acquisitions, the processing of telemetry at several bit
rates and frame lengths, the transmission of commands to the
spacecraft, and the generation and transmussion of momtor
and radic metric data to the Network Operations Conirol
Center (NOCC). The initial station configuration used for the
pass 1s shown in Fig. 1.

A successful data transfer test was completed prior to
acquisition for command, radio metric, and telemetry data.
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Monitor data could not be verified due to the absence of the
appropriate NOCC software. The station acquired the down-
link signal in a three-way mode with DSS 61 in Spain,
accepted a transfer of the uplnk, and commenced command-
ing. Three remote mode commands were generated by the
Project and transmitted from the station. Although spacecraft
response to these commands was verified by the Project, no
such response was observed for a bit rate change command
which the station had transmitted locally. It was later
determined that this was due to an incorrect hexidecimal
command value that had been provided by the Project.

Two telemetry frame size changes and two bit-rate changes
were processed by the station without serious difficulty.
However, some problems were discovered in the preliminary
operational procedures for effecting these changes. Some
minor procedural problems were also experienced with the
operation of the Metric Data Assembly, but it is felt that such
problems are to be expected in the early phases of training and
should disappear as operator familiarty increases.

Operational software did not exist in the NOCC for
handling monitor data from an MDS-equipped station and the
station software did not include a recall capability. Both of
these functions will be fully verified during later operational
testing with DSS 12 as software development continues.



Table 1.

Pioneer tracking coverage

Station

Spacecraft Tracks  Tracking time, h:min
fype
September Pioneer 6 26-meter 1 5:22
Pioneer 10  26-meter 30 127 51
64-meter 1 8-53
Pioneer 11  26-meter 36 290 37
QOctober Pioneer 6 26-meter 1 3:56
Pioneer 9 26-meter 3 12:50
Pioneer 10  26-meter 30 195 04
64-meter 6 44 02
Pioneer 11  26-meter 40 274:43
November Pioneer 6 26-meter 2 8:18
Pioneer 10  26-meter 39 298 23
64-meter 22 145.18
Pioneer 11  26-meter 50 407.35
64-meter [ 41.59
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Helios Mission Support

P. S. Goodwin
TDA Mission Support

E.S. Burke and T. P. Adamski
DSN Network Operations Section

This article reports on activities of the Nerwork Operations organization in support of
the Helios Project during October and Noventber 1976.

. Introduction

This article is the thirteenth in a continuing series of repoits
that discusses Deep Space Network support of Helios mission
operations. Included in this article is information concerning
Spacecraft Tracking and Data Network (STDN)-DSN telen-
etry and command cross-support, the Helios-2 ranging anom-
aly, the first operational demonstration of the Mark JII Data
System for Helios support, and other mission-oriented infor-
mation.

Il. Mission Operations and Status

Helios-1 continues to operate normally m 1ts extended
mission. Pengee occurred on November 30 when the space-
craft was approximately 52 million kilometers from Earth.
The fourth aphelion will occur on Jamuary 9. Deep Space
Network coverage during October and Novemnbe: is shown m
Table 1.

The Helios-2 spacecraft is operating normally with the
exception of the ranging anomaly reported in Ref. 1. After
extensive troubleshooting, the Pioject has determined that
traveling wave tube (TWT) number 2 cannot be turned on in
either the high- or medium-power modes. They have further
theorized that the attempt to turn on the spzcecraft’s ranging
channel somehow damaged its transmitter logic circuit. As a
result, ranging will not be attempted until the entire failure has
been analyzed and is well understood.

Helios-2 passed through inferior conjunction on Novem--
ber 18. The data “greyout™ due to solar interference lasted for
approximately 26 hours, but was covered with an onboard
memory read-n operation. Greyout entry was at a Sun-Earth-
probe angle of 0.4 degrees; exit was at 0.7 degrees. The
spacecraft will pass perigee (minimum distance of 4 million
kilometers) on January 4 and aphehon on January 21. Table I
shows the tracking coverage provided this spacecraft by the
DSN during October and November.
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ll. Special Activities
A. STDN-DSN Cross-Support

The previous article in this series (Ref. 1) reported on the
configuration used by the Goldstone STDN station to support
the two Helios spacecrafi and presented some preliminary
comparative results of that support. The cross-support period
ended on November 15 when the STDN station was taken
down for extensive reconfiguration. Up to that point, the
station had tracked Helios-1 eleven times and Helios-2 five
times. It was found that the STDN station could support
Helios at a signal-to-noise ratio approximately 4 dB below that
of a 26-meter DSN station. This difference was due primarily
to a higher system operating temperature and a lower receiver
sensitivity at the STDN site.

Based on this 4-dB offset, it was possible to predict STDN
performance relative to DSN stations. The signal-to-noise
ratios of data received from Helios-1 during the period of
cross-support were consistently within one-half dB of the
predicted values, but the SNRs of Helios-2 data were an
average of 2.5 dB lower than predicted. The reason for this
difference is presently unclear, but it is anticipated that
further study will be possible during future STDN support of
the Helios spacecraft.

B. Mark lll Data System Support of Helios

Implementation of the Mark III Data System equipment
has been completed at the Goldstone Echo Station, DSS 12.
The first in a senies of demonstration tracks was conducted on
December 21 to exercise the new equipment in a Helios
support configuration and to provide an opportunity for
operator training. The initial configuration used for the track
is shown in Fig. 1.

Activities during the demonstration were designed to
emulate a typical Helios track. The station acquired the
downlink signal, performed an uplink acquisition, com-
manded the spacecraft, and attempted to output monitor,
radio metric, and telemetry data. The individual subsystems
appeared to function normally, but extreme difficulty was
experienced in maintaining data flow from the Communica-
tions Monitor and Formatter Assembly (CMF). -The most
common failures involved cessation of high-speed output
during failures of the digital recorder, or losses of the interface

between the CMF and the high-speed communication buffers.

Although the track was less than successful as a demonstra-
tion of equipment reliability, the troubleshooting performed -
on-site provided valuable hands-on training for the station
operators. Future Helios demonstration tracks should be more
successful as minor hardware and software problems are
resolved and as fanuliarity wath the new equipment incieases.

Reference

1. Goodwin, P.S., Burke, E. S, and Morris, R. E., “Helios Mission Support,” in The
Deep Space Network Progress Report 42-36, pp. 28-34, Jet Propulsion Laboratory,

Pasadena, Calif , Oct. 15, 1976.
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Table 1. Helios tracking coverage

Month Spacecraft Station Number of Tracking time,

type tracks h, min

COctober Helios-1 26-m 37 121:14
64-m 3 9:48

Helios-2 26-m 25 191:10

64-m 22 ’ 63:17

November Helios-1 26-m 41 381:30
64-m 2 6 04

Helios-2 26-m 35 297.34

64-m 3 19.14
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§- and X-band DRVID, S- and X-band dual-frequency range (SX (p)), and doppler (SX
(p}) measured a 15-foid increase in the line-of-sight electron content of the solar plasma
above the normal plasma background, A general increase in the plasma electron content
continued for nearly 50 hours: it started about 12:00 (GMT) on 12 March 1976 and
contirmed to grow until 17-00 (GMT) on 14 March. For the next 55 hours, between
17.00 {GMT} on 14 March to 00:54 (GMT) on 17 March, the plasima level diminished as
the background level was again approached.

Not only were the temporal changes and absolute level of the plasma content
measured but the measurements were also used fo ascertain the mean-plasma-
concentration location. it was estimated to be 4.1 light minutes from Earth,

»

1t is demonstrated that if round-trip S-band range is to be calibrated for plasma

influence to the meter level, then some knowledge of the plasma distribution must exist.

l. Infroduction

Two Viking spacectaft were navigated to Mars by analyzing
radio metric data acquired from the spacectaft while they were
m heliocentric orbits. When the spacecraft were at a geocentric
distance of ~1.2 AU and were angularly 96 deg from the Sun

as viewed from Earth, S- and X-band DRVID, S- and X-band
dual-frequency 1ange (SX (p)) and doppler (8X (p)) measured
a 15-fold increase in the line-of-sight electron content of the
solar plasma above the normal plasma background. A general
increase in the plasma electron content continued for nearly
50 hours: it started about 12:00 (GMT) on 12 March 1976
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and continued to grow until 17:00 (GMT) on 14 March. For
the next 55 hours, between 17:00 (GMT) on 14 March to
00:54 (GMT) on 17 March, the plasma level diminished as the
background level was again approached.

Not only were the temporal changes and absolute level of
the plasma content measured but the measurements were also
used to ascertain the mean-plasma-concentiration location: it
was estimated to be 4.1 light minutes from Earth.

An examination of the radio metric data in the presence of
this plasma shows:

(1} S-band group delays as large as 27 m occurred (3.33
nsfm).

(2) S-band phase changed at rates up to 3.6 m/h.

(3) S-band doppler rms noise was at 14 mHz at one time
{(~6 times greater than nominal for 60-second count
time doppler).

(4) S-band doppler rms noise does not necessarily correlate
with plasma level.

ll. Charged-Particle Calibrations

Electromagnetic group and phase velocities are slowed
down and speeded up, respectively, by electron concentrations

as shown by
v
Vg =c [1- -12— Ne
4nte mf®
2
Vp =g (1 +% e
4ne mf
where

V_ = group velocity (modulation)

V_ = phase velocity (carrier)

= velocity of ight (2.998 X 10% m/s)

)
1

= electron charge (-1.602 X 107 1® coulombs)

iy}
|

€, = free space permittivity (8.85 X 107'? farad/m)

m = electron mass (9.109 X 10731 kg)
f = carrier frequency (Iz)

N = density of electrons
(electronsfm3)

along propagation path

The transit time for modulation propagating at the group
velocity between the spacecraft (x = 0) and station (x =R) is

T=IRE
£ o V

g

Similarly, the transit time for the carrier phase is

T=fR dx
» 7
0 14

Using the formula for ¥, and ¥,, and introducing the
integrated electron content /= fNdx, gives the group and
phase transit times between the spacecraft and Earth-bound
station-

2
T, =R +% € I
¢ 47r250mf
2
r=R_1__e
P ¢ 2 41?260]?1f2

where

T = group transit time
T = phase transit time
R = distance between spacecraft and station (m)

R
I= Nex = integrated electron content along signal
0 path (electrons/m?)

The charged-particle cahbration data types (Table 1) ex-
ploit the dispersive nature of the plasma or the opposite, but
equal, influence of the plasma on group and phase velocities.



IlIl. Plasma Event as Measured

Prior to March 1976, when the Sun-Earth-probe {SEP)
angle was >96 deg, very little plasma activity was apparent
(Fig. 1). Figure 1 shows the amount of phase shifts due to
changes in columnar content experienced by S-band radio
waves. Each plotted pount shows the accumulated phase shifts
over a view period. Since the view periods were of variable
time duration, many of the lower points can be ignored. The
connected line segments {which tie together tracking passes
greater than & hours in duration) offer a coarse estimate of the
relative plasma activity from November 1975 to March 1976.
The peak-to-peak phase shifts over each view period were
divided by the time interval in hours to give the average hourly
rates (Fig. 2). These also reveal the two large plasma events in
the month of March. These plasma events are detected when
plasma concentrations cross the Earth-spacecraft propagation
paths, which move almost perpendicular to the solar radial

(Fig. 3).

The absolute plasma content, as measured by SX (p), shows
the 15 March plasma event to have commenced to cross the
Viking raypaths at about 15:00 (GMT) on 12 March (Fig. 4).
The plasma concentration continued to move onto the
raypaths until ~55 hours later on 17 March. Relative plasma
levels, as indicated by S-band differenced range versus inte-
grated doppler (DRVID) and SX (o), are consistent with SX
(p) (Fig. 4).

SX (p) absolute content calibrations are negatively biased.
SX (p) and Faraday rotation (Ref.3) calibrations of the
electron confent of Earth’s 10nosphere appear to have a 6-m
offset (Fig. 5). The SX (p) calibration is approximately 6 m
less than the Faraday calibration independent of DSS
(Table 2) or Viking spacecraft, This SX (p) was acquired from
Viking 1975 (VK ’75) spacecraft A when the probe was
146 deg from the Sun as seen from Earth and at a distance of
~0.3 AU., Thus, the probability is high that the plasma
contribution to SX (p) is small (<1 m). This negative 6-m
bias has been corrected for in Fig. 4.

The total electron content (Fig. 4) at 12:00 (GMT) on 12
March resnlts in an S-band range delay of 5.5 m. At 16:52
(GMT) on 12 March, the combined electron content equals
~16 X 1017 electrons/m?, which produces an S-band range
delay of ~20.5 m. At this time, the ionosphenic content is
~10'7 electrons/m?, and the plasma content 15 ~15 X 1017
electrons/fm?. The plasma level changes 11.5 X 1017 elec-
trons/m? 1n 4 hows 52 minutes. Following this 11se in content
at 2 rate of 2.3 X 1017 electrons/m? fhour for ~5 hours, a less
1apid, linear accumulation of ~0.2 X 10'7 electrons/m? /hour
was observed for about the next 45 hours. It reached a
maximum level of ~20 X 1017 electrons/m? (27 m of S-band

range delay) at 16:32 (GMT) on 14 March. This maximum
level persisted for at least 9 hours, At 01:00 (GMT) on 15
March, the data were interrupted for ~13 hours. When the SX
(9) calibrations were once again acquired at ~13:00 (GMT) on
15 March, the electron content was at ~14 X 1017 elec-
trons/m2 (19 m of S-band range delay). SX (), SX (p), and
S-band DRVID are consistent and show another ~9-m
decrease in the S-band range delay between 13:00 (GMT) on
15 March and 02:00 (GMT) on 16 March. Subsequent data
passes continued to reveal a general decrease in the plasma
level. Tt was not until 19 March that SX (p) calibrations were
again at the ionospheric-content level. .

IV. Plasma Siream Influence on S-Band
Doppler

Root-mean-square S-band doppler noise increased 3- to
6-fold as the plasma stream swept through the line-of-sight
(Frg. 6). This inciease in noise stems from the high frequency
fluctuations of the plasma (plasma turbulence, Ref. 4), which
scintillates 1adio carriers. S-band doppler 1s acquired from the
Viking probes nearly continuously. A running 2-hour average
of the doppler noise (Fig. 7) compares the noise levels of the
Viking 1 and 2 spacecraft doppler. The angular separation of
the 2 probes is 1.1 deg. The maximum linear separation of the
probe line-ofsight is ~0.02 AU. Since large-scale’ plasma
structures usually extend over distances of tenths of AU ot
more, it is expected that the rms noise levels of the radio
carriers will correlate highly as shown in Fig. 7. If the total
doppler scintillation is directly proportional to the total
electron content of the plasma at large SEP angles (1e.,
96 deg) as indicated by researchers (Refs. 4 and 5) for small
SEP angles (ne., <5 deg), then the rms noise pattemn suggests
two peaks in the hne-ofsight electron content. One peak
occuts between 06:00 and 14:00 (GMT) on 14 March and the
second between 02:00 and 16:00 (GMT) on 15 March. On
14 March when SX (p) is indicating a maximum plasma
electron content of 20 X 1017 electrons/m?, S-band doppler
s noise is at its lowest level. This suggests that at large SEP
angles the net scntillation of a 1adio carrier 18 not necessarily
directly proportional to the line-ofsight electron content.
Additional investigation is needed.

V. Plasma Mean Distance Estimate

Transmissions to the spacecraft are at S-band frequencies;
transmissions from the spacecraft are at S- and X-band
frequencies. S-band DRVID s a round-lrip measurement, SX’
(p) is downleg only in character.

If the space plasma concentration is (1) singular, (2)
localized, and (3) fixed in space, then a DRVID-SX (3)
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cross-correlation yields the mean distance of the plasma
concentration from the spacecraft. The procedure 1s to find
that At for which the minimum rms difference between
DRVID and 2-way SX (o) exists:

minimum 2, {DRVID, - [SX (), + 5X(p),_,,] }2
t

for At = 1,2,3,. .., round-trip light minutes from plasma to
probe to plasma.

If the plasma concentration is at the spacecraft, then the
light-time separation between upleg and downleg encounters
with the plasma is zero (Af = 0).

The rms difference for Az =013 then

3 [DRVID, - 28X (5),]*
t

Fig. 8 shows 2 8X (9) and DRVID for the 15 March view
period. The rms diffeience equals 0 4 m, which is 2 times the
DRVID yms noise. - :

If the plasma were located at Earth, then the separation
time between plasma encounters would equal the total
round-trip time from Eatth to spacecrafi to Earth. For the
plasma concentiation assumed at Earth (Fig.9), the rms
discrepancy between DRVID and [SX (8), + SX (8),_,4 ,] is
0.7m. ~

For an 11-minute light-time separation between upleg and
downleg encounters, a minimum rms difference of 0.2 m 1s
obtained (Fig. 10). Thus, [SX (5), + X (),_,,] and DRVID
calibrations are 1n closest agreement when the concentration is
assumed 4.1 light minutes from Earth (5.5 minutes from the
spacecraft) and are shown in Fig. 11.

Once the light-time separation between plasma encounters,
Ar, is known, SX (p) and SX (5) yield round-trip range
calibrations for plasma dynamics. First, SX (5) is fit to SX {p)
such that a minimum rms difference results (Fig. 12). For the
15 March data, a mmnumum rms difference of 0.3 m 1s obtainad
’fc‘)r the two SX measurement types. Now SX (4), as plotted,
* possesses absolute plasma level information. The round-trip
range calibration 1s then:

SX (), + X ),y
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If a comparison is made between 2 SX (5), and SX (,6)1_ +
SX (#),_,, at each pomnt within the pass, the maximum
difference is ~0.2 m. This is comparable to the rms uncer-
tainty of the’ SX (p) - SX (9) fit. Thus, in this case,
computing the “true” upleg calibration did not make much
difference: however, as the SEP angle diminishes (plasma levels
increase) and as the spacecraft-to-Earth light-time increases
(more time separation between upleg and downleg plasma
encounters), it is expected that plasma influences on upleg and
downleg doppler and range will become increasingly different.
For example, for the 15 March plasma (Fig 12), if the
spacecraft to plasma light-time distance was % hour, then the
doubled downleg SX (p), minus [SX (5), + SX (8),_, ]
difference is >3 m at the point where SX (p) has its greatest
slope. )

The Mariner Jupiter-Saturn mission will place the spacecraft
~10 AU from Earth (tound-trip light-time ~160 minutes).
Round-trip S-band range acquired by multiple DSS, when
differenced, is required to a 4.5v/2-m accuracy (15). That is
the total error due to all error souices. To realize this
accuracy, differenced range calibrations for plasma effects
must be achieved to at least the meter level.

If the time interval between range measurements is small
(1020 nmunutes), then it appears that much of the plasma
effects mn the two range measurements will cancel in the
difference. To what extent cancellation occurs 15 currently
under study.

VI. Summary

8- and X-band DRVID, 8- and X-band duallfrequency
range, and doppler have been used to determme the absolute
and relative electron content of a plasma concentration. The
plasma appears.to have taken more than 100 hours to cioss the
radio propagation paths between Earth and the Viking space
probes. At times the electron content was ~20 X 1017
elecirons/m2.

The mean location of, the plasma concentratioﬁ was
determined from 15 March 1976 data to be 4.1 minutes away
from Earth.

The Sun-Earth-probe angle was ~96 deg.
It s demonstiated that if round-trip S-band range is to be

calibrated for plasma influence to the meter level, then some
knowledge of the plasma distribution must exist.
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Table 1. Charged-particle calibration data types®

Type/principle Formulation

DRVID (differenced range versus integrated doppler) DRVID = -% {p . (zi) - oy (:0) -K [cps (;I) - q:s (;0) - fb (:i - ro)]}
exploits the opposite, but equal, effect of the efectron
content on group and phase velocities (Ref. 1).

DRVID = S-band phase shift, m to = reference time
¢ = velocity of hvght, mfs fb = frequency bias, Hz
by = S-ba-nd round-trip travel time, s K = constant, sfcycle
@ . S-band phase, cycles = observation time
SX (#) (dual-frequency dispersive doppler) exploits SX (g = @ - % D,
the inverse squared relationship between phase
((:I};z:;.g;)afnd carrier frequency in an electron medium ‘I’x = X-band phase, cycles

SX (p) (dual-frequency dispersive range) also exploits SX () = ps(tf) - nx(tl.) {group delay)
the inverse frequency squared dependence of group -

velocity in an electron medium (Ref. 2). p.(t) = X-band group travel time, s
XYy !

n a companion article, “Solar Plasma: Viking 1975 Interplanetary Spacecraft Dual-Frequency Doppler Data,” a summary of the plasma history
throughout the heliocentric, baltistic “cruise™ phase of the Viking mission is provided. Additionally, some comparisons of the calibrations derived
from DRVID, dispersive doppler are offered

Table 2. Deep Space Station coordinates

Distance from

Bss Location A, deg Earth spin-axis,
km
14 Goldstone, Cahiformia 243.11047 5203.999
43 Canberra, Australia , 148.98127 5205 252
63 Robledo, Spamn 355.75198 4860.819
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Feasibility Study of Far-Field Methods for Calibrating
Ground Siation Delays

T. Sato

Radio Frequency and Microwave Subsysterns Section

The first phase of a study to survey various methods of direcily implementing a
far-field means of calibrating ranging systems is described. Consideration is givern to means
of determining test range distances independent of microwave technigues.

[. Introduction

This is the first phase of a study to survey various methods
of directly implementing a far-field means of calibrating
ranging systems. For 13-cm wavelength, the far field begins at
a.distance of 65-km for a 64-m-diameter antenna. Because this
distance is sufficiently large to preclude the normal collima-
tion tower approach, various free-moving platforms were
surveyed to determine their suitability to this task.

An important associated problem, that of determining the
absolute range to an accuracy <0.5 m over the range test
distances, was addressed. It appears that it would be desirable
to determine the transponder range by means independent of
microwave techniques. A laser system has been suggested,
since the wavelength employed is sufficiently different from
the microwave to be affected differently by the transmission
media.

1. Balloons

The Weather Bureau routinely probes the atmosphere with
Rawinsonde balloon systems. These balloons are small (~2 m

diameter), and the instrument package is very light (~2 kg).
An altitude of about 30 km is achieved during flight.

A balloon large enough to carry a transponder package,
which can weigh as much as 20 kg with power supply, would
be much larger (—5 m diameter) than those utilized for Raw-
insondes. The larger the balloon, the more difficult 1t is to
launch, especially under windy conditions, and this consider-
ably complléates the logistics and procedures.

Balloons, by_ their very nature, can trace rather capricious
paths due to winds of varying speed and direction at different
altitudes. These molions could make accurate iracking of the
transponder package difficult, particularly for a laser ranging
system.

Not negligible is the potential loss risk of an expensive
transponder package.
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ll. Aircraft

A high-performance aircraft can be used as a transponder
platform. Perhaps the outstanding advantage of the aircraft is
the positive contiol of the transponder at all times, both in its
Jocation and operation. The aircraft can be flown on a pre-
scribed flight path and the actual range to the aircraft
determined by a laser ranger. A malfunctioning transponder
can be brought back for repair. The possibility of losing the
transponder package s essentially nil.

The main disadvantage of an aircraft platform is the alti-
tude achievable by aircraft. Excluding special high-perform-
ance military aircraft, usable altitudes are limited to about
13.5 km. This altitude translates into an elevation angle of
about 12 deg at a slant range of 65 km. Because of the greater
far-field distance, aircraft are not usable for X-band. Achiev-
able elevation angles (~3 deg) are below limits.

IV. Satellites

A geostationary satellite would make a good transponder
platform. Such a platform is easily in the far field of a
64-m-diameter antenna at any foreseeable frequency. Other
advantages are the availability of the transponder at any time
and good elevation angles. Elevation angles up to about 50 deg
are possible, depending on the location of the receiving station
and the satellite.

Placing a transponder on the moon is a special case. The
geometry is somewhat more complex and is time-dependent.
Operation of this transponder will require use of a ranging
system similar to that used in the Lunar Laser Ranging Experi-
ment. Accuracies 11 the region of 40 cm have been achieved at
lunar distances.

Cost is an important factor in the utilization of satellites for
a transponder platform. Space-qualified components are
enormously expensive, inaddition to the launching costs. The
Space Shuttle may offer a considerable reduction in launch
costs.
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V. Independent Ranging Systems

The use of a ranging system not employing microwaves
appears attractive. The outstanding candidate is the laser
ranging system. A system developed for the LAGEOS Program
is capable of determining distances to about 200 km with an
accuracy of a few centimeters. Such systems are very expen-
sive and complex. They must have an autotracking capability
for use with rapidly moving targets such as balloons, aircraft,
and nonsynchronous satellites inctuding lunar packages.

A nontracking laser system, the Geodimeter, can deter-
mine distances up to 50 km with an accuracy better than
10 em.

Exotic high-performance pulse radars were not considered
for independent ranging systems. Though techniques are avail-
able to resolve return echoes to an accuracy of about 30 cm,
transmission media effects may preclude the use of pulse
radars for the tange problem because of frequency common-
ality

VI. Summary

Several methods of far-field ranging calibration have been
surveyed. All of these approaches have been direct; the place-
ment of the transponder is in the far-field region. All of the
transponder platforms are free-moving, requiring a means of
accurately determining the range to an accuracy of <0.5 m.

The leading approach at this time seems to be the aircraft
but would be usable only at S-band. Satellites, whether
geosynchronous or lunar-based, seem to be prohibitively
expensive. -

Future directions of this study should be towards refining
some of the cost performance numbers and investigating alter-
native approaches such as near-field methods.
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Preliminary Demonstration of Precision DSN Clock
Synchronization by Radio Interferometry

W. J. Hurd

Communications Systems Research Section

Radio interferometry can be used to measure the offsets between the clocks at the
various stations of the DSN, and to monitor the rates of the station frequency standards.
A wideband digital data acquisition system has been developed to measure the clock
offsets to the 10-ns accurgcy required to facilitate three-way spacecraft ranging, to

monitor the hydrogen maser frequency standard rates to 1 part in 10

4, and to

potentigily reduce operational costs by replacing the current DSN Operational Time Syne
System. Three experiments have been conducted with this system;, two short-baseline
experiments at Goldstone and one long-baseline experiment between Goldstone and
Australia. All achieved subnanosecond resolutions. These accuracies were independently
confirmed fo within about 3.us, as limited by the accuracy of available independent

Neasurernients.

. Introduction

Radio mterfeiometiy can be used to monitor the offsets
between the clocks and the frequency standards of the DSN
stations, as first demonstraied iIn the DSN by Goldstein
(Ref. 1). A wideband digital data acquisition system (WBDAS)
which has been developed for this purpose 15 described here,
and the results of three experimenis are presented. All three
experyments achieved subnanosecond 1esolutions, with accura-
cies confirmed to within 3 us by independent measuiements.
The goal of the development effort 15 lo demonstrate the
ability to routinely measure the clock offsets to the 10-ns
accuracy required for three-way spacecraft ranging, and to

momtor the hydrogen maser frequency standard rates to 1
part m 1013 with a few minutes of observing time and to 1
part n 1014 over approximately 1 week.

The fundamental piocess of radio inteiferometry 15 the
observation of radio emissions from a quasar or other radio
energy source simultaneously at twe (or more) antenna
stations The difference it the time of arnval of the signal at
the stations and the rate of change of the time difference are
measured by cross-correlating the noise-coriupted signals at
the recewver outputs. The time difference and its rate of change
are aiso calculated from the source observing geometry, and
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the differences in the measured and calculated values are
attributed to the station clock and clock-rate offsets, plus
errors In geometry, etc. Multiple observations of several radio
sources can be used to solve for the source positions, the
station locations, and Earth’s orientation (UT1 and polar
motion) (Refs. 2, 3). When these parameters are adequately
known a priori, the clock synchronization accuracy which can
be achieved in a single measurement is limited primarily by
uncertainties in the propagation delays through the trans-
mission media, and is thus comparable to the transmission
medium calibration accuracies achieved for spacecraft tracking
(see, e.g., Ref. 4).

The data acquisition system also can limit the achievable
accuracies. Wide bandwidths are required for accurate time
delay estimates, and long time durations are required for
accurate frequency offset or “fringe rate” measurements,
which are used to estimate the rate of change of time delay. It
is desirable to utilize the full available bandwidth of the
receiving systems — tens of Megahertz — and to have a time
duration of tens to hundreds of seconds per observation. Since
the data must be recorded at both stations and then brought
together for processing, continuous_recording of the full
bandwidth would require extremely high recording rates and
densities. Fortunately, however, it is not necessary to record
the full time-bandwidth space, and various schemes exist for
selecting portions of the time-frequency space to be sampled
and recorded.

One method for sampling the time-frequency space is called
bandwidth synthesis (Refs. 5-8). Two or more narrow bands of
the spectium are sampled and recorded, either sequentially or
in parallel, and time delay estimates are constructed from the
fringe phase measurements at the various frequency bands.
This utilizes the fact that group delay is the derivative of phase
delay with respect to frequency. Efficient utilization of the
recording medium is achsieved. For clock synchronization,
however, the method appears to require elaborate phase
calibrations of the entire receiving system.

The wideband digital data acqusition system spans the
time-frequency domain wusing the technique of fuil band
sampling with burst recording. The full instantaneous band-
width of the receivers is sampled, up to a bandwidth of
55MHz, but not all the data samples are recorded. Short
bursts of data samples are stored in a high-speed buffer. Then,
- when the buffer is full, sampling is inhibited and the buffer is
emptied through a small computer onto digital magnetic tape.
The full bandwidth and time duration are utilized, but the
average data rate is matched to the recording rate by deleting
segments of the time domain. Per bit of data, the same time
delay resolution is achieved as if the full bandwidth were
sampled continuously. This method has been known for some
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time (Ref.5), and has been demonstrated in the DSN with
fairly narrow bandwidths, with supporting analysis
(Refs. 9-11). The WBDAS mmplementation has become practi-
cal with the improved technology in high-speed analog-to-
digital (A-D) conversion, digital filtering, and data storage.

A major advantage to full-bandwidth sampling over band-
width synthesis is that receiving system phase calibrations are
not required, although the actual clock offsets can be
separated from the station group delays only if the group
delays are calibrated, similarly to the ranging system zero
delay system (Ref. 12). Clock rate offsets can be measured
without delay calibration, provided only that the delays are
stable. Furthermore, three-way ranging, the major navigational
methed requiring high-resolution clock synchronization, does
not require station delays to be separated from the clock
offsets, provided that sampling of the ranging and very-long-
baseline interferometry (VLBI) data is accomplished at the
same point in the system.

Of course, the time-bandwidth space required for an
experiment can also be spanned by methods combining
bandwidth synthesis and burst storage. This could result in
bandwidth synthesis processmng, but with frequency bands
wider than could be accommodated continuously on the
recording medium. The WBDAS is well suited to such
applications,

Il. WBDAS System Description

A block diagram of the wideband digital data acquisition
systern is shown in Fig. 1. The signal input to the system, from
the radio source, is at IF, either from a Block JII receiver
50-MHz IF amplifier, a Block IV receiver 55-MHz IF amplifier,
or another recetver with a comparable IF frequency. The signal
is digitally demodulated, filtered, sampled and buffered m a
digital memory, and then written onto digital magnetic tape
through a station computer. The data are later transmitted to
JPL over the GCF or by airmail. Using the GCF, clock
synchronization could be achieved 1n near-real time, since less
than 106 bits are usually required (Refs. 9, 10, 11, 13).

The input signal from the receiver IF amplifier is sampled at
the 50- or 55-Msfs rate by each of two three-bit A-D
converters, The A-D conversion times are controlled directly
from 50- or 55-MHz reference signals, derived from the station
frequency standards, or by dividing the 100-MHz output of a
hydrogen maser by 2. The two converters effectively sample
90 deg out of phase, at the sampling frequency. This demodu-
lates the signal to baseband, extracting the quadrature phase
components of the “narrowband™ process, in a manner similar
to the Mu-II ranging system (Ref. 14). The 90-deg phase shift



is ,actually accomplished by delaying the signal to one
converter in a cable of the correct length, which is more stable
than delaying a clock signal digitally. The total sampling rate
of 100 or 110 Ms/s is sufficient for recewving bandwidths of up
to 55 MHz.

The overall phase stability of the input signal paths, the
sampling clocks, and the A-D converters have been tested as
better than 0.3 deg/°C at 50 MHz, or 20 ps/°C.

Whenever desired, the sampling rate at the input to the
digital buffers can be reduced to below the A-D converter
sampling rate by digital low-pass filtering of the raw samples
with the filter bandwidth confrolled by the computer.
Specifically, these filters sum N~ consecutive samples,
1 <N=<216 gimilar to the operation of an analog integrate-
and-dump filter. The bandwidth is reduced to f,,/(2¥) and the
final sampling rate to f,/NV in each channel, where £, is the
A-D converter sampling rate Only the sign bits of the filter
outputs are used in the final samples, which are stored in the
4096-bit buffer. This is typical of radio interferometers
because theie is more information per bit in the sign of the
number than in the less significant bits.

The data samples are precisely time tagged by a high-
resolution clock contained within the data acquisition system.
The clock 1s derved from the same 50- or 55-MHz reference
input used by the A-D converters, and is included because no
clock of adequate resolution and stability is available from the
Frequency and Timimg Subsystem (FTS). The clock is imtially
synchronized to the 1-pfs signal from the FTS, and then

allowed to free-run from the IF reference. When the FTS I pfs

and the IF reference are derived from the same frequency
standard, the I-pfs output of the high-resolution clock should
remain in phase with the FTS 1 pfs to within the resolution of
the FTS pulse. This provides a monitoring capabiity for both

systems. Sometimes the WBDAS frequency reference may not.

be derived fiom the station standard, for example, when a
hydrogen maser 1s available but 15 not operational as the prime
station standard. In this case, the WBDAS 1-p/s output and the
FTS | pfs can be used to momtor the phase and frequency
offsets of the two standards.

Not only must the dala samples be precisely time tagged,
but the exact times at which data sampling is initiated at the
two stations must be carefully coordinated, since the buffer
can be filled 1n about 40 us at the highest sampling rates To
assure that the same data are sampled at the two stations, the
relative time of airival of the sigpal at the stations must be
predicted to within a few microseconds and sampling initiated
at times offset by this amount. This is accomplished by having

each computer predict the geometric time delay from the
station to the geocenter, using the station location and the
source position of date, and offsetting the sampling time by
this amount from the nomunal times. The station clock offsets
must also be accounted for, and the widest bandwidth should
not be used when the uncertainty in the a priori knowledge of
clock offset exceeds the normal uncertainty of 2-10 us. Precise
timing 15 accomplished by reading the station binary-coded
decimal (BCD) clock in the computer and the microsecond
clock in the hardware, with sampling initiated at the first tick
of the A-D converter clock after the microsecond clock
reaches the computer selected count.

Besides the data samples, the hardware transmits some
performance monitoring data to the computer, including the
microsecond at which the buffer was completely full. This
provides a check on the timing and filter bandwidth, and 1s
written omnto the digital tape along with other header
information.

The experiments to date have utilized the station Telemetry
and Command Processor Assembly (TCP) computers, although
the hardware and software are also compatible with the Digital
Instrumentation Subsystem (DIS) computers. Since some of
these computers have tape units which operate at only
79 bjem (200 bfi), the data recording rate has been limited to
about 56 kb/fs. The hardware is also completely compatible
with the standard DSN minicomputer, since ‘all communica-
tion 1s over the DSN standard interface. It will thus be
practical to upgrade the data rate to about 640 kbfs when
minicomputers with 630-bfcm (1600-b/i} tape units become
operational.

lll. Experiment Results

Three expeniments have been conducted with the wideband
system, two short-baseline: experiments at Goldstone and one
long-baseline experiment between Goldstone and Australia.
The objectives of these expeniments were to develop and
demonstrate the capability of the combined data acquisition
hardware and software, and the processing software. All
experiments were successful, and achieved subnanosecond
time delay resolutions. This resolution 15 not to be confused
with accuracy, because the station and propagation medium
delays were not calibrated, and the source position uncer-
tanties were significant on the long baseline. In all cases, the
estimated clock offsets agreed with the standard DSN measute-
ments to within 3 ps, which is within the accuracies of these
measurements and the expected variations in station delays,

All of the experiments were at S-band, using rubidium
frequency standards.
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A. First Experiment

The first experiment was performed on the short baseline
between DSS 11 and DSS 14 at Goldstone on December 14,
1975, in conjunction with an Astronomical Radio Interfero-
metric Earth Surveying {ARIES) experiment. The primary
purpose of this experiment was to obtain sufficient data to
develop and test the processing program, and to demonstrate
that the hardware/software system was operating properly.
The RF signal bandwidths were restricted to about 8 MHz by
using the telemetry C-channel outputs of the Block III
receivers at both stations. The local oscillator references were
derived from the rubidium frequency standards by replacing
the voltage-controlled oscillator (VCO) output signal with
23.33333333 MHz from Hewlett Packard 5100 frequency
synthesizers. No attempts were made to do any station
calibrations, except to obtain a priori clock offsets with
respect to the DSN master clock, as is routinely done by
microwave links.

Successful results were obtained for a total of eight
observations, using six different radio sources and digital filter
bandwidths of 0.495, 3.34, 5.56, and 10.0 MHz. The esti-
mated offsets between the station clocks are shown for these
eight runs in Fig. 2, for the 3 min of data using a digital filter
bandwidth of 5.56 MHz. The ordinate scale, T, 4 - T4} 1s the
estimated clock reading at DSS J4 minus the reading at
DSS 11 made at the same time. The measured clock offsets of
about 8.6 us for T, - T, agree to within 1.6 us of the a
prionn value of 7pus determined from the microwave link
measurements, relative to the DSN master clock
(Tya - Tpgny = -1 wsand T - Ty = —8 us). The error
bars indicate the 1-o sample deviations, as determined by
dividing the 180 s of data into several shorter intervals. The
slope of the line fitted to the data was determined from the
fringe rate data. This indicates the consistency between the
two data types: fiequency and time delay.

One result of the first processing of the data from this
experiment was to emphasize the need to model the receiving
system passbands to get an estimate of the signal cross-
correlation function. Although optimum processing requires
knowledge of the cross-coirelation function, the data were
first processed with only the digital filter effects modeled
Failure to model the receiver passbands when the filter
bandwidihs were compatable to the receiver bandwidths
resulted in a detector function which was sometimes bimodal,
causing extraneous résults and a higher than expected sample
deviation. Fitting a single tuned filter model to the data at
each station alleviated this problem. A major impact on future
experiments was the realization that some data should always
be taken at the maximum sampling rate (without digital
filtering) in o1der to facilitate the modeling.
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B. Second Experiment

The second short-baseline experiment was performed on
June 2, 1976, between DSS 11 and DSS 12, both at Gold-
stone. The objective of this experiment was to gain experience
in using the wideband data acquisition system with several
different receiving systems of different bandwidths. A simul-
taneous experiment was conducted by J. Fanselow and J. B.
Thomas of the JPL Tracking and Orbit Determination Section,
using the 48-kbfs computer-based recording system developed
by D.S. Robertson and A. H. Legg of the Weapons Research
Establishment, Australia (Ref. 15), and using the technique of
bandwidth synthesis (Refs. 5, 6, 7, 8) to achieve wide effective
bandwidths.

Three different receiver configurations were used in the
June 2 experiments:

(1) Block III Receiver. This configuration was essentially
the same as in the Dec. 14, 1975, experiment, except
that the non-AGC’d 50-MHz amplifier outputs were
used, whereas the AGC’d TLM-C channel outputs had
been used previously. Hewlett-Packard 5100 frequency
synthesizers were used m the local oscillator generation
as before.

(2) Wideband. This configuration utthzed a pair of wide-
band opendoop receivers developed for VLBI by the
JPL Tracking and Orbit Determination Section. The
S-band local oscillator in.these 1eceivers is generated by
direct multiphcation of the 5-MHz frequency standard
output.

(3) 10-MHz Bandwidth. This configuration utilized the
wideband receivers, as in (2), but filtered the IF
outputs to 50 £ 5 MHz using multiple-pole tuned fil-
ters, achieving nearly rectangular passbands.

The passband shapes for the wideband receivers are shown
1in Fig. 3 and for the Block III receiver in Fig. 4. The curves
shown are not measured power spectral densities but are the
shapes of multi-pole tuned filter approximations to the
passbands. These tuned filter approximations were determined
by fitting filter models to the observed autocorrelation
functions. The models were used to obtain an approximation
to the cross-correlation function of the two receiving systems,
which was 1 turn used by the processing program. The
configurations using the 10-MHz filter were modeled as ideal
rectangular filters with passbands of 49.826 £ 5.383 MHz at
DSS 11, and 49.740 £ 5.474 MHz at DSS 12.

The measured clock offsets for 27 observations of three
radio sources were typically -1.5 us for T, - T;, , compared
to the a priori value of -4 us determined by the microwave



links. Figure 5 shows the residual clock estimates for all cases,
relative to a straight line fit between all cases having the
wideband configurationr. The system configurations are indi-
cated for each observation, and the error bars are sample
standard deviations using all of the data for each observation.
The differences in sample standard deviations are primarily due
to different source strengths, recever bandwidths, and digital
filter bandwidths. Also, the fourth observation was for only 3
min, due to low source elevation, whereas the others were all
for 9 man.

The results are surprisingly consistent from one receiver
configuration to another, considering that the different station
delays were not calibrated. For the wideband receiver, the
results for different filter bandwidths differ by as much as 7 ns.
Thus could be due to differences in average group delays n
different portions of the overall system passbands and/or to
errors in modeling the cross-correlation function. For the
narrower-bandwidth receiver configurations, the variations in
tume delay estimates with digital filter bandwidth are obscured
by the larger sample deviations and by dnfts due to the
oscillators or temperature changes.

Specific results for the wideband receiver configuration are
shown in Fig. 6. The observed time delay resolution (1-o
sample deviation) is shown as a function of inverse digital filter
bandwidth for three obseivations of source 3C273. The sample
deviations are per 0.75 Mb of data. Assuming the bandwidth
to be determined entiiely by the digitel filter, the theoietical
standard dewiations of time delay estimate aie directly
proportional to inverse system bandwidth, so that the points
would fall close to the straight line, within experimental error.
The results indicate that the receiving system bandwidths have
some effect when the 25-MHz digital filters are usad, and when
theie 1s no filtering With this strong source, a 1esolution of
0.8 ns was achieved with only 0.75 Mb of data.

The Block Il receiver and the 10-MHz filter configuration
tealized the time delay resolutions shown in Fig. 7 for various
digital filter bandwidths The 1esolutions are approximately
proportional to inverse digital filter bandwidth, even when the
nominal filter bandwidth was 12.5 MHz, which is wider than
the receiver bandwidths. This indicates that, for these receiver
passbands, best results are obtained when the digital filter
bandwidth s somewhat wider than the 1eceiver bandwidths.
The sample deviaticns are better for the 10-MHz filter than for
the Block IIl1 receiver. For both receiver configuations,
1esolutions of betfer than 5 ns were achieved for the normal-
ized data size of 0.75 Mb, which corresponds to subnano-
second resolution fou the entne 30 Mb per observation.

C. Long-Baseline Experiment

The first long-baselne experniment was performed on
October 14, 1976, using DSS 14 at Goldstone and DSS 43 in
Australia. The primary objectives were to demonstrate that the
data acquisition system could be mstalled and operated
property by station personnel, that the system operates
propeily with Block IV receivess, and that the data acquisition
hardware and software and the processing seftware perform
properly for long baselines. These objectives were ail achieved
with an experiment scheduled for less than 3 h, including the
time required to install and remove the data acquisition
systems.

Figure 8 shows the modeled signal passbands as observed at
the 55-MHz IF amplifier outputs on the Block IV receivers.
With proper wideband tuning of the RF maser amplifiers, the
passbands at this point in the system should be dominated by
the receiver three-pole Chebychev filters with 3-dB bandwidths
of £18 MHz. This was clearly not the case for this experiment.
The passband was especially bad at DSS 14, where it was
necessary o use a traveling wave maser having a narrower
bandwidth than 1s usually available.

Five successful 9-min observations were made, each using
three different digital filter bandwidths' 5 MHz, 27.5 MHz,
and unfiltered. The clock offset estimates for the five
observations, -one of CTA 26 and four of NRAOI90, are
shown n Fig. 9 for the 27.5-Mbz and the unfiltered configuia-
tions. The clock offset estimates are in the range of
Ty3 - Ty4 = 0.64 t0o 0.71 ps, which 1s within 3 ys of the a
prion offset determined from the microwave link estimate of
Tya = Thge = ~4 us, and the estimate of T4 - Tpgy = -2 15
from the DSN operational time sync system, using the moon
bounce technique. The discrepancy of less than 3 us is withn
the approximate 5-us accuracy of the moon bounce system
(Refs. 16, 17).

The slopes of the clock offset estimates versus time in
Fig. 9 were determined from the fiinge frequency estimates.
For the four observations of NRAQ190, the slopes aie 1n good
agreement with the changes mn clock offset estimates with
time. Changes both in the slopes and in the clock offset
estimates, and the differences between the two sources, can be
attributed to various effects, including oscillator offsets and
mstabilities, source position errors, propagation medium
delays, and uncertainty in UT1. The assumed source positions
of date were RA = 70.021958 deg, dec = -0.388889 deg for
NRAQI19Q, and RA = 54.245708 deg, dec = -1.937944 deg
for CTA 26. These could be 1n error either due to the catalog
position used or to tnaccuracies in the precession program. The
assumed value for UT1-UTC was ~92 2 ms.
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Sample standard deviations of clock offset estimate were
determined for all cases by dividing the data inte 18
independent 10-s intervals. Normalized to 105 bits, the
10-MHz, 27.5-MHz, and unfiltered cases achieved sample

deviations of 5.37, 1.41, and 1.33 ns for CTA 26, and 12.68,

2.67, and 224 ns for NRAO190. The dewiations improved
almost as inverse bandwidth as the digital filter was widened
from 5 to 27.5 MHz, but there was litile improvement from
27.5 MHz to the unfiltered cases. This seems to be in line with
the passband shape at DSS 14, which is about 22 MHz wide at

the 6-dB points. It would not have been surprising if the
deviations had been higher for the unfiltered cases than for the
27.5-MHz filter. When the full 36-MHz bandwidth of the
Block IV 55-MHz output is realized, the unfiltered case will
certainly be best.

The overall resolution for each observation was better than
1 ns for both the 27.5-MHz and the unfiltered cases, with a
total of about 107 bits of data.
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Radio Frequency Interference from Near-Earth Satellites

B. K. Levitt and J. R. Lesh

Communications Systems Research Section

In the near future, radio frequency interference (RFI) from a growing number of
Earth-orbiting satellites may seriously degrade deep space telemetr); reception. This
article develops a pessimustic statistical model for predicting the extent of this mter-
ference. Based on the assumptions underlying the model, DSN S-band operations can
expect one REI interruption every 4.1 days, with the average incident lasting 24 s. This
implies that 52 or more such satellites, with uncorrelated orbital fragectories, will cause m
excess of 5 min of RET per day at a DSN station {the maximum level recommended by
the Consultative Comnuttee for Internationa! Radio ).

I. Introduction

Ove: the past 2 yeais, DSN operators at Goldstone, Cali-
fornia, have logged a combined average of nearly 10 min of
1ache frequency mterference (RFI) per day, 25 percent of
which resulted in complete outages {see Fig. 1). Much of this
RFI was in fact traced to ground-based and airborne sources:
however, over the next decade, we can anticipate a significant
RF1 problem due to the ever-increasing number of Earth-
orbiting satelhtes, whose transmissions are ciowded into =
limited frequency band. The RFI problem is beng carefully
assessed since a telemetry outage during a critical phase of a
deep space mission could be disastrous (e.g., dunng the 2-hour
lifetimes of the 1978 Proneer Venus atmospheric probes).

From the DSN viewpoint, part of the problem 1s that the
International Telecommunications Union (ITU) has decreed

that the frequency bands used for deep space telemetry must
be shared with the much higher-poweted transmussions of
near-Earth satellites. For example, the Tracking and Data
Relay Satellite System (TDRSS, 1979 launch date) will have
multiple-access, spread-spectium opeiations centered at
2287.5 MHz (DSN S-band downlink telemetry uses the 2290-
to 2300-MHz band); and the Geodetic Earth-O1biting Satellite
(GEOS, 1977 launch date) downhnk carrier fiequency 18
2299.5 MHz. In addition, because of significant sidelobe gains,
a DSN antenna need not be pointing directly at an Earth-
orbiting satellite to expettence RFI from 1t.

This article represents an 1nifial attempt to project the
extent of the RFI problem due to near-Earth satellites. In
particular, several simplifying assumptions are made leading to
the development of a pessimustic statistical model, which may
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be used to compute the average cumulative RFI experienced
by a DSN station, the average duration of an RFI incident, and
the average time between mncidents, per interfenng satellite. To
complete the projection of the RFI problem over the near
future, this model should be combined with trend data on the
number of Earth-orbiting satellites within and near each of the
DSN receive bands expected over this period. (The Electro-
magnetic Capability Analysis Center 1s currently gathering this
information under a contract with JPL.) Furthermore, with
the acquisition-of more detailed data, such as distributions of
satellite altitudes and transmitied power flux density levels,
some of the simplifying assumptions underlying the model
could be refined, resulting in a more accurate assessment of
the RFI probiem.

Il. Analysis at S-Band

As shown in Fig. 2, consider the situation in which a DSN
receiver is experiencing white noiselike (spectrally flat) in-band
RFI from an ‘Earth-orbiting satellite at an angle ¢ (deg) off-the
antenna boresight. Then

fy2
PSD =PFD +G + 10 %og, (%;) (1

where PSD (dBW/Hz) is the received power spectral density,
PFD (dBW/m? [Hz) is the received power flux density, G (dBi)
is the receive antenna gam, and A (m) is the wavelength to
which the receiver 15 tuned. For DSN downlink operations at
S-band (2295 MHz),

. 2
10 Log, ,, (z—ﬂ_) =-28.67 )

The 64- and 26-m DSN antenna sidelobe power gain envelopes ‘

are well approximated by

G=32~25Rg,,6;1<$p<48 3

Finally, the Consultative Committee for International
Radio (CCIR) Recommendation 365-2 states that the inter-
ference PSD from a single RFI source, measured at the input
to a DSN receiver, shall not exceed -220 dBW/Hz' for more

!The conversion formula from PSD to noise temperature T (K) 18 T=
(16 )10P8P10 where &= 138 X 1023 W/Hz/K is Boltzmann’s
constant. So =220 dBW/Hz 15 equivalent to 7.25 K; as an example, this
results in a 1.7-dB degradation in signai-to-noise ratio for a 15K
receiver.
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than 5 minf/day. From Egs. (I-3), we conclude that PSD
exceeds the CCIR recommended level whenever ¢ satisfies the
constraint

+

25%0g, , ¢ <PFD +223.33 {4)

We shall say that a DSN receiver is experiencing RFI from an
S-band satellite transmission whenever Eq. (4) is satisfied.

We need to make some assumptions about PFD. Under
Article 7 of the ITU Radio Regulations, the radic emssions
from an Earth-orbiting satellite, incident on Earth’s surface at
an angle a (deg) above the horizon, must satisfy the restriction

-190,0<a<5
PFD< —19o+%(a—5);5<a<25 )
~180;25 <a <90

We will assume that the center frequency of the interfering
satellite telemetiy is adjacent to the 2290- to 2300-MHz band,
such that the RFI experienced by the DSN receiver 18 due to
sidebands suppressed at least 20 dB below the maximum per-
missible levels of Eq. (5). Adopting a pessimistic approach, we
therefore assume that the received S-band RFI from a given
satellite has a PFD of -200 dBW/m?* /Hz, independent of the
satellite location and transmitting antenna direction. Then
Eq. (4) implies that a DSN receiver experiences RFI from an
S-band satellite transmission whenever ¢ < ¢g = 8.57 deg.

A. Average Cumuiative RFI

In the absence of any specific satellite trajectory data, we
will simplify the model by assuming that.an interfering satel-
lite is in a circular Earth orbit of radws rg, and that its
instantaneous location is uniformly distributed over the sphere
of that radius. As a further simplification, we assume that the
DSN receiving antenna is pointing vertically; therefore, the
receiver experiences RFI whenever the satellite falls within the
spherical cap shown in Fig. 3. (Note that 2 nonvertical antenna
boresight direction would yield an RFI cap of greater area and
proportionally larger average cumulative RFL.)

The angle ¢, subtended by the RFI cap at the DSN station
translates to an angle @ at the center of the Earth:

.

6= sin_‘.l:(, /1= 9% sin® ¢, -y cos ¢, ) sin qﬁo:l (6)



where ¥ =rg/rg and rg is the radius of the Earth. The area of
the cap is then 2ar%(1 ~ cos 0), and the instantaneous proba-
bility of RFI occurring is the ratio of this area to that of the
entire satellite orbital sphere, %(1 - cos #). Equating ensem-
ble and time averages, the long-term average cumulstive RFI
from a single satellite at altitude (rg- rg) is 43200 (1 -
cosB) sfday. This expression is plotted in Fig. 4 for ¢, =
8.57 deg and 7z = 6357 km (polar radius of the Earth).

Based on a 1971 listing (Ref. 1) of 17 then-current and
proposed nonsynchronouvs Earth-orbiting satellites, a histo-
gram of their altitudes was extracted (see Fig. 5).2 For our
model, we approximate this disiribution by a untform one
between 300 and 1200 km. Integrating over this simplified
altitude distribution, we find that average cumulative RFI

rpt 1200
43200 4
= To00 s
ret 300

(1~ cos 6 (rg)] )

= 5.86 s/day/satellite

Using a Union bound argument, & such satellites with
independent orbital trajectories would produce an average of
5.86 .V sfday of RFI at a DSN station. Consequently, if V=
52, the combined average RFI at S-band exceeds the CCIR
recommended level of 5 min/ddy.

B. Average Duration of an RFI Incident

Using sumple physical arguments, a satellite in a circular
Earth orbit of radius rg (km) has a tangential velocity v
(km/s) given by )

v= 631307y (&

From Fig. 3, if the satellite crosses the center of the RFI

cap, the DSN receiver will experience 7, seconds of
contmuous RFI {plotted m Fig 6), given by
) . 342
. =2 %
max " yfr, | 3157 &)

whete € 15 in rad. However, in general, an RF1 mciudent
occurs when the satellite crosses the RFI cap off-center; so
Eq. (9) 15 an upper bound for the duration of the incident.

2For satellites with noncircular orbits, the altitude was assumed to be
umformly distnibuted between the apogee and perigee.

To analyze the general case, Nit Fig. 3 to a Cartesian
coordinate system centered at Earth’s center, such that the
antenna boresight is along the z-axis. As shown m Fig. 7, the
boundary of the RFI cap is specified by

2
x* +y2 =rg sin” 8

Z=F

¢ cos 8 (10)

Now construci a new Cartesian coordinate system by rotat-
ing the x- and z-axes an angle § about the y-axis. Without
loss of generality, assume the satellite trajectory-is in the
¥ 7 “plane, and 1s given by

OY @)Y =12 ()

But

x=x'cosf+z'sinf

z=-x"smf+z cosp (12)
Using Eq. (12) to spe-clfy the equation of the RFI cap

boundary of Eq.(10) in the x )y %’ coordinate system, we
have, in part

x'sinf§ =2 cosf - rg cos 8. (13)

The ntersection points of the RFI cap boundary and the
satellite trajectory lie in the yZ'plane: settng x'= 0 in
Eq. (13) yields .

.7 cos §
z = o5 =}'Scos§’
¢ =cos! (zgig)éﬂ (14)
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For fixed g, the transit time # (§)-(s) of the satellite through
the RFI cap is

per crossing.

In general, we assume that § is uniformly distributed over
(0, 7/2). So for fixed r;, the average duration #,,, (s) of a single
RFI incident, conditioned on its occurrence, is given by

32
1 8 s /)
o { BB =3757 (16)
wheie
1 0
70) = f dx cos™! (ﬁ) <9 (17)

0

It has been determined that for O <8 <<#/2, f(8) is accurately
approximated by

£(0) =0.789 0 + 0.0423 84 (18)

where § is in rad. Combining Egs. (6), (16), and (18}, t,,, was
computed as a function of satellite altitude (see Fig. 6). If we
further average over the uniform satellite altitude distribution
of Fig. 5, we find that the altitude-independent average S-band
RFI duration is 23.95s. Combined with the result of the
previcus section for N interfering satellites, this implies that
the average time beiween RF1 incidents is 23.95/5.86N =
4.09/N days at S-band. -

lll. Comparison of RFI at S- and X-Bands

DSN X-band downlink operations use the 8400- to
8500-MHz band. Extending the RFI model derived above to a
DSN receiver tuned to 8450 MHz yields the lollowing &
satellite comparison between the two deep space bands.
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RFI parameter S-band X-band
g deg 8.57 3.02
cumulative average, s/day 586 N 0720 N
5 minfday N=352 N=417
average incident duration, s 2395 8.40
average time between incidents, days 4.09/N 11.67/N

IV. Review of RFI Model Assumptions

(1) Telemetry from an Earth-orbiting satellite has a center
frequency adjacent to the DSN receive band of interest,
and in-band RFI is caused by spectrally flat sidebands
of the satellite telemetry, suppressed 20 dB below the
maximum PFD permitted under ITU regulations
(PED = -200 dBW/m? [Hz).

(2} The satellite signals cause RFI in the DSN receiver
whenever PSD > -220 dBW/Hz.

(3) The 64- and 26-m DSN receive antenna sidelobe gains
are specified by G = 32- 25 fog, , ¢, for satellite-to-
ground antenna boresight angle ¢ (deg).

(4) The interfering satellites are in uncorrelated circular
orbits, and their instantaneous locations are uniformly
distributed above the Earth’s surface.

(5) The satellite altitudes are uniformly distributed
between 300 and 1200 km.

(6) The DSN antenna 1s pointing vertically.

V. Conclusions

Considering how rapidly the number of Earth-orbiting
satellites is increasing, and the sharing of crowded frequency
bands by deep space and near-Earth satellite telemetry, the
model demonstrates that the DSN could experience a signi-
ficant amount of RFI outages over the next decade, partic-
ularly at S-band. The model involves several simplifying
assumptions, however, which should be 1eplaced by statistical



distributions based on available trend data to make 1f more (2) RFI monitoring equipment
meaningful (this applies in/particu]ar to Assumptions 1, 4, 5, )
and 6 1n the previous section). To control the RFI problem,
and to rmunimize the possibility of an ouiage during a critical
misston phase, some countermeasures are needed, such as:

(3} Frequency diversity techniques

(4) Sophisticated coding and modulation schemes to pre-
(1) Frequency coordination procedures vent mutual RFI between cooperating satellites.
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Low-Noise Receivers: Microwave
Maser Development

R. Quinn and E. Wiebe
Radio Frequency and Microwave Subsystems Section

An S-Band traveling-wave maser with a 2260- to 2400-MHz tuning capability has been
built and installed on rthe 26-m antenna at the Venus Station of the Goldstone Deep
Space Communications Complex The Traveling-Wave Maser/Closed Cyvcle Refrigerator
package was assembled within a limited time schedule and at low cost to meet the
requirements of the Very Long Baseline Interferometr Validation Task. The maser uses a
superconducting magnet with a field staggering coil for gain/bandwidth adjustment. The
maser pump Source is a Gunn effect osclllutor with the capability of continuous tuning
throughour the entire maser tuning range. The:package was assembled from surplus
components that have been used previously in the Deep Space Network in a variety of

applications since 1967,

. Introduction

The Traveling-Wave Maser (TWM) requirements for the
Very Long Baseline Interferomeiry (VLBI) Validation Task
include operation at a bandwidth of 40 MHz centered at 2290
MHz. with phase and group delay stability such that the VLBI
measurement precision wil not be degraded. Operation at
2388 MHz is required for planetary radar. Because the Venus
Station (DSS 13) TWM did not meet the bandwidth require-
ment, a new package was assembled with previously used
components and delivered at a procurement cost of $5300 and
a 4-man-month labor effort.

ll. Closed Cycle Refrigerator History

The Closed Cycle Refrigerator (CCR) is one of the early
Block II1 prototype refrigerators which are now i use
throughout the DSN. This particular CCR was built in January
1967 and installed at DSS 13 in March 1967. During 1973 the
TWM/CCR was returned to JPL for modifications which
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included the stallation of a cooled and shortened input
transrnission line and a superconducting magnet (Ref. 1). The
system was then delivered to DSS 43 (Austraha) to meet the
special sensittvity and stability requirements of the Mariner
Venus-Mercury missions (MVM™73). The refrigerator was used
for MVM’73, in spite of its age, due to budgetary and schedule
constramits.

Following .the MVM’73 missions, the-maser was returned to
JPL to determine the cause of a refrigerator failure that
occurred during the third Mariner Mercury encounter. By this
time, the CCR had accumulated 60,000h of run time.
Cyhnder wear in the region of the cryogenic seal on the £2
displacer had reached 0.38 mm. This wear results in ring
leakage, which 1s aggravated by restriction in the regenerator
pack. Replacement of the worn cyhnder assembly and
instailation of new seals restored sufficient cooling capability
to achieve maser operation. The reserve refrigeration capacity,
however, was low and erratic. The use of a reserve capacity
monttor was indispensable in this determunation (Ref. 2).



Failure to achieve stable refrigeration capability has
occurred on several occasions, both n the laboratory and in
the field, as a direct result of drive unit replacement. It 15
believed that operaticn of a displacer assembly with a,
cryogenic seal in a hadly worn cylinder can result in leakage
when the edges of the seal contact the ridges at the ends of the
cylinder wear. The leakage reduces regenerator efficiency. In
some cases, excessive regenerator resfricthion has been noted.
Such restriction increases the pressure differential across the
seal and results 1n additional leakage and mefficiency.

To restore the refnigerator to “like new™ condition, the
following major repairs were effected: (1} The weld holding
the cylinder was cut, the heat stations were unsoldered, and
the worn cylinder was replaced. (2) The displacer and drive
unit assembly were overhauled (all seals and worn parts were
replaced). (3) The lead sphere regenerator pack 1n the second
stage displacer was replaced, and the bronze screen pack in the
first stage displacer was flushed with freon 11 to remove
accumulated lead dust. (4) Both charcoal traps in the J-T
circuit were cut out and replaced.

Following reassembly, a complete checkout of the CCR was
made, and normal refrigeration capacity was achieved.

The cylinder and charcoal trap replacement is not currently
within the scope of normal field maintenance. It is expected
that the above-described rebuilding procedure can be used at
the DSN Maintenance Depot to extend the life of worn CCRs
at a small fraction of the CCR replacement cost.

lll. Maser and Superconducting Magnet
Assembly Modifications

The TWM used for this system (a tunable R&D type) was
onginally bult in 1967 and used 1n the uitracone at DSS 14
(Ref. 3). It was returned to JPL in 1974. During inspection of
the maser, several of the single crystal YIG disks on the
isolator strips were found to be loose. Improved cutting and
gluing techniques were used to fabricate new isolator strips.
The TWM 1nput coaxial line was modified to permit 1ts use
with the cooled and shortened input transmussion line.

The comb structure body was machined to piovide a
mounting location for a magnetic field staggering coil. The
field staggeiing coil covers half the maser’s amplifying length
and 15 used to increase maser bandwidth. The best gan/
bandwidth tradeoff was achieved by using a current in
opposition to that of the superconducting magnet, subjecting
haif the maser to an adjustable bucking field. This serves to
magnetically separate the maser into two halves in much the
same manner as the figure-eight field shaping coil that was

developed previously for an X-band maser (Ref. 4). The field
staggering capabulity 15 used primanly at the 2290-MHz center
frequency, where the 40-MHz bandwidth is required and the
maximum gain/bandwidth product is available.

IV. Pump Source

The maser pump source is a Varian model VSU-9012Y
varactor-tuned, Gunn-effect oscillator which is electionically
tunable across the entire tuning range of the maser (Ref. 5). A
100-kHz oscillator 1s a part of the pump control/protective
circuitry, 1t amplitude-modulates the varactor tuning bias
voltage, thereby frequency-modulating the pump. The cir-
cuitry provides remote control for narrowband pumping of the
maser at any single frequency within the maser tuning range
angd also across the wider bandwidth, as required by the VLBI
Vahdation Task.

V. Performance

This maser uses a comb design intended for operation over
a wide frequency range, it does not have the same gain/
bandwidth capability that is achieved by the newer Biock Iil
maser used in the Deep Space Network The magnetic field
staggering necessary to achieve the 2270- to 2310-MHz
bandwidth reduces the maser pgamn to 25 dB. A low-noise
Avantec model AM2402N transistor amplifier is used m series
with the maser io achieve an overall package gain of 40 dB.
The transistor amplifier’s operating voltage 1s supplied by the
Gunn-effect diode bias power supply. A bandpass filter is used
behind the transistor amplifier to prevent wideband noise from
entering the image response of the recetver following the maser
package. The transister amplifier contributes 2 K to the maser
input noise temperature m the wide bandwidth mode of
operation.

Operating characteristics of the tunable maser (with rela-
tively narrow bandwidth) have been descnibed previously
(Ref. 3). The maser performance between 2270 and 2310 MHz
is described here. The equivalent input noise tempeiature
across the 40-MHz instantaneous bandwidth 1s between 4 and
5K (ncluding’ the transistor amphifier contnibution). The
amplitude response (flat within [ dB) and the phase shift, as a
function of frequency, are shown 1n Fig. 1. The outputs of a
Hewlett-Packard network analyzer were recorded with the
maser bypassed to produce reference lines. The difference in
the slope of the phase reference recording and the phase
response of the maser is used to determine the group delay
time through the entire maser package.

Figure 1 shows that the delay time through the maser is
114 X 109 5 at 2270 MHz, 106 X 109 s at 2290 MHz, and
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111 X 107 s at 2310 MHz. The dispersive characteristics of
the maser can be observed more easily, with improved
resolution, by using a delay line in the reference path of the
network analyzer measurement system. Figure 2 15 a recording
of the phase and amplitude as a function frequency with

improved phase resolution. Recordings were made at refrigera~  on a moving antenna.
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tor temperatures of 4.41 and 4.55 K. Increasing the CCR
temperature by 0.14 K reduced the phase slope between 2270
and 2310 MHz by 14 deg. The corresponding 0.97 X 1095
delay time change and the 2.8-dB gain change are 10 times
‘larger than would be experienced during tracking operations
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On the Inherent Intractability of Finding Good Codes

R. J. McEliece and H. C. A. van Tilborg®
Communications Systerns Research Section

In this article we will show that the problem of computing the mintmum distance of
an arbitrary binary Iimear code 158 NP complete. This strongly suggests, but does not imply.
that it is impossible to design a computer algorithm for computing the minimum distance
of an arbitrary code whose running time is bounded by a polynomial in the number of

IRPULS.

I. Introduction

One of the recurnng problems n the design of coded
communication systems for the DSN or other applications is
the seaich for the best code for the job. For reasons of
economy and simplicity, the search is usually restncted to the
class of binary linear codes, a hinear code being one that is
defined as the rowspace of a certain binary matrix G called the
code’s generaror matrix. If the malrix ¢ has size £ X # and
row-rank %, the code is called an (n, k) fhnear code; its
transmission rate is k/n bits per symbol. Among all linear
codes C with a fixed n and & there is a wide range of
performance possible; the best such code (on a memoryless
channel) is, however, the one with the largest mimimum

distance d,,;, . Here

ey =min{d (x,¥): %, yeC x#y}

min

where dg(x,y) 15 the Hamming distance between the distinct
code vectors x and v, i e. the number of components in which

1Caltech visiting Assistant Professor of Mathematics.

x and y differ. Since the code is linear, d,

minimum nonzero weight of the codew, .-

is equal to the

L —— min {WH(X)- xeC x#0}

where WH(X) 1s the Hamming weight of x, i.e. the number of
nonzero components of x.

Now given an arbitrary binary & X s matnx G, to find
Wi for the corresponding code it is apparently necessary to
compute each of the 2¥ - 1 nonzero linear combmations of
the rows. This procedure is not feasible even by computer
unless & is relatively small; we wouid Iike to find 2 more
efficient procedure, if possible. However, in the remaining
sections of this paper we will show that it is quite unlikely that
such a procedure exists.

In the next section we shall describe a recently-developed
techmique that can sometimes be used to show the mherent
intractability of a specific problem. In Section III we shall
apply this technique to the w, . problem.
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Il. NP-Complete Problems

The following discussion will describe in hevristic language
a set of results that can be made quite precise. The interested
reader should consult Ref. 1, Chapter 10, or Ref. 2 for details.

The clags P is defined to be the set of computational
problems that can be solved by an algorithm that is guaranteed
to terminate in a number of steps bounded by a polynomial in
the length of the input. (P is sometimes called the class of
polynomiak-time algorithms) Problems in the class P are
generally regarded to be tractable; conversely those not m P
are considered intractable. The class P includes such problems
as solving linear equations, finding the munimum cut in a
flowgraph, certain scheduling problems, etc.

The class NP is defined to be the set of computational
problems. that can be solved by a backtrack-search-type
algorithm, where the depth of search is bounded by a
polynomial in the length of the input. Alternatively, AP is the
set of problems solvable by a nondeterministic algorithm
whose running time is bounded by a polynomial in the length
of the input. A nondetermunistic algorithm 1s one that when
confronted with a choice between two alternatives, can create

two coples of itself and simultaneously follow up the ~

consequences of both courses. This repeated splitting may lead
to an exponentially growing number of copies; the algonthm is
said to solve the given problem if any of these copies produces
the correct answer. For this reason the class VP 15 often called
the class of nondetermnistic polynomiak-time algonthms.

The class NP is quite extensive, 1t contains such problems as
the traveling salesman’s problem, the 0-1 integer pregramming
problem, the graph characteristic number problem, and many
decoding problems.

The class VP clearly contains the class P as a subclass, NP 2
P, Tt is conversely intuitively evident that AP 1s “much larger”
than P, however, no one has yet succeeded in proving this and
the query MP# P 7 is currently one of the central problems of
computer science. However, recently a circle of results has
been developed that strongly suggests, but does not rigorously
imply, that NP 52 P. We now describe these results.

In 1971 Cook (see Ref. 1, Theorem 10.3) proved that a
certamn problem n AP (called the satisfiability problem) has
the following curious property. Any problem (p) in AP can be
reduced to the satisfiabdity problem, in the sense that if a
polynomial-time algorithm could be found for the satisfiability
problem, then that algorithm could be modified to yield a
polynomial-time algorithm for problem (p}. Thus while 1t is
possible that satisfiability mught possess a polynomial-time
algorithm, if it does, so would the traveling salesman’s
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.problem, integer programming, etc., indeed any problem in

NP, But researchers have worked on these AP problems for
many years without ever finding a polynomial-time algorithm
for any of them. This is strong evidence that satisfiability does
not possess a polynomial-time algorithm and that NP+ P.

In a later paper Karp (Ref. 2) reversed things and showed
that the satisflability problem can itself be reduced in the
sense described above to many other (21, to be exact) NP
problems. Thus if any of these NP problems possesses a
polynomial time algorithm, then so does every problem, and
hence NP = P. NP problems with this property are now
called NP-complete problems. At this writing there are
dozens of problems known to be NP complete; and if the
“obvious” assertion NP 5= P is true, then no NP-complete
problem can have a polynomial-time algorithm.

. In the next section we shall show that certain problems
related to assessing the performance of a binary linear code
are MP complete. We shall do this by reducing a known
NP-complete problem to the problems that interest us.

ill. The NP completeness of Finding wmin

In this section we will show that the problem of finding
W,,. for a linear code from its generator matrix is AP
complete. However, we must first state our problem in a

suitable form. Here is our formally stated problem:

(Gk’ W)

INPUT: A binary &k X n matrix G, of rank %, and a
positive integer w.

PROPERTY: Therc is a linear combination of rows of
¢ with Hammng weight w.

(In this subject, the problems are always stated in this way,
since the theory can deal only directly with problems
possessing a “yes” or “no™ answer. The input must be
encoded into a binary string of length &, say, and fed into a
computing device, which outputs either 0 (yes) or 1 (no)
after a certain length of time. If there is such a device for
which the time is bounded by a polynomial function of &,

the problem is i P, otherwise not.)

Although we have so far been describing codes by their
generator matrices, 1t is also possible to use the parity-check
matrices. If the code C has G, as a generator matrix, then it
will possess a (- k) X n parity-check matrix H,_,, where
ceC iff HeT = 0. Since one can compute H,,_, from G, (and



vice versa) in polynomial time via elementary row operd-
tions, it follows that the problem (G, w) is NP complete iff
the [ollowing problem is:

(H, .. w)

INPUT: A binary (r - k) X »n matrix of rank % and a
positive integer w.

PROPERTY: There is a vector ¢ of weight w such that
H,_cT=0

We show now that (G, w} (and hence also (H,,_,, w)) is
NP complete by successively showing that the following
problems are VP complete.

PARTITION INTO TRIANGLES
INPUT: The incidence mafrix of an undirected graph I".

PROPERTY: The vertices of " can be covered by dis-
joint triangles.

(G, 2, w)

INPUT: A binary matnx G and mtegers £, w.

PROPERTY. There exists a linear combination of £
rows of G having weight w.

(G, w)

INPUT A binary matrix G and an integer w.

PROPERTY: There exists a linear combination of rows
of G having weight w.

(G: & w)

INPUT: A bmary & X » matrix G of rank & and
integers £, w.

PROPERTY: Theie exists a linear combination of R
rows of G, having weight w

It jis easily verified that each of the 6 problems listed
above is in NP. Furthermore, the problem PARTITION
INTO TRIANGLES is known to be NP complete (Ref. 3).

We shall now produce &z sequence of reductions (see
Fig. 1) that will show that each of the other five is also NP
complete.

A reduction from problem A to problem B will be
denoted by the symbol 4 « B Such a reduction will always
be of the following general form: we show that problem A
can be “encoded” in polynomial time into problem B in
such a way that a solufion to the B problem immediately
yields a solution to the comresponding A problem. In the
cases that the input variables of problems A and B are
denoied by the same letters, we shall add a prime to the
input symbols for problem B.

PARTITION INTO TRIANGLES < (G, 2, w)

Let the columns of G correspond to the n points of [T
the rows to the tnangles of I'. (Thus each row of G has
exactly three nonzero entries.} Let 2= nf3 and w = n. Then
(G, 2, w) has an affirmative answer iff TRIANGLE does.

(G, 2, w) < (G, w")

If G has n columns, let G' be the matrix formed by
adjoining 2 + 1 copies of the identity matiix [ to G, i.e. G'=
(GUI...[). Let w' =2{m + 1) + w. Since ¢ and w can be
recovered from w’ (they are the quotient and remzinder
when w' is divided by n + 1), it follows that (G, w") has an
affirmative answer iff {G, 2, w) does.

(G, 2, w) « (G, 2, w)

Let G, = (GII) and set w'= w + £, 2= £ Note that G,
has rank & even though G may have rank less than %.

Gs & W) = (G, W)

If G, has n columns, let G be the matnx formed by
adjeining to G, n+ 1 copies of the identity matrix [, i.e.
G =(GIL| ... 1L D. Let w' = 2(n+ 1)+ w as before.
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DSN Automation

R. B. Crow
Radio Frequency and Microwave Subsystems Section

Automation of the DSN has been under consideration for the past several years and
has been justified on anticipated reduction in life cycle cost, resulting from increased

productivity and reduced operations cost.

This artficle summarizes an overall hierarchical automation philosophy along with the
results of the RF automation effort undertaken 2 years ago. A brief description of each
subassembly controller’s salient features, the software development process, and the
common software used by these controllers will be presented. Comments will be made
with respect to the relative advantages of PLIM high-level language and assembly
-language, the operational effectiveness of operator “Macro commands,” and the program
development, and a list of suggested fitture effort will be given.

This article provides for techmnology transfer and offers new ideas for consideration in

future automation efforts.

l. Introduction

A philosophy, of an hierarchical automation plan has been
developed that emphasizes distributed control and the utiliza-
tion of DSN hardware development engineers to develop the
automation software.

Recent efforts 1n developing an automation capability for
the RF subsystem are reported on, Comments are made on the
facilities available to develop software for microcomputers and
the common software developed for the RF automation
demonstration.
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ll. Automation Philosophy

Several years ago, the DSN began investigating automation
as a means of reducing DSN cost while furnishing the projecis
with more and better service.

A demonstration was held at the Goldstone Mars Station,
DSS 14, in May of 1975, and more recently a second-
generation demonstration was held at JPL in order to gain a
data base. These experiences have contributed to the following
automation philosophy.



A convenient approach in automating the DSN is to divide
the task into four major areas: RF subsystems contiol, digital
subsystems conirol, antenna subsystems control, and station
control (see Fig. 1). This dwision of responsibility provides
good development management posture since the technology
bass and administration control for each of the proposed
major areas are contained in a single technical section.

A. RF Subsystems Control

The RF subsystems automation (see Fig. 2) has been
accomplished by employing distributed control. Each major
class of equipment (microwave, receiver-exciter, subcarrier
demodulators, transmitters, RF subsystem) has its own con-
troller. In this way, one or two engineers can be held
responsible for assuring that the software they provide is
capable of configuring, calibrating, and operating their
equipmenit.

Thus is a slightly different approach from that implemented
by the station manager control (SMC 2A) project, where the
operator controls each of the RF subassemtlies directly. The
extra level of control (ie., the subsystem controller) offers
better momtoring, control and failure backup, and diagnostic
capability than that offered by the SMC 2A approach, since
the particular RF subsystem controller can devote most of its
resources to monitoring and contreiling the subsystem, and
the required software to complement fallure backup and
diagnostics can be developed by the cogmizant development
enginser {(CDE) of the equipment.

The RF subsystems controller serves the same function as
the SMC 1n that it is responsible for subsystems coordination
and is a focal point for all operatorfmachine interfaces.
However, 1t differs from the SMC design in that it is intended
that all RF subsystems at a DSS can be controlled from one
control channel, instead of requiring three as the SMC has
been implemented. -

An important observation is that the further the controller
15 from the haidware, the more the level of detail 15 reduced
(i.e., a CALIBRATE command to a receiver controller involves
a large nuniber of highly complicated communications, while a
CALIBRATE command to a RF subsystem controller has little
detail but more concern with subsystem coordination. A
CALIBRATE command to the station controller would be a
very high-level command with only simple intrasubsystem
coordination required).

B. Digital Subsystems Control

The metric data subsystem (MDS) currently contains the
same control structure used by the RF subsystems. A host task
via the data system terminal is-capable of controlling the other

subsystems controllers (ie., metric data assembly, command
processor assembly, telemetry processor assembly, and com-
munication monitor formatter). Further, each of the
previously mentioned assemblies 1s also capable of configura-
tion control and monitoring the digital hardware assemblies
under its control (i.e., the telemetry processor contrcls the
symbol synchronizer and the decoders).

C. Antenna Subsystems Control

The automation of the antenna mechanical-subsystem will
consist of antenna pointing as well as increased monitoring and
control of the antenna servo and drive subsystems, so that
unattended station operation is possible.

D. Station Controller

The station controller should be the focal point of the
station and communicate with the operator in a high-level
language. It should be adaptable and offer innovative solutions
to new operational problems (i.e., each subsystem should have
the ability to “read and write™ all the functions in its area, but
the station controller should be responsible for the “composi-
tion” of new operational scenarios). In this way, the antenna,
RF subsysterns, and digital subsystems areas can remain
relatively unaffected, thereby localizing the changes to the
station controller to meet the unexpected new problems. This
division of control allows a viable fallback position for
semiautomatic operation of the station should the station
controller fail.

Some attention should be given to allowing the generation
n near-real time of new operational scenanos. The new tools
that will emerge from:the integration of an automated station,
such as improved acquisition procedures, real-time evaluation
of downlink performance, rapid reconfiguration, ete., offer a
considerable reward in increased productivity and should be
pursued vigorously.

lll. RF Automation Summary

The RF automation demonstration conducted in May 1975
(ref. DSN Progress Report -42-29, p. 66) identified two major
goals for future activity:

(1) Improve hardware/software reliability and maintain-
ability.

(2) Improve the operational effectiveness of the automa-
tion programs by providing e/l existing operator con-
trols and offer new, more effective high-level
operational techniques.
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In answer fo the problem of reliability and maintainability,
an automation microcontroller was developed (ref. DSN
Progress Report 42-30, p. 144) which appears to have satisfied
the first goal.

Heavy Viking schedule pressure on DSS 14 caused the
second RF demonstration, scheduled for November 1976, to
be canceled. The demonstration was then rescheduled for the
Compatibility Test Area at JPL (CTA 21); however, this has
been subsequently delayed. A sequence of demonstrations is
planned to be run at the Goldstone Venus Station, DSS-13, in
FY*77 and ’78 to demonstrate unattended station operation.

A JPL “lab” fest has been run, in which the system
capabilities have been exercised by simulating the proposed
CTA 21 RF subsystem (the microwave subsystem, the Biock
IV receiver-exciter and the Block III subcarrier demodulator
assemblies), that appears to have the capability of measurably
expanding the operational tracking time in the DSN,

A brief description is presented for each subassembly
controller in an attempt to illustrate any special features it
may have and to note any change in its functional capability
that “was not present in the first RF automation
demonstration.

A. RF Subsystems Coniroller

The RF subsystems controller ,links the operator (see
Fig. 2) to the RF subsystems (ie., microwave, Block IV
receiver-exciter; and subcarrier demodulator assembly [SDA])
by accepting the operator’s high-level input commands and
distributing these commands to the appropriate subsystem
controller. The RF subsystems controller aiso controls all
subsystem coordination required to calibrate and acquire,
- maintains system status, and forms and stores mission
configurations.

The RF subsystem controller has four phases (mitiate,
configure, calibrate, and operate). An improvement in opera-
tional effectiveness was achieved by allowing the operator to
select any .operational phase, instead of having a set sequence.
The calibrate phase was modified to allow zero-delay range
calibration and bit error test for the telemetry channel

An important fundamental change was made to make the
RF subsystem controllers essentially “station-independent.” A
subroutine was designed that allows the implementation of
any set of logic tables which will direct its question to a
particular input source If the source message satisfies two test
conditions (as programmed in the logic tables), the routine will
set those status vectors identified in the logic table (for
internal program control), send out control messages 1o other
controllets, and output operator messages as defined in the
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logic table (i.e., if receiver-exciter subsystem [RCV] 3 sendsa
calibration complete message and if SDA 1 is connected to
RCV 3, then set F23 =1, send SDA 1 a calibrate command,
and notify the operator via the cathode-ray tube [CRT] and
teletype [TTY] that “RCV 3 has calibrated”).

Because of the station independence resulting from this
subroutine, the conversion from 2 DSS 14 design to a CTA 21
design was completed in less than a week. In fact, such
versatihty was designed into the program that it could readily
be applied as an RF subsystem controller, or a station
controller, at any DSS.

Table 1 documents the details of the software development.

B. Subcarrier Demodulator Assembly Controller

The SDA controller can control and moniter up to six
SDAs. These SDAs can be erther automated Block Il SDAs or
a standard Block IV SDA. The SDA controller determines how
many and what type of SDAs are connected to it (by
analyzing the monitor words returned by the SDA). Knowl-
edge of the type of SDA (Block III or Block IV) is required to
properly configure and diagnose faillure in the SDAs. A
continuous monitor is kept to assure that all required
references are present, that all relays are operating correctly,

.and that all control switches that are not under computer

control have been set correctly.

Diagnostics are restricted to those that can be deduced
directly fromn the SDA monitor words, which in general will
not jsolate the problem to a particular replaceable module.
Future expansion of these diagnostics is planned for later
development (see Table 1 for details of software development).

C. Receiver-Exciter Controller

The receiver-exciter (R-E} controller can control one Biock
IV receiver-exciter subsystem (consisting of two S-X receivers,
one S-X exciter, three programmed oscillators, an instrumenta-
tion control assembly, and a time code distribution assembly).
The subsystem elements can be operated independently or in
any combination to allow- one-way, two-way, or three-way
operations.

The R-E controller is controlled by the RF subsystem
controller; however, in a backup mode it can be controlled by
a local TTY. A second “standard” mode allows the station
monitor and control assembly (SMC) 2A to control the R-E
contreller either from the SMC console or the SMC keyboard.

A continuous monitor is maintained on all necessary
conditions for operation (references are present, all relays
confirmed, the actual configuration agrees with the last



operator configuration input, etc.). All programmed oscillator

performance is measured against a locally generated model to
confirm its operation.

The R-E controller is capable of effecting antomatic carrier
acquisition and automatic gain control (AGC) calibration
(selectable from single point to 50 points in integer steps).

The R-E controller-has a preliminary set of diagnostics built
in and 15 capable of outputting current status of VCO
frequencies, exciter frequency, configuration, dynamic and
status phase error, AGC, etc. (see Table 1 for details of
software development).

D. Microwave Controller

The antenna microwave subsystem (UWV) controller can
control up to 5 bays of microwave equipment {approximately
65 microwave switches).

The program has been structured to be station-independent
by incerporating a “station configuration overlay.”

Since it is possible to attempt impossible (or catastrophic)
configurations, an internal editor resident in the UWV control-
ler reviews ail input configuration messages to determine if
they are accepiable. The UWV controller will configure all
those switches that are allowable and issue a diagnostic
warning to the operator for those switches that could not be
configured.

A continuons momtor is kept on all relays, and an operator
diagnostic message 15 sent 1n case of [failute (see Table 1 for
details of software development).

IV. Software Development

Stand-alonte microcomputer high-level compilers did not
exist at the time the RF automation project was started, since
industry had adopted the use of larger, general-purpose
computers to serve as the program development facility.

Presently there are two development computers at JPL
equipped with tunctioning assemblers and PL/M compilers.
(PL/M is an offshoot of IBM’s PL{1. PL/M is a block
structured language, well smited to structured programing, and
has been adopted by bath Intel [8080] and Motorola [6800],
which are the current industry leaders.)

* The Univac 1108 system (see Fig. 3) allows program
development via a time-shared terminal through a high-speed
modem. Once the program has been compiled, a paper tape 1s
made through the 8080 microcontroller/high-speed punch.

This paper tape contains the object code that is read into the '
target microcontroller.

The Sigma 5 computer (see Fig 4} has the same assembler
and PL/M compiler installed in it. The operation of this
equipment is similar to thal of the Univac 1108 except that
program development is via the batch mode and the object
code is punched on cards. It is currenily necessary to use a
MAC 16 minicomputer to convert from the Sigma 5.cards to a
paper tape suitable for input to the 8080 microcomputer.

A third development system (sce Fig. 5) appears to be
available in the near future. Intel has offered a “stand-alone”
PL/M compiler that requires a 8080 microcomputer system
with 64K bytes of memory and a floppy disk. The software
for this compiler has been ordered and is due in the near
future. )

V. Common Software

A set of common software was developed to improve
software mamtamability and to reduce the overall RF sub-
systermn software development activity. The common software
consists of a variety of utilify routines to make program
development easier and to assist in debugging applications. The
common software can be categorized as follows:

(1) Operator control via the console keybuoard
{2) Inputfoutput (If0) interface procedure;.
(3) String procedures.

(4) Arithmetic procedures.

A. Operator Control Via the Console Keyboard

It 15" assumed that all controllers have an executive routine
that monitors the console input. This software routine is
used to handle all operator console keyboard inputs. The KEY
routine has an editing capability so that the configuration data
under consideration can be loaded, displayed, and changed, a
tape of the deswred configuration can be punched, and 1t can
catalog or delete the entry and set the required global control
variable used by the main program. (See Appendixl for
examples of the operator display for the RF subsystems.)

B. 10 Procedures

I/O procedures are high-level PL/M routines to control the
standard 15-line interface, the star switch controller, the
console device, the TTY, paper punch, and reader. (See
Appendix II for a description of the IO procedures.)
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C. String Procedures for PL/M-

Various string procedures have been written to aid PL/M
programmers in formatting, analyzing, and performing other
string . manipulations. The string procedures perform the
following manipulations:

(1) Concatenation

(2) Segmentation

{3) Comparison

(4) Nulling

(5) Binary to ASCII decimal conversion

{6) Binary to ASCII hexadecimal conversion

(See Appendwx 11l for a description of the string procedures.)

D. Arithmetic Procedures

Fixed-length, variable point arithmetic has been imple-
mented because of the receiver-exciter control assemnbly’s need
for high precision. (See Appendix IV for a description of the
arithmetic procedure.)

E. General Comments

The software development for the second RF demonstra-
tion was started in August 1975 The original estimate called
for in an “in lab” demonstration by Aprl 1976 This
demonstration actually took - place 5 months later than
planned. Analyzing the reasons for the delay leads to the
following observations.

The programs were more complex and detailed than first
concewed in August 1975. The primary cause of the unfore-
seen complexity was a desire to be “station-independent™ and
produce “better operational effectiveness:”
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Several weeks’ delay was caused by the installation of the
PL/M compiler in the Univac 1108 computer with sufficient
working core to handle programs up to 36K bytes. An
interesting side note is the considerable unseen expense of
Univac 1108 computer time. A 30K byte PL/M program costs
approximately $50 to compile!

It is interesting to note that the PL/M programs require
approximately 11 bytes/record, while the assembly program
{microwave controller) required approximately 4.5 bytes/
record (ie., PL/M takes two and a half times more storage
than the assembly. language). However, since PL/M is a
higher-level language, it is not surprising that each PL/M record
would take the place of several assembly records. What small
premium is paid for in memory efficiency 1s more than offset
by improved program readability and maintainability.

The communication between computers was through the
standard star switch and was found to work well (the interface
software was written in assembly language and was under
interrupt control) when the RF subsystem was in a “stand-
alone” configuration; however, 1f later plans call for an
integration of the RF subsystem into a station complex, a
high-speed interface must be designed in order for the RF
subsystem to communicate at the required 250K SPS (instead
of the current 1K SPS).

VI. Summary

The RF automation effoit has developed a capability to use
the new microcomputer technology to make automation
practical from a cost and reliability viewpoint.

An interesting and valuable side benefit is the capability
that now exists of the software engineer being the same person
as the hardware engineer. This capability greatly enhanced the
“operational effectiveniess” of the finished software.



Table 1. Second’RF demonstration software development data

Storage Software Development
No. of orag Time, man-weeks Computer
Program Name Requirement, .
Records bytes Langunage
Y Design Code Debug
Common software
Star 1125 2K 2 2 2 Assembly
15-line interface 600 1K 2 L2 2 Assembly
Arithmetic string 675 5.4K 3 3 2 PL/M
proceduzes
Key 3000 11K 3 3 6 Assembly
RF Demo 1750 18K 26 8 10 PL/M
SDA 600 6.5K 8 4 4 PL/M
R-E 3000 34K 24 i2 10 PL/M
Uwv 4000 18K 26 6 8 Assembly

Note: 1. Time to install and check out PL/M compiler in Univac 1108 and the Sigma 5 was not counted agamst this development.
2. Most programmers were learning the language (except for the SDA programmer)

3. Man problem during development has been access to PL/M compiler and assembler.

0
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Appendix A

“Key”’ Operator Display

I. Receiver 3 Configuration

A BACKUP = R3(R3, R4, NONE)

B LOOPMODE = WIDE (WIDE, NARROW)

C LOOPBW = 4(4,3,2,1)

D BANDSELECT = X(X,S)

E AGCBW — WIDE (WIDE, MED,
NARROW)

F TELEMETRY BW = 3(4,3,2, )

G ATZENABLE = ON (ON, OFF)

H LOOPFILTER = OPERATE (SHORT,
OPERATE)

I LOAGCINPUT = NORM (EXT, NORM)

J TRANSFER FCN = 2ND (3RD, 2ND)

K RECEIVER LOOP = OPEN (OPEN, CLOSED)

L 1O REF = ON (ON, OFF)

M LO REFTO = EX4(EX4, EX3, EX2, EX1)

N LO OUTPUT = ON (ON, OFF)

O PREDIXSET = 11(ILILI)

SAMPLE, CFG/R3/F=2/D=S$

Note: This 15 a typical Block IV receiver frame. Al ‘

configuration switches are listed so that no oversight is
possible. The KEY program allows these frames to be updated
to reflect any mission configuration, Once all subassembly
contigurations are updated to the desired state, a paper tape
can be punched so that this operational configuration can be
recalled at will, This feature allows “offline” generation of
operational configurations and fast retrieval so that quick
turnaround is possible.

ll. Exciter 1 Configuration .
123 (MISS G ARE OFF)

A RANG MODSON =

B CMDMODSON = 1234 (MISSG ARE OFF)

C BANDSELECT = X(X,S)

D PHCTLLOOP = OPERATE (SHORT,
OPERATE) ‘

E MODDLY LOOP = SHORT (SHORT, OPERATE)

F DOPPLER = NORM (SIMULATE, NORM)
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YW o Z 2K R Y T3 Q

EXC FREQ
CMD PH MOD
DOPPLER BIAS
EXC BAND
EXC DRIVE
EXC TEST SIG
PH CTL LOOP
STEP ATTN
PULS ATTN
XB STEP ATTN

= NORM (SIMULATE, NORM)
= NORM (BYPASS, NORM)

= +(+,-)

= X(X.S)

= ON (ON, OFF)

= ON (ON, OFF)

= EXC (EXC, KLYSTRON)

= X(X.9)

= X(X,S)

= ZRO DLY (ZRO DLY, TEST)

SAMPLE, CFG/EI/A=13/C-S$

lll. Exciter 2 Configuration

MO Z R T RoTmmg o w e

X-BAND EXC
TRAVSL (S/S)
TRAVSL (8/X)
TRAVSL (X/X)
ZRO DLY (8/S)

ZRO DLY (S/X)

ZRO DLY (X/X)
SB REFS ON
XB REES ON
SB PULS ATTN
XB PULS ATTN
SB PULS ATTN
XB PULS ATTN
STEP ATTN
PULS ATTEN

" PREDIX SET

DSN (RADAR, DSN)

ON (ON, OFF)

ON-(ON, OFF)

= ON (ON, OFF)

= ON(ON, OFF)

= ON (ON, OFF)

= ON (ON, OFF)

= 123 4(MISS G ARE OFF)
= 123 4(MISS G ARE OFF)
= NORM (BYPASS, NORM)

= NORM (BYPASS, NORM)

= NORM (BYPASS, NORM)

= NORM (BYPASS, NORM)

19 (2-DIGIT INTGR)

199 (3-DIGIT INTGR)

11 (UL, 1L, )

SAMPLE, CFG/EI/N=99/B=0FF §

A BACKUP

B

INPUT,

IV. SDA 1 Configuration (Block Ill)

= S1(S1,S2, NONE)
= RI(TEST, TAPE,R2,R1)



]

moQ M

VCO SHORT
LOOP BW

MOD INDEX
SUBCARRIER
'SYMBOL RATE
OUTPUT

]

OFF (ON, OFF)

WIDE (WIDE, MED,
NARROW)

30(0-30 DB)
24000.00 (HZ)
99.00 (5.6 - 270000.0)

DEMOD (TEST, TAPE,
DEMOD)

SAMPLE, CFG/SDAI1/A=82/D-MED/E=63

V. SDA 5 Configuration (Block V)

= Im @ T om g QW

Z o= e R =

BACKUP
LOCAL INPUT
REMOTE INPUT
INPUT

VCO SHORT
LOGP BW

LOOP GAIN
AUTO ACQ
MODE SELECT

MOD INDEX
SUBCARRIER
SYMBOL RATE
DEMOD OUTPUT
LOCAL OUTPUT

It

1l

Hi

NONE (85, S6, NONE)

TEST (TEST, TAPE)

R2(R2, R1)

REMOTE (LOCAL, REMOTE)
OFF (ON, OFF)

WIDE (WIDE, NARROW)
HIGH (HIGH, LOW)

" ON (ON, OFF)

INTRPLX (INTRPLX,
NORM)

30 (0-31DB)

32012.10 (HZ)

199.00 (5.6 - 500000.0)
ON (ON, OFF)

TEST (TEST, TAPE)

SAMPLE, CFG/S5/B = TAPE/M = ON §

VI. Uplink Configuration and Status Data

A
B

C

PREDIX
EXCITER

ALT EXCITER

XMITTER

ALT. XMITTER

POWER
ALT POWER

1 (1L, 11, 1)

EXCI (EXC1 & 2, EXC2,
EXCI)

EXC2 (EXC1 & 2, EXC2,
EXC1)

400 R&D (400 R&D, 400 KW,
20KW)

20 KW (400 R&D, 400 KW,
20 KW)

390 (KWS)
20 (KWS)

H CONE = SPD (SPD, WIRLD)

I POLARIZATION = LINEAR (LINEAR,RCP,
LCP) ,

J ANGLE = 180 (DEGREES)

K CONEMODE = 1(SEEMODEPROMPT)

SAMPLE, CFG/UL/A = 1I/G = 39°/H = WTRLD$

MODES: 1. XMIT, 2. R&D, 3. LN RCV, 4. LN BYPASS,
5. DUALRCYVY, 6. DUAL BYPASS, 7. DIPLX,
8. CALSPFD TWM, 9. CAL MOD TWM,
10. SAFE.

Note: This frame also serves as an uplink status since power
(item F) will be the “actual” uplink power.

VIl. Dowrlink 1 Configuration and
Status Data

A PREDIX = (I, IL, 1)

B CODE = SPD (SPD, XKRA, XK, RB,
XRO)

C POLARIZATION = RCP(LINEAR,RCP, LCP)

D ANGLE = 0(DEGREES)

E CONEMODE = 4(SEE MODE PROMPT)

F

G ALT CONEMODE = 5(SEE MODE PROMPT)

H RECEIVE = R3(R1,R2,R3,R4)

I ALTRECEIVER = R4(R1,R2,R3,R4)

J BL3SDA = 12 (MISSING ARE OFF)

K BL4SDA = 5 6 (MISSING ARE OFF)

L ALT3SDA = 21 (MISSING ARE OFF)

M ALT 4SDA = 65 (MISSING ARE OFF)

N RECEIVER LOCK = ON

0 BLK3LOCK = 1,2

P BLK4LOCK = NONE

SAMPLE, CFG/PL1/A = HI/B = XRO/K = 568

MODES. 1. XMIT, 2. R&D, 3. LNRCV, 4, LN
BYPASS, 5. DUAL RCV, 6. DUAL BYPASS,
7. DIPLEX, 8. CAL SPD TWM, 9. CALMOD
TWM, 10. SAFE.

Note: This frame also serves as a downlink 1 status, since

items N, O, P reflect the in-lock status of the receiver and
associated SDAs.

97


http:32012.10
http:24000.00

vill
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A

Mmoo M E g 0w

. Predix 1 Configuration

S/C CHANNEL
ACQ BW

ACQ DOPPLER
ACQ RATE
DOPPLER RATE
RATE 2

RATE 3

TIME ¢f

n

0.000000000000 (MHz)
0.000000 (Hz)

0.000000 (Hz)

0.000000 (Hz/SEC)

0.000000 (Hz/SEC)

0.000000 (Hz/SEC)

0.000000 (Hz/SEC) -
0008000000 (DDDSHHMMSS)

Z 2R ="

TIME 1

TIME 2

TIME 3
EXCDRIVE ON
RANG MODS ON
CMD MODS ON

1

0008000000 (DDDSHHMMSS)
0008000000 (DDDSHHMMSS)
000$000000 (DDDEHHMMSS)
000$000000 (DDDEHHMMSS)
000$000000 (DDDSHHMMSS)
000$000000 (DDDSHHMMSS)

SAMPLE, CFG/P1/K=100/65959/G-453

Note- There are three Predix displays.



Appendix B
1/0 Routines

I. Standard Interface input and Output

The standard 15-line interface IfO routines are called
L1SIN and L150UT for the input and output routines,
respectively. The call for mput is

CALL 15 IN(PORT,TIMEJOUT, DATASARRAY MAXSLENGTH),

where 1 < PORT <X 12 defines which of the standard
interfaces is to be assessed. TIMESOUT is a positive integer
indicating the time-out period, .DATASARRAY provides the
address of the data array to receive the input data, and
MAXSLENGTH is an integer defining the maximum number
of bytes of input to accept Note that the data array is a
byte array The calibration of one count in a time-out period
will be established empirically and published later.

The routine L15IN sets the following items prior to
exiting:

— FAIL to indicate successful receipt of data or failure

— FUNCTION to the received function code if data were
received

— IOSLENGTH to the number of byies received
— DATASARRAY recewes the actual data bytes

The routine L15IN also utilizes the foliowing global data
items to determune 1ts functional behavior.

— LOCKOUT to decide whether the routine should
manipulate the enable/disable status of the interrupt
system

Note that if the function code changes during input, the
input is terminated. The user can pick up the data using the
new function code by calling L15IN again.

The call to output via a standard 15-line interface is as
follows:

CALL 150UT(PORT,FCN,TIMESOUT, DATASARRAY LNGTH),

where 1 << PORT < 12 indicates the 15-line interface to use,
0< FCN < 3 indicates the function code to pass with the
data, TIMEJOUT is & positive integer indicating the time-out
period, DATA$ARRAY contains the byte(s) to output over
the interface, and the positive integer LNGTH indicates the

number of bytes to output with the given function code
over the interface.

The routine L150UT modifies the following items prior
to exifing:

— FAIL to indicate success or failure of the transfer

— 10$LENGTH to the actual number of bytes transferred
(= LNGTH 1f 2 successful transfer)

— FUNCTION to the receved function code if the
computer was outprioritied by the device during or
prior to the transfer

The routine LISOUT utilizes the following global data
items to determine its proper functional behavior:

— LOCK$OUT to decide whether the routine should
modify the inferrupt system enable/disable status

— STCOP to decide on the disposition of STC at the end
of the transfer

ll. Star Switch Input and QOutput

The star switch input and output routines, STARIN and
STAROUT, respectively, are described separately from the
15-line interface routines because of routing parameters and
other differences in the calling sequences.

For the RF automation demonstration, the following
STARSID will be used for routing:

STARSID Subassembly
0 RF Auto. Demo Controller
1 R-E Controller
2 SDA Controller
3 UWYV Controller
4 XMT Controller
5 CCA future
6 NQCC ’
7 SMC

Note that when a message is received from STARIN, the
global variable SOURCE$ID contains the process code
(ST}_&R$ID) of the source of the message.
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The call for star switch input is
CALL STARIN {DATASARRAY MAX$LENGTH);

where DATASARRAY is a byte array of length
MAXSLENGTH, which will receive the first waiting message
received over the star switch. Note that since star switch
input is triggered by interrupts, the star switch input logic
may have 0, 1, or multiple messages already within the
computer memory. -

The routine STARIN scts the following items prior to
returning to the caller:

— FAIL to indicate successfulfunsuccessful receipt of the
data message (successful, always, for the user)

— STAR to indicate whether data were passed back to
the caller

103LENGTH to indicate the number of bytes in the
message

— SOURCE$ID to fumnish the process code of the sysiem
sending the message to this assembly

The call to output via the star switch controller 15 as
follows:

CALL STAROUT (DESTINATION,.DATASARRAY, LNGTH);

where 0 DESTINATION 15 is the process code to which to
send’ the message, which is of length, LNGTH, 1n bytes, and
is stored in the byte array, DATASARRAY. The user must
have previously set the global variable, STARJID, to the
process code of this computer.

The routine STAROUT sets the following global data
items:

- FAIL to
operation

indicate the success or failure of the

~ 10$LENGTH to the actual nember of bytes output

The routine STAROUT utilizes the following global data
items for control:

—~ STARSJID, the process code bheing sent from

The function code used over the star is FO-FT = 0. The
common software automatically iransmits and verifies a
checksum byte and also sends an acknowledge block for a
successfully recewved message. These functions are performied
automatically by the common software, so they are of no
concern to the user.

ioo

. Console Input and Output

The standard routines for console input and output are
called CONIN and CONOUT, respectively. The call for
console input is

CALL CONIN(DATASARRAY JMAXSLENGTH};

where the byte array DATASARRAY 1s to receive the input
bytes and MAX$LENGTH is the -maximum number of bytes
to accept into the array,

The routine CONIN sets the following globéll items prior
to returning to the caller:

~ FAIL to indicate the success or failure of the opera-
tion

— 103LENGTII to indicate the actual number of bytes
received

The routine CONIN locks for a carriage return to mark the
end of an input operation.

The call for console output is
CALL CONOUT(DATASARRAY,LENGTH);

where the data to output are in the byte array
DATABSARRAY and precisely LNGTH bytes are to be
ocutput.

The routine CONOUT sets the foliowing global data items
prior to returning to the caller:

— FAIL to mdicate the success or failure of the I/O
operation

— 10BLENGTH to indicate the number of bytes actually
output

IV. Paper Tape Input

The routine PTR is used to get paper tape input. The
calling sequence is

CALL PTR(DATAJARRAY MAXSLENGTH);

where the byte aray DATASARRAY is to receive the input
bytes and MAXZLENGTH is the maximum number of bytes
to accept into the array. The routine PTR sets the following
global data 1tems prior to returning to the caller

— FAIL to indicate the success or failure of the opera-
T



— 108LENGTH to indicate the actual number of bytes
received

V. List Output and Protocol

The routine to output to the TTY printer is called by the
statement

CALL LISTOUT (DATASARRAY, LNGTH);

where the data to output are in the byte array
DATASARRAY and precisely LNGTH bytes are to be
output

The routine LISTOUT sets the following global data items
prior to returning to the caller:

— FAIL to indicate the success or failure of the opera-
tion

— 103LENGTH to indicate the number of bytes actually
output

The subassembly controller will use the TTY printer of
the RF demo controller using the following protocol:

(1) The subassembly controller will send a message over
the star switch with a TASK = list device request.

(2) When a message is received {rom the RF demo with a
TASK = hst device available, the subassembly control-
ler will send a message with TASK-list MSG. and the
parameter string equal to or less than 72 ASCII
characters.

(3) This process is repeated, at a rate determmed by the
RF demo controller until the message has been sent.
After the last line has been sent, the subassembly
controller sends a message with TASK = list device
released, which termunates this hst process.

(4) Should a subassembly controller request the list
device when it is being used, the RFF demo controller
will place the request on a F1F0Q que and send a
message to the subassembly controller with a TASK =
list device busy. When the list device is available, the
RF demo controller will send a message with TASK =
list device available.

VI. Punch Output
-The call for high-speed punch output is

CALL HISPEED (DATASARRAY, LNGTH);

where the data to output are in the byte. aray
DATAJARRAY and precisely LNGTH bytes are to be
output.

The rtoutine TTYP sets the following global data items
prior to returning to the caller.

— FAIL to indicate the success or failure of the I/O
operation

— J10$SLENGTH to indicate the number of bytes actually
output
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Appendix C

String Procedures for PL/M

I. Editing Procedures

The editing procedures are

ADDSEG for appending a segment of one string fo
another

APPEND for appending an entire string onto the end
of another

EQUATE for setting one string equal to another

SEGMENT for setting one string equal to a segment of
another

REPLACE for copying one string into a fixed portion
of another

A. The ADDSEG Procedure
This procedure, called by the statement
CALL ADDSEG (M1,M2, FIRST, LAST);
adds the segment from M2 (FIRST) to M2 (LAST) onto the
end of M1, thereby increasing the length of M1. Here M1
and M2 are two strings and FIRST and LAST are variables,
constants, or expressions indicating the segment of M2 to
add onto M1.
Special cases:
(1) If FIRST = 0, a value of 1 is used for FIRST.
(2) If the (LAST - FIRST + 1: = LENGTH TO ADD TO
M1)> (255 - M1(0): = SPACE IN M1), the segment
- 7 to add is reduced via LAST = 255 - M1(0) + FIRST -
1. -
(3) If LAST > M2(0), M2(0) is used for LAST.
) .(4) If FIRST > LAST, no action is performed.
Normal case:

{1) MI1(0} is increased by LAST - FIRST + 1.

(2) MI(1) = M2(J) for I = FIRST, ..., LAST, where [ =
MI(0)+ 1+ J - FIRST.
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B. The APPEND Procedure
This procedure, called by the statement

CALL APPEND{ M1, M2);

adds the entire string M2 to the end of the string M1.

Special cases:
(1) M2 is void, no action is performed.
(2) M1 is full, no action is performed.

(3) Other special cases — see ADDSEG, as this procedure
is equivalent to ADDSEG (.M1,.M2,1,253).

Normal case:

M1 is increased in lengih by the largest segment of M2
that will add onto M1.

C. The SEGMENT Procedure
This procedure, called by the statement

CALL SEGMENT (.M1,.M2,FIRST, LAST);

sets the string M1 equal to the selected substring from the
string M2.

Special and normal cases:

The string M1 is first nulIeci, then the procedure
ADDSEG is called via ADDSEG (MI,M?2, FIRST,
LAST).

D. The EQUATE Procedure
This procedure, called by the statement
CALL EQUATE (M1, M2);

sets the string M1 equal to the string M2.


http:APPEND(.M1,.M2

Special and normal cases:

(1) This procedure is equivalen: to CALL NULL {.M1); .

then CALL APPEND (M1, M2);
(2) See those procedures for special and normal cases.

E. The REPLACE Procedure
This procedure, called by the statement

CALL REPLACE (.M1,.M2, FIRST, LAST);

sets the substring of M1 defined by the vaiues of FIRST and
LAST to be equal to the characters M2{1) to M2(LAST-
FIRST + 1). The string M1 ought to be of length at least
LAST.

Il. Length Manipulations

The length manipulation procedures are

NULL for making a string empty
TRUNCATE for truncating a string

A. The NULL Procedure

The procedure, called by the statement
CALL NULL (.M1);
sets the length of the string M1 to zero.

B. The TRUNCATE Procedure

~This procedure, called by the statement

CALL TRUNCATE (M1, LAST)

truncates the string M1 to length LAST, provided M1 is of

length greater than LAST prior to the call.

. Cor..,.-m 12Ul

The, procedure, COMPARE, 15 used to compare two
strings. The procedure returns a value according to

0, string I less than string 2

1, string 1 = string 2

2, string 1 greater than siring 2
The returned value can therefore be tested as a logical
expression having value TRUE if the strings are equal and
FALSE otherwise, or the value can be used in a relational

expression or a DO-case construction. The expression to
obtain the comparison value is

.COMPARE (M1,.M2)

where M1 and M2 are the strings fo be compared. If one
string is shorter than the other, the shorter is considered to
be rounded out with blanks for comparison purposes.

lV. Conversions

The procedures

BIN$TO$HEX
BIN$TO$DEC
HEX$TO$BIN
DEC$TO$BIN

convert birary values to their ASCII representations in either
hexadecimal or decimnal to binary.

The calling sequences are similar:

CALL BIN$TOJHEX (BINSNO,.M);
CALL BINSTO$DEC (BINSNO,.M);
Y = HEX$TO$BIN(.M);
Z = DECSTOFBIN{(.M);
For the latter two cases, the procedure actually produces

an address value as 1ts result. Note that the global variable,
SYNTAX, is set according to

SYNTAX = 0 if no syntax errors

SYNTAX = 1 if a syntax error was discovered

The conversions that produce strings generate left-justified
strings containing one space on the right-hand side.
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Appendix D

Arithmetic Procedures

Because of the receiverfexciter cor}troi assembly’s need
for high precision, the sofiware for fixed-length, variabie-
point operations has been implemented.

. Fixed-Point Operations

These operations quuire definition of a global data item
called FXPTSLENGTH, which describes the length of all the
fixed point numbers in bytes. The internal structure of a
fixed point number is a packed decimal digit string with two
digits per data byte. The sign of a fixed point number is
determined by the leftmost byte of the number. A zero here
indicates a positive number, while any nonzero value
indicates a negative number. Hence, the precision used by a
program 15 2¥FXPTSLENGTH - 2 digits, because of the
presence of the sign.
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The calling sequence
CALL FXPTADD (.A,.B,.C);
calculates A =B + (},
CALL EXPTSUB (.-A,.B,.C);
calculates.A=B - C,
CALL FXPTMPY (.A,.B,.C);

calculates A = B*C. In all these circumstances, the array A
must be distinguished from the arrays B and C. That is,

CALL FXPTADD (.A,.B,.A);

is illegal.
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Automated Fourth-Harmonic Analyzer

C. F. Foster

Radio Freguency and Microwave Subsystems Section

This article describes the final design of 4 field portable microprocessor-based, micro-
wave measuring and analysis instrument to be used for S-band transmitter
Sfourth-harmonic power analysis and its impact on X-band reception in e dual §-X-band

systent.

I. Introduction

The requiremeni for a fourth-harmonic power analyzer has
teen previously discussed in The Deep Space Network Progress
Report 42-34, pp. 3942. The primary reason for the design of
an nstrument to automate the measurement 1s the speed
gamed by subsiituiing a computer for the human operator.
Thiough automation, the final resulls can be aulomatically
calculated from raw measursment data in real time. Calibra-
tion data are measured and stored, and then used during the
actual test fo reduce systematic eriors Because all calculations
are performed instantly, a hard copy of the corrected data is
available immediately upon completion of the measurement

This application also provides a test bed for generalized
applications of microprocessors to the DSN to increase the
capabilities of test equipment

- Hardware

\;._E%‘i‘mpilﬁed system block diagram (Fig. 1) and the photo-
grap__w'}"(Figs. 2, 3} detail the major hardware elements of the

instrumment. The instrument was designed aiound the Intel
8080 central processor unit (CPU). All components of the
design are modular to the extent that they can be used as
stand-alone building blocks in systems with supilar design
requirenients. The control mnterface between the micropro-
cessor and the measurement instruments is via the bus stan-
dard adopted by IEE {No. 488) and ANSI (MC 1.1). Thisisa
standard which defines the electrical, mechanical, and func-
tional aspects of an instrument interface. The hardware is
designed so that on turn-on the program immediately controls
the CPU.

The mstrument mcludes an internal switch that allows the
operator to select a diagnostic program which will provide help
in case of hardware failure. The present program with diagnos-
tic is contained in 7K of programmable read-only memory
(PROM). The hardwaie allows for 3K expansion simply by
plugging in the additional PROM as well as space for up to 8K
additional PROM provided in the layout. There is also 9K of
random access memory built in, and because of the modular
design, any combination of random access memory (RAM)/
PROM up to 27K can be utilized. A serial input/output port
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with a 20-mA current loop has also been provided so that the
collected data can be output for further analysis by a larger
system and/or the instrument can be controlled remotely.

T

lIl. Software S

- -

The software was developed using a combination of PL/M
(2 high-evel language) linked to assemnbly language to imple-
ment a program that was transportable, maintainable, and fast
enough to meet the functional requirements. The program is
stored in electrically erasable and programmable read-only
memory.

IV. Operations

The operator is prompted how to operate the analyzer
(how to start a measurement sequence, when the analyzer is
ready for a new sample measurement, what port the measure-
ment probe is in, etc.) by-a'built-in alphanumeric display. The
program operates on each measurement [by converting the
measured power to actual power using the known voltage
standing wave ratio {VSWR) for the particular port] and then
stores ‘all 240 measurements. The operator can then request
either the total fourth-harmonic power, or a listing (provided
by a bult-n printer for a hard-copy record) of each of the 240
ports and the total power. ‘

The following is a typical operation sequence. The power
meter is switched to the remote operation mode, and the
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power meter is internally zeroed under computer control.
After the zeroing process, the operator is prompted to select
starting port number and probe gain. The operator then sees
the prompt photo (Fig. 4) “ready for port ‘N°,” at which time
the .probe is inserted into the appropriate port and the opera-
#or conimands the instrument to make another measurement
by pressing the ready switch. The instrument makes the mea-
surement and stores the data in memory, and then prompts
the operator to proceed to the next port. This operation is
repeated until interrupted by the operator, or all 240 ports
have been measured. The operator is then prompted to select’
either the full report (consisting of a listing of corrected power
at every port, plus a total corrected power) or a printout of
total collector power only (Fig. 5). -

V. Conclusion

The  microprocessor-confrolled . portable instrument has
been evaluated in the lab (Fig. 4) with the result that, after the
harmonic probe has been installed, a complete measurement
can be made every 30 min by one unskilled operator when
previously it took two skilled operators 1 day. The nstru-
ment’s operation can be taught in less than 10 min. The
dynamic measurement range is 105 dB (~70 dBm to +35 dBm)
and will be extended to 185 dB (down to - 150 dBm) with the
completion of an RF probe design. The instrument is presently
being used in the lab to evaluate the design of high-power
harmonic filters, and will soon be shipped to Goldstone for
measurements on the high-power transmitter.
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Control and Computation Module Development

R. A. Winkelstein
Communications Systerns Research Section

The conrrol and computation module {CCM} project has selected on the basis of
developed criteria the 8080A microprocessor as its first candidate CCM. Software
development methods have been investigated and two test bed projects have been chosen
to evaluate application technigues of the 8080A and support microcircuits which will
satisfy DSN requirements Final recommendations will reflect successful JPL applications

experience.

l. Infroduction

It has been recogmized that digital technology 1 the areas
of control and computation is having an ever widening impact
on the development of Deep Space Network (DSN) ground
support equipment. A result of this recognition is the
formation of the control and computation module (CCM)
development project, whose objective is the assessment and
development of a standardized set of digital conirol and
computation modules, useful as building blocks for DSN
equpment and meeting the criteria of functionalism, high
reliability, and constrained life cycle costs.

Consideration of DSN functional applications, taken
together with the advent of large-scale integration (LSI) of
digital circwtry into small packages, led to the decision that
the initial set of CCMs would consist of individual commercial
LSI mucrocircuuts as opposed to special modules housing some
aggregate of digital circuitry. Thus the construction of
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equpment using these CCMs could utilize packaging already
developed for small-scale integration (8SI) microcircuits. More-
over, a relatively restricted set of. CCMs could implement a
large set of DSN applications such as listed in Table 1.
Procurement of LSI devices seiected as CCMs would be similar
to current procurement of high-rehability SSI and medium-
scale integration (MSI) devices fo1 the DSN (Refs. 1 and 2).

Logistics considerations involving mamtenance and sparing
would also be similar to that of SSI and MS] devices. In the
DSN station, maintenance would consist of the replacement of
a circuit board contamning many microcircuits, or on a higher
level by replacement of a drawer or cage containing many
circuit boards. These boards would -then be repaired at-ifhe
central mawntenance depot serving the station complex. At the
depot, the unit of replacement- would be the individual
microcircut.



The first device type selected for use as a CCM was the
microprocessor. This was industry’s most visible effort in LSI,
and was naturally suited for simple control and computation
tasks. In addition, the high interest in these devices by
engineers developing the DSN subsystems listed in Table 2,
together with the profusion of devices offered by industry,
lent some urgency to recommendation of a candidate device
meeting suitable selection critena. The device recommended is
the 8080A microprocessor, first introduced by the Intel
Corporation but now also available from several alternate
sources.

Il. Selection Criteria

The criteria developed for the CCM selection process falls
into two categories, namely usefulness criteria and hife cycle
cost criterfa. Usefuiness criteria include device speed and
functional capabihity, software requirements and support, and
the availability of support microcircuits Microprogrammable
Blpolar bit slice devices were initially studied because of their
speed advantage over metal oxide semuconductor {MOS)
preprogrammed microprocessors. Consideration of these
bipolar devices was terminated however when a close examina-
tion of DSN requirements revealed that the narrow range of
applications insufficient for MOS speed but not requiring the
ultimate speed of SSI devices did not warrant the increased
complexity and cost of microprogramming.

Life cycle cost cnteria include imtial procurement costs,
device reliabality, software design and maintenance costs,.and
logistics costs. Primary emphasis was placed on device relia-
bility. Unique to LSI is the fact that festing and screening for
reliable devices is far more complicated than for SSI and MSI
devices. Experience has shown that reliability is coincident
with product maturity, involving continuous production of
thousands of items monthly, after a startup period of several
years during which time incremental changes in the production
process have been iteratively made to increase yield. Two
devices which meet this maturity process are the 8080A and
the 6800. Selection of the 8080A over the 6800 was based on
higher commercial usage of the 8080A, estimated tobe 2 or 3
times the usage of the 6800.

The rapidly advancing state of LSI technology and the
prohferation of microprocessor devices curiently available
have raised concern that future procurement of spares may be
jeopardized due to obsolescence and subsequent lack of
sources. In the past, large commercial usage of a component
has resulted in a type of usage inertia wherein demand has
made the component zvailable long after its recognized
obsolescence. Tt is believed that this same principle apples to
the 8080A and is an additional reason for its selection.

Support microcircuits for the 8080A are listed in I‘gble 3.
A typical DSN controtler would consist of the three devices of
the CPU group, selected devices from the memory and
inputfoutput (I/0) groups, and required discrete logic. Such a
controfler is shown in Fig. 1. The IfO block to the standard
mnterface contains - discrete logic for a standard interface
adapter (SIA) driven by an 8255 programmable I/O unit.
Subsystem hardware is also driven by the 8255 and required
drivers. A major portion of the subsystem development effort
involves the design of the program residing in the read-only
memory (ROM). :

lil. Software Development

Development of software for a microprocessor controller
requires a combination of special software development
hardware and a software language system such as an assembly
or higher level language. Complete development systems for
the 8080A are available for less than $20,000..During software
development, the software development hardware is tied
directly to the subsystem as shown in Fig. 2. The program
resides 1 random access memory (RAM), where it rhiay be
easily modified as required. After the program has -been
successfully tested, it is programmed into programmable
read-only memory (PROM) for use by the DSN subsyster.

If an external software facility is available, then the
minimal 8080A development system shown in Fag. 3 may be
purchased for less than $500. Cross languages were developed
under the CCM project for a software facility consisting of a
Sigma 5 computer and a MAC 16 minicomputer. Software
preparation on this facility is shown in Fig. 4. Here, the source
code on punched cards 15 either assembled by the cross
assembly language or compiled by the higher level PL/M cross
compiler residing in the Sigma 5. Listings and diagnostics are
output on the Sigma 5 line printer, and 8080A object code is
output on binary punched cards. Information on the cards is
punched on paper tape by the MAC 16 minicomputer.
Software on the paper tape is then loaded into the develop-
ment system-via the pape: tape reader shown in Fig. 3

Objectives of the CCM project also include preparation of
specifications useful in the procurement of the selected CCM
and demonsiration of the CCM utihity in selected test bed
projects. Specifications for the 8080A are currently being
developed, and two test bed projects have been selected,

IV. Test Bed Projects

Fust of the two test bed projects to demonstrate 8080A
application is a control unit for a 16000-point spectrum
analyzer for radio frequency interference (RFI) indication.
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This analyzer is being developed vnder another work unit and
consists of. discrete high-speed logic operating at a 10-MHz
clock rate. The 8080A control unit will serve as an interface
between the high-speed logic and the external environment to
perform such functions as I/0, mode conirol, self testing, and
automatic recovery procedures.

The second test bed project will demonstrate the use of
more than one 8080A in a distributed control application.
This application involves control of an ephemeris tuned
receiver local oscillator. Several different control functions
have been identified for this application including closed loop
system control, ephemeris polynomial calculation, and system
monitoring and I/O control.

Both projects meet the general criteria for test bed projects.
Such criteria include the demonstration of CCM devices used

to solve DSN requirements, the furtherance of specific DSN
objectives, the development of equipment not easily available
from industry, and the ability to complete the project in a-
one-year time span. ’

V. Conclusion

The concept of the CCM as being an LSI microcircuit 15 a
natural extension of the current DSN high-reliability program
for small- and medium-scale integrated microcircuits. Although
initial emphasis is on high usage commercial devices, this
emphasis does not preclude future consideration of in-house
developed circuits for DSN-unique application. Selection of
the 8080A as a candidate CCM also implies selection of the
required support circuits. Final approval of the 8080A as a
CCM will be based on successful JPL applications experience,
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Table 1. DSN applications

Line sensing and activation for monitoring and configuration control
Data manipulation and formatting

Limit comparison

Message generation: Human-machine interface
Simple low-gpeed calculations

Analog/digital and digitalfanalog conversion
Fast Fourier transformation

Digital filtering

Phase detection

Fiequency counting and synthesizing

Digital interfacing

Table 2. DSN subsystems and assemblies

Utility control system
Antenna control assembly
RF subsystem controller
Receiver-exciter controller
SDA controller
Transmitter controller
VLBI recorder controller
Microwave controller
Fourth harmonic analyzer
Frequency standard controller
Noise adding radiometer
Tuned oscillator controller
Station manager’s console
Automatic test equipment

Table 3. 8080A and support migrocircuits

CPU Group
8080A  mucroprocessor
8224 clock generator
8228 system coniroller

Memory Group
8111 4 x 256 static RAM
8708  8x 1024 EPROM

1/O Group
8212 8-bit buffer
8214 mterrupt controller
8251 unijversal synchronousfasynchronous receiver/transmitter

8255 programmable I/O port
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Stochastic Models for Software Project Management

R. C. Tausworthe
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This article presents a method for determining the number and characteristics of
milestones to be achieved during a development project-in order that effective monitors
of progress can be provided. Projections of progress data lead to estimates of the
completion with determinable accuracy, but accuracy imposes a requirement that the
number of milestones be inversely proporfional to the estimate-erior variance, and that
the milestones themselves be defined in such a way thar each represents approximately

the same level of effort to complete,

l. Introduction

The progress mn development of a piece of -computer
software (a program and its documentation) is, in many ways,
like the classical random-walk problems associated with birth
and death processes (Rel. 1). If a project has identified a
number of milestones M to be achieved during the coursz of
development, then the number of milestones achieved by a
certain date can be modeled by 2 birth process in which the
population never exceeds M. During acceptance testing of a
*completed™ program, anomabes are discovered in a sinular
birth process, whose population never exceeds some number
A, the total number of anomalies in the program. As anomalies
are repaired, the joint process describing anomalies. found
versus anomalies repaired is a biusth-death précess whose
limiting condition is (hopefully} zero unrepaired anomalies.-

Dunng the course of development, project management
requites effective momitors on which the health of the project
“can be assessed and corlective action initiated, should that
assessment so indicate. Such monitors as cumulative mile-
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stones and anomaly status have been used with success in the
past, not only in software developments, but probably in
almost all endeavors involving development activity.

This article explores the behavior of milestone-completion
processes, and a later article will discuss anomaly discovery/
repair processes. Both will be simplified for the sake of
analysis, m that they will assume that uniform Markovian
statistics apply. That 1s, the factors which influence the
processes are not time-origin-dependent, and future statistics

depend only on the current completion status of the process;

ie., at a given status, the remaining behavior of the process
does not depend on any of the past history up to that status

- point. Should statistics change (by management decisions, for

example), the remaining process to completion can be ana-
lyzed using only the.new statistical parameters.

Uniformity of statistics depends on ineriiz over a project
Iifetume; it discounts such things as improvement of progress
by learning and degradation of progress by attntion, as factors



that average out. The assumption of uniformity is one that
permits statements to be made with predefined precision in
the form, “If the team keeps progressing as it has so far,
then...”,

These monitors allow projections of completion dates to be
made rather handily and accurately with only a minimum
number of assumptions necessary on the underiying causal
relationships within the development process. This is due, in a
large development, to the multitude of factors which combine
to make the progress appear stochastic in the first place. By
the central limit theorem (Ref. 1, pp. 228—233), each such
process appears normally distributed.

These are not necessarily optimistic assumptions to be
making about processes involving expenditures of large
amounts of money and other resources. Reviewing the
progiess via such monitors on a regular basis will reveal
departures from theory rather dramatically, and thereby
permit the management function to act appropriately. In fact,
it is this feedback and correciive action on the part of
management that tends to align the model with reality.

For example, should the series appear to exhibit some early
adverse nonuniform statistics, management can take corrective
action to bring the progress back into uniformity, so as to fall
within the negotiated limits for the projected completion.
Should the series appear to be favorably nonuniform, then
management can again restore the uniformity by removal of
tesources, If appropriate todoso,

The point is that monitors based on theoretical models
are quantitative tools that can be applied effectively in
addition to the qualitative judgements noimally necessary
for management.

Models permit management in planning to make certain
assumptions concerning the productivity of a team, thereby
arriving at a preliminary schedule. During early development,
the assumptions can be calibrated by actual measurements,
and more realistic schedules drawn up. Management can thus
preplan activities with known precision and can either utilize
leverage as needed ta maintain the plan, or renegotiate plans
and capabilities.

As a final point in this introductory material, the theoret-
ical model aids in defining the types of milestones to be
monitored, and theit number. Since events to be monitored
are presumed by the theory to have certain statistical
properties, then the accuracy of the results will be influenced

by the accuracy with which the actual events conform to these
assumed statistics. The assumptions concerning the statistics
are simple: normally distributed events, with uniform, history-
independent time behavior, The law of large numbers helps
keep the normality assumption approxumately true, and
project inertia and feedback tend to keep the process uniform.
The proper definition of events for history-independence then
remains as the puncipal challenge to the event definition
Process.

Il. Schedule Prediction Model

For schedule prediction, let us assume that it is known
priori that the project will be completed after M milestones
have been achieved. These milestones correspond to all the
various tasks which have to be accomplished, and once
accomplished, are finished forever (that is, some later activity
does not reopen an already completed task; if such is the case,
however, 1t can be accommodated by making M larger, to
include all such milestones as separate events). The number A,
of course, may not be known precisely a prior:, but may be
estimated via a preliminary design phase. Any uncertainty in
the value of M will translate to an uncertainty in the estimated
completion date, and we will treat this possibility a little later.

Let us now further suppose that at regular AT intervals
{e.g., weekly, biweekly, or monthly) the numbers of mile-
stones & reported as being achieved follows a time-independent
statistical distribution function of.the binomial form (Ref. I,
pp. 136—142); ’

P(k)y=b(kn p) g(‘}z) P (- pyk )

The reported number & of milestones achieved each AT period
1s then a 1andom variable whose mean value 2 and variance o°
are gven by well-known formulas (Ref. 1, pp. 209, 214):

m = pR

Q
It

Z=nmp(1-p)=mq e

A
where we use ¢ = 1 — p hereafter.

We use the binomial distribution function (1) above for two
reasons: First, for very nominal values of m and o®, the
binomial distribution well approximates the normal distribu-
tion function (Ref. 1, pp. 168—173):
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P~ 1 exp {—(k ~ m) } 3)

o (2m)12 202

thus fulfilling the intuitive requirement previously mentioned.
The second reason is that the distribution (1) describes the
probability of achieving exactly k out of » equally likely goals
in which the figure p is associated with the success of each
event.

Thus, if 2 set of M milestones can be defined for a project, a
maximum of n to be achieved each AT reporting period, if
each milestone represents the accomplishment of a task with
approximately the same degree of difficulty, and if milestones
scheduled in one AT period, but missed, can be rescheduled
for future AT periods without altering the statistics, then the
P form supposed above is a faithful description of the
progress achievement process in the project.

The binomial distribution lends itself easily to solution and
to interpretations. It is exactly the same formula which
governs the statistics of obtaining & heads out of n coin tosses,
using a-coin that turns up heads with probability p each toss
(the average number of heads being thus m =np). All the
theoretical results known for comn tossings thus apply to our
scheduling model, suitably interpieted. The*fine structure” of
a productivity model for achieving milestones is thus simulated
by cortesponding a “toss” with a “tral for achieving a
miléstone,” each with probability p which can in turn be
related back to the m and o” of the normal distribution. Each
trial or sfep will require an average time

SAT_AT (m-0%)

H m2

At (4)

lll. Progress Averages

The correspondence to comn tosses permits us to state a
number of known results immediately- First, the time ', to
1each the kth mulestone has average value

Tk = kfp steps
= kArfp = kAT/pn units of time )

and a variance about this value of

var (T,) = Ti qfk (6)

iz20

We may also compute the average cumulative progress 1_73 in
milestones achieved after any particular number of steps s as
the expression

M-1 M
7= > kb (ks pytMp D, b(M- ;M- 1+ p)
=0 =0 %)

The first terms above represent the progress value k weighted
by the probability that progress is at the kth milestone after s
steps; the final terms represent the progress value M (comple-
tion) weighted by the probability that the M milestones were
accomplished on or before step s (being the sum of the
piobabilities that M milestones were first reached on the
M+ Hthstep, fort=0,...,5-Mand s=M).

A closed-form formula for @ is not known in the case
s> M, but the sum may be readiy approxmmated uvsing the
normal approximation (3) and integrating, rather than sum-
ming, to yield

T =sp fors<M

52 _ o [sp- M- 1)]_(pasy'’?
=~ L erfe [W] - ("Q?) exp [- (M- sp)*2pgs]

emdi-Qyerte] P D W s> ar>10
(2q - )7

@)

At s = M/p (the average time to project completion) the
average progress is approximately

Topp =M~ (%f'g) " =M[ B (51%4“)1!1] ©)

Fiom (9) we may note that for M = 16, the average progress
(taken over many projects) will show only at least 90%
completion, even though the average project will have com-
pleted by this time!

The variance on LN is

(10)

var (7 ) = g7 for s <M

The expression for this variance when s>M 15 too com-
plicated to be enlightening.



IV. Scheduling With Accuracy When
p Is Known

The ability to project schedules with accuracy based on the
foregoing mulestone-achievement model requires only two
constants, m and p, and the defirution of M milestones, which
may be achieved in increments having the same likelihood
distributions proposed in (1) or (3). No assumptions have been
made relative tfo the precedence of -milestoncs, or how
individual milestones are placed on the schedule. It 1s only the
cumulative number which enters the picture so far. Figure 1
shows what the typical achievement chart should look like.

If we suppose that p and s are known exactly, a priori,
then from Eqs. (5) and (6), the relative accuracy with which
this model predicts project completion time (as a one-sigma
event) is €= (g/M)!/2. Thus, to predict a completion time T,
within a factor e requires

M>gq/e® = 6% fine? (i)

Recall that it was earlier mentioned that the assumed
milestone achievement distribution is the same as if a
maximum of n milestones were scheduled to be completed
during each AT period, but only some lesser number k& with
average value s =np will actually be achieved as scheduled,
Milestones scheduled but unachieved in one AT period are
then “slipped,” the schedule reorganized with n milestones
again scheduled for accomplishment in the next AT period,
and so on, until completion. This type of schedule will be
referred to as “maximum performance™ schedule. The param-
eter p 18 the probability that a given milestone will be achieved
m AT, and g s the probability that it will slip, to be
rescheduled.in some future period.

The original {unslipped) maximum-performance schedule
shows the completion date after only M steps of length
Ar= AT/n. However, shippages lengthen thus to TM on the
average and to T, [1+ (g/M)' ] as a “1 standard deviation”
event. In order that an original schedule based on maximum
performance be correct within a relative precision factor e, it 15
necessary that

M> l-p - q
[(T+e)p- 1]2 [e - (1 +¢)]q?

(12)

That is, the slip probability ¢ must be no larger than about e,
and there must be enough milestones so as to make predictions
fall within the desired precision. These relationships are shown

_in Fig. 2.

V. Estimation of the pn Parameter

It is seldom the case that m and ¢” (or n and p) are known
before a project begins, although the process of generating an
initial schedule makes an implicit estimation of these param-
eters as a matter of course. More accurate values may be
estimated once the project has begun by tabulating the
progress in cumulative milestones achieved, as depicted in
Fig. 3. If we let £, for i=1,...,r be the individual accom-
plishments for each of the AT reporting periods up to the rth,
then the best-fit line (least-square-error) to. the cumulative -
progress up to that time 15

np>

T =parth (13)
in which the parameters p and r are to be computed from
observed data by

o 6 L .
) & 00

;
I S ) g
b~(r+1)(r+2)]§i Gr1-DE+2-3)k  (14)
These parameters have mean values given by .
E(®)=p
E (b) =0 (15)

so that %Fr is an unbiased estimator of the mean time to achieve
a given milestone progress. The mean and estimated-mean time
to completion, T, and T, then satisfy

M=pT, = pT, +b (16)
which provides the approximate estimation-error value
T -T. (s_ T o
e MM (P p)TM NN (P—P) o (A7)
T P T, M b

AT
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within first-order effects. The average estimation error is zero
(within first-order effects). The variance computation for Eis
straightforward, though somewhat lengthy, leading to bounds
that are independent of M

4 < 2
onr F o )<var (&< i F @ (18)
Both F_, and F_ . are only slightly more than unity; these

bounds and the ratio F_; /F,_ .. are shown in Fig. 4.

The estimated completion date cannot be estimated with
very high accuracy early in the project (when 7 is small) unless
pn=m, the average number of milestones achieved per AT
period, is large, or unless ¢ is very small. The denominator
value, pnr, is the expected number of accomplished milestones
up to and including the rth reporting period. The accuracy in
estimating the time to accomplish the kth mulestone, given by
{6), is thus about the same as the accuracy for drawing the
best-fit line through the observed data (within the factor F).

VI. Scheduling With Accuracy Using
Estimates of p

The uncertainty with which the completion date can be
predicted at the rth report springs from two sources: varfance
in the value of 7 to be used to estimate p and variance in the
completion date due to p being other than unity: ’

var (Ty,) = T2 (@/M) (RIP) [F () + 1/R)

<22 (T2 a/M) R} (19)

where R £ M{m, the average number of reporting periods to
completion. When r<<{R, the prediction accuracy is, of
course, dominated by the fiist term of the two; at any report
r, the completion date variance is bounded according to the
relation given above.

If it is therefore required, as befoie, to estimate the
completion date to within an error factor €, by a given report
period r,, then the total number of milestones M must satisfy

M >(g/€®) Rfry) [F (ry) +7,/R] (20)
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For good measure, we should probably have used the upper
bound in (19), or M > 2.2(g/e*) (Rfry) to set the number of
milestones. The value of g to be used in (19) and (20) is a
guess, and therefore should be more pessimistic (larger) than
actual. In case no knowledge of ¢ is to be had, we can always
require M > (2.2f¢*) (R/r,) total milestones.

The refinement to the considerations given previously
concerning estimating the deviation from an original
maximum-performance schedule to within a factor of e takes
the same form as (12), except that M must be increased by @
factor [F (r)) +ro/R] (Rfr):

4RI G +7oR]
fe- (1 +e)q]?

@1

1t+te

Figuie 3 thus illustrates the constraints on M and e when M 1s
properly scaled.

Note that ¢ is really needed only to judge how many
milestones will be needed at the outset. A best-fit line to
cumulative slipstatistics, using a proper reinterpretation of
(14) wil yield a gn, if desired; together with P, all three
parameters, B, §, and # (actually 7) can be found.

Vil. Effect of Uncertainties in M

Up to this point, we have assumed M was known and fixed,
in actuality, only an estimate of the total number of
milestones may be known, perhaps by way of a preliminary, or
architectural, design phase. The translation of a AM to a AT,
along the pT, mean-time-to-completion-of-k-milestones line,
coupled with estimation uncertamty in 5 and random fluctua-
tions in the progress, leads to a furst-order-effect approximate
value for the total relative error in the time to completion,
estimated at the rth report-

var (T /T, ) = (MMM )? + (q/BD) (Rr) [F () + #/R]

(22)

In (22), AM is the standard deviation of M, and M is the mean
value of M. Because (AM/H) appears squared in this expression
its effect may not be felt so directly as the other terms con-
tributing to schedule vaiiance.



Vill. Conclusion

The progress of a development team is characterized by
milestones achieved; whenever milestones can be defined in
such a way that the expected number and variance of
accomplishments is the same each for each status report, then
the model exploied in this article appiies.

The main conclusion of this article 15 that schedule
prediction accuracy is attainable only when a sufficient
number of milestones to be achieved have been defined. The
number of milestones needed is at least inversely proportional

to the desired estimation error variance, and even more drastic
than this if conformance to a maximum-performance schedule
is attempted. It is therefore both necessary and important to
refine tasks and to generate a detailed work-breakdown
structure (WBS) rather carefully, if monitoring accuracy is the
aim.

The generation of a schedule from the WBS should then
proceed to allocate a constant number m of milestones for
each reporting mterval, m being the believed mean achievabil-
ity during such intervals.
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Walsh Transforms and Signal Detection

L. R. Welch®

Communications Systems Research Section

This paper enalyzes the detection of signals using Walsh power spectral estimates. In
addition, a generalization of this method of estimation is analyzed. The conclusion is that
Walsh transforms are not suitable fools for the detection of weak signals in noise.

l. Introduction

The economy of Walsh transform calculations has led to
speculation on the feasibility of using Walsh power spectral
estimates insiead of Fourier spectral estimates in various
estimation and detection problems such asn a signal presence
indicator, precision signal power measurement and radio
frequency spectrum monitering for the DSN. At ieast one
paper (Ref. 1) has appeared showing that there is a linear
relation between the Walsh power spectrum and Fourier power
spectrum when the signal is stationary.

However, in a practical problem, only a finite sample of a
signal is available and only esfimates of the spectra can be
obtained. Simple examples can be constructed which show
that there js not a one to one coitespondence between Walsh
and Fourier power speciral estimates obtained from finite
signals Hence, the Walsh power spectrum cannot be used to
precisely reconstruct the Fourier power spectrum.

*Consultant from the University of Southern California.

The idea of using the Walsh spectrum can be salvaged by
posing a power estimation problem in the context of stochas-
tic noise theory. When random noise is present in a received
signal, Walsh power estimates are random variables which have
some statistical structure. By examimng this structure, “opti-
mal” estimates of the power of a signal in noise can be
obtained using the Walsh power estimatés. If the signal is exp
(/wr), this this constitutes estimating a Fourier power compo-
nent.

Another problem is the detection of weak signals in noise
when there is some phase instability in the local oscillator. If
the signal is sufficiently wea{k, its detection requires the gather-
ing of data for a time period much greater than the period of
stability of the oscillator. In this case a quadratic estimate can
be constructed and accumulated over long time periods to
provide a reliable estimate of signal power.

It will be seen that Walsh power estimates are not useful for
these problems.
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Ii. An Estimation Problem

The follcwing assumptions are made:

(1) The received signal is a complex signal, X (7), consisting
of a signal, & - S (¢), plus broadband noise, V ().

(2) The signal is sampled at time intervals, & - #;, to obtain

samples
x(k) = X@, - k_) = a- Sk - r0)+N(k 1)
x(k) = as(k) +n(k) O

(3) The sequence, [ (X)], is stationary, complex, Gaussian
with mean zero,

F [n(kn{m)] =0
E [mfon(k+m)] = 0,form# 0 (2)
= 1, form=0

(4) The signal amplitude, &, is less than 1 and the signal
function, s (£), has more or less constant energy of 1
over segments of length /; that is,

N

2. Istk+m)> ~1

k=1

The last normalization 1s the appioptiate one for the Fou-
rier power estimation problem. Also, with this normalization it
is easy to characterize the detection problem in terms of ¢.
Fo1 e near 1, a matched filter detector on ¥ points is marginal
for detection of the signal; for & much less than 1, the
accumulation of data over many' segments of length N is
necessary. li 15 assumed that phase stability is such that longer
matched filteis are not possible, and this leads to the need for
quadratic estimates. The relation between signal-to-noise ratio
(SNR) and e is SNR = a2 /V.

The relevant class of estimation processes is the following:
A received signal sequence of length & - M 15 segmented into
segments of length /. On each segment a unitary transforma-
tion (such as Fourier or Walsh) is applied and the absolute
value squared of each component is averaged over the M
Segments These NV numbers aie tc be used to estimate 2. The
signal detection decision is obtained by comparing this esti-
mate to a threshold.
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Ifl. Derivation of an Estimator

Let the unitary transformation have matrix U = (u,,,,) and
define

N N
X (m) = Z u, X&) = Z u,  Jes(®) + n(k)]
k=1 k=1
-5, m)+ nUfn;)
and
b (M) = lng, Gn)i® + o - |5 (m)I®
o ["U(m)m + Wsu(m)] (3)

Unitary transformations preserve all of the statistical proper-
ties of the Gaussian noise sequence. It can therefore be shown
that the random variables

z (m) = lx , () - o Is ,(m)I* -1 C>

are mean zero, and pairwise orthogonal. Their variances are

o? (z (m))=1+2e° IsU(.r.»z)I2

Next, make the calculations of Eq. (4) for the kth interval
for k from 1 to M and average over the set of intervals

M

1 R
i L SO0 = 3 iy

k=1

Y(m)

- -'1 - a? Is‘g(mjlz]
= <le(m)I?>- 1
-o? <IsU(m)[2> %)

The Y (k) are mean zero,.orthogonal and have variance

[1 +2a” <|SU(m)| >]

The case where powerful methods of signal detection are
needed is the case in which e-s very small and indeed so small
that ali of the o2 [s;,(n)I? are much smaller than 1. In this
case

o (Y u)) =

o (Y ()~ 5



For large M, the Y (k) are approximately normally distri-
buted, and the maximum likelihood estimate of & 1s that
value of &® in Eq. (5) which minimizes

N
5= [ Y2(m)

+1n [0 (¥(m))] } ®)
(Y (m))

With the above approximation of the variance, this is equiv-
alent to minimizing

= Y [(th;(mnz)—1—a2<lsu(m)t2>]2 ©

Let S,,(n) = <lsU(m)|2> and Wim) = <Ixu(m)|2 . Then
the value of &® which mimimizes £ is

N
Z S m)[Win) - 1]
az m=1 N

= . (8)
>, S
m=1

The numbers W () are the accumulated spectral power esti-
mates, and § (m) are signal structute numbes relative to the
particular transform.

IV. Properiies of the Estimator

Again, assuming A is large so that the W (2) can be assumed
to be normally distributed, we have expectation and variance
of &*

E@@®) =d°
ad 1
Z 82 (m) i
02 (az) _ m=1 ~
N .
|: Z 8% (m) }
m=1
= 1 - 9
- ©)
M Y S,m)
m=1

If there is no signal present {a = 0}, the estimator has expected
value O but has the same variance as Eq. (9).

It can therefore be seen that the ratio o to the standard
deviation,

(10)

is a measure of the effectiveness of the estimator. If R is much
less than 1, the estimator is ineffective in signal detection, and
if R is much’larger than 1, the estimator is a reliable indicator
of the presence or absence of the signal. In terms of signal-to-
noise ratio, SNR, this can be restated as' If

-1

SNR << [N - M2 S%I(m):|

the estimator is ineffective, while if
-1

SNR >> [N - /MT S%,(m) ]

the estimator is effective.

(102)

Since
N

Y, 52(m)

m=1

plays a key role in the effectiveness of the detection process, it
will be called the efficiency factor and designated E (U, s). For
a given signal-to-noise ratio, SNR, and given efficiency, £ (U,
5), the number of segments, M, of data that must be accu-
mulated for rehable detection of the signal, s, satsfies

M>1/(SNR - NY? - E(U, 5) (10b)

V. Efficiency of Unitary Transformations

When the unitary transformation, U, is the discrete Fourler
transform, the numbers S,(m) are the averaged power
spectrum of the desired signal. In the case where U is the
Walsh transform, the S, (m) will be called the Walsh spectral
power, and more generally S, () will be called the spectral
power relative to U. Recalling that the signal, 5, was normal-
ized to unit energy over & samples, we have

N
/ S,m)~1

m=

From tlus 1t can be seen that the maximum of £ (U, s} is 1.
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This occurs when S, (m,) = 1 for some m and S,(m) = 0 for
m #m,. In this case, Eq. (10b) gives

M>1KSNR - N )?
for reliable detection.

The opposite extreme occurs when S,,(#) = 1/ for all m.
Then E (U, s) = 1/¥ and

M>NJ(SNR - N )? = 1/N (SNR)®

for reliable detection.

An intermediate case is when Sy;(m) = 1/L for L choices of
m and is O for all other »2. In this case E (U, 5} = 1fL and

L 1

M>LI(SNR - V) =5 ———
N (SNR)

This example shows that there is a relation between efficiency
and bandwidth, since if the L choices of # are contiguous and
U is the discrete Fourier transform, then the signal has band-
width L[V ¢ .

VI1. Walsh Transforms Applied to
Sinewaves

Tet ¥ =2" and let (kn—l’
tation for k, 0 <k < N; that is,

-» k) be the bmary represen-

n-1

k=, 2,

=0
Then the Walsh transform matrix is

= (112)

Wy o= ()

If the signal to be detected is a complex sinewave of frequency
f/to, then

s () =exp, (1) = —— ¢ 7P (12)

VN
When the Walsh transform of the signal is taken, the result is

~1

_1 H(2afk+p) 2x 0.
5,® =% g ¢ D=
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N-1 .
_ 1 2° Z 7Bk (220 )
= —— e I i z
N k=0
n~1 117(2f2'.+2)
j 1+e !
sy®@ = [ | — (132)
=0 2
The power spectrum is
n-1 .2
I
5.@® = ISW(Q)I2 = cos? (ﬂ' (ZIf +'2"-)) (14a)
=0

and the sum of squares of the power spectrum terms is

N-1 N-1 n-1 Q.
S?V(Q) = Z H cos” (?T (2"]"+?l)) (15a)
— P=0 =0
n—1

H [cos® (r2'f) + sin® (w2'f)]

i=0

n-1
H I:% + -‘ll-_ cos (41?2’}")]

=0

EW, expf)

For any particular choice of £, the efficiency E (W, exp.)
can be computed from Eq. (15a). In particular, if f= 1/3, the
expression can be evaluated and is

5)"-_ —logy (B/5)  ~2/3

E (W, exp, 5) = (E =N N (16)

For N = 1024, the efﬁcienc.y is only about 0.01, and becomes
worse for larger V. Thus, the Walsh transform s very poor for
detecting a sinewave with frequency (1/3)¢,,.

For a sampled data system, the frequency, f lies in the
range [-%, ¥]. If Eq. (15a) is integraied over this range, the
average efficiency is obtained.

3V _ -0.4
) Avef £ W, expf)} = (—Z) = N B2 473y N (17)

Since the efficiency is never negative, this implies that the
efficiency is less than 2 X N-1082(4/3)or at least half of the
values of f in [-%, 4]. Therefore, for reliable detection, M
grows like 1NC-4 for at least half of the values of f. Forn=
1024, the efficiency is less than 0.06 for more than half the
frequencies. Thus, Walsh transforms are poor for detecting
Most sinewaves. ’



The same calculations for the Fourier transform are

_ 1 omelyn
Foo= v (11b)
1 jo NN 2mk( - (2N
$p(Q = ]ve”’ > e (13b)
k=0
N-1
PIRFGE
=0

N-1 )
> expw (f— %) (kl +hy -k - k4)

1
N4 =
,Q,kl K Kk, =0

(15b)

With a hitle algebraic manipulation, this last expiession is

k]
1 2 + 1{N*-1
E(F, expf)=§ (21\;\[2 1) +§( 7 ) cos(2nfN )

(156"

The smallest value of this efficiency is

1 2 1
min £ (F,exp.) = = (1+—-) ~ =
f r 3 N2 3

Vil. Conclusions

We have seen from the previous analysis that Walsh trans-
forms are very mefficient in the detection of sinewaves. This
analysis can be extended to show that they are inefficient
whenever the signal to be detected is narrowband (when the
energy is confined to a bandwidth which is a small multiple of
1/A). Therefore, Walsh transforms are not useful in systems
which must detect such signals.
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~ Evaluation of DSN Data Processing With 7200-b/s
GCF High-Speed Data Interfaces

H. C. Thorman
TDA Engineering

Test results confirm that the Deep Space Station (DSS) and Network Operations
Control Center (NOCC) processing of telemetry, conwnand, radio metric, and monitor
data with the existing DSN Mark IIL.75 configuration will be unaffected by the recent
change of the Ground Communications Facility {GCF) High-Speed Data Subsystem to a

clock rate of 7200 bits per second.

I. General

A. HSD Conversion -

Conversion of the GCF High-Speed Data Subsystem (GHS)
(Ref. 1) to operate at a line rate of 7200 bits per second {(b/s),
mstead of the previcus 4800 bfs, was completed in early
December 1976. The 7200-b/s clock rate has been used for
transmissions of DSS telemetry, command, radic metric, and
monitor data since that date.

Equpment of the type planned for the Network was
implemented in May 1976 at the JPL.DSN Compatibility Test
Area (CTA 21) and at the GCF Central Communicalions
Terminal (CCT) to support engineering tests.

B. Analysis

Analyses of the DSN Maik 11175 Telemetry & Command
Processor 'Assembly (TCP) and the Digital Instrumentation
Subsystem (DIS) (Radio Metric and Monitor & Control)
software programs indicated that the high-speed data (HSD)
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interface change will not adversely affect performance of those
XDS-920 processors.

The only apparent effect of increasing the GHS clock rate
from 4800 to 7200 b/s is that the time available for servicing
serial-tg-parallel input and parallel-to-serial oufput transfers is
reduced from S to 3.3 milliseconds per 24-bit word.

Servicing of each such transfer requires no more than about
50 mictoseconds (including exit from and return to computa-
tional routines). Since the maximum number of transfer
interrupts that might coincide is typically only eight, the new
clock rate poses no serious timing problem. Furthermore, the
servicing of HSD input and output interrupts is given priority
over all other processing functions except keyboard inputs and
outputs. The programs are designed to minimize keyboard
input and output during normal operations. '

To verify the conclusions of these analyses, a series of tests
was conducted at CTA 21, and between CTA 21 and the
NOCC. Those tests are described herein.



ll. Test Report

A. CTA'21 On-Site System Performance Tests

The TCP and DIS were tested at CTA 21 on 2, 3, and
7 June 1976, using on-site Systems Performance Test (SPT)
procedures in which the DSS high-speed data equipment is
operated in a loop-back configuration. The test results showed
that the DSS performance with the 7200-bfs interfice com-
pared favorably to the performance with the 4800-bfs
interface.

B. CTA 21 and NOCC Interactive Test

Additional testing was conducted at CTA 21 on 10 June
1976, in which real-time data were transmutted to and from
the NOCC via the GHS subsystemn at a line rate of 7200 b/s.

1. Telemetry & Command Subsystem (TCD)

a. Configuration and data types
TCD software: Viking Teiemetry and Command
GHS configuration. 7200 bfs
NOCC configuration: Block III Telemetry Subsystem

Simulated Viking Data were input to the DSS Telemetry
Subsystem from the Simulation Conversion Assembly as
follows: Viking Orbiter low rate (VO-E224) at 33-1/3 bfs,
uncoded; Viking Orbiter medium rate (VO-M560) at 2 kb/s,
block coded. T,

b. Test description. Telemetry-and Command Processor
(TCP) output of 2-kbfs decoded M560 and 33-1/3-bfs E224
uncoded data to the NOCC wia 7200-b/s HSD hne was
sustained for several hours. Frame synchronization of both
data types was confirmed by observation of the NOCC Block
IIT telemetry display at the Network Operations Control Area
(NOCA).

While outputting the two telemetry sireams, the TCD was
configured for Viking Orbiter command and placed into
remote-controf mode. A standard command data transfer test
was conducted, and then a set of six médules of commands
was transmitted from the NOCC.

High-speed data block dumps and visual display observa-
ttons at the NOCC indicated that the quality of the telemetry
output was not aflected by the additional load ol commnand
inputs.

¢. Discussion. The telemetry and command test conditions
described above represent the maximum HSD input and
output requirements on the TCP. A slight additional TCP load

will exist when Viking high-tate (16 kb/s) data are output to
the GCF Wideband Subsystem (GWB) by the Interdata-4
processor under conirol of the TCP. (The latter condition was
not tested due to CTA 21 configurational limitations.)

The telemetry and command tests were performed only
with the Viking TCP software module. However, the results
can be considered as also representative of the performance to
be expected for Pioneer and Helios telemetry and command
processing.

2. Tracking and Monitor and Control Subsystems
a. Configuration and data types

DIS software: Multlple:mlssmn radio metric and moniter
and control (DOI1-5046-0P-E)

GHS configuration: 7200 bfs
Block II Tracking Subsystem

Block III Monitor & Control -
Subsystem

NOCC configuration:

A tracking and data handling {TDH) simulator provided 10
samples pet second S-band and 10 samples per second X-band
radio metric data inputs fo the DIS. The normal DSS momtor
interfaces from the Receiver-Exciter Subsystem, and the TCDs
were also active.

b. Test description. The following operating conditions
were tested with the DIS connected to the 7200-b/s GHS:

(1) An NOCC transmission of sequence of event (SOE)
text data was received and ouiput to the line printer,
while HSD output of maximum sample 1ate radio
metric data and normal monitor data continued. The
SOE transmission consisted of 158 HSD blocks, and all
were received without errors. The radio metric and
monitor data received at NOCC appeared to be
satisfactory.

(2) Floating-pont tracking predicts were received from
NOCC and output to a magpack tape, while HSD
output of radioc metric and montor data continuved
satisfactorily. The predicts transmission consisted of 60
HSD biocks, and all were received without errors.

(3) An Antenna Poimnting Subsystem (APS) drive tape was
generated on the DIS papei-tape punch and then
verified. The HSD output continued to be salisfactory
while these operations were performed.

¢. Discussion. The DIS operating conditions tested are

representative of the expected combinations of HSD input and
output.
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C. Telemetry Automatic Recall

Further tests were conducted on 16 June 1976 to evaluate
the performance of the Automatic Total Recall System
(ATRS-HI) with the HSD line rate of 7200 b/s.

~ 1. Configuration

TCP software: Viking Telemetry & Command
(DOI-5050-0P-C, Rev. A)

ATRS III (DOI-5082-0P-A)
NOCC configuration: Block III Data Records
Processor

2. Test description. Simulated Viking Orbiter telemetry
data at 33-1/3 bfs uncoded and at 2 kb/s block coded were
processed by the TCP and sent to NOCC on the 7200-b/s HSD
line for a period of about 20 minutes.

A T-rack digital Original Data Record (ODR) was gener-
ated during the period of reai-time processing. The ODR tape
was rewound, and the ATRS-III program was loaded into the
TCP and configured for remote control. The NOCC then
recalled the complete ODR at the full 7200-bfs rate and
recorded a Network Data Log (NDL) on the Network Log
Processor (NLP). Later, an Intermediate Data Record (IDR) of
these data was generated in the NOCC. The IDR summary
indicated that there were no gaps on the NDL.

3. Discussion. The iest confirmed that ODR recalls of HSD
from the TCP can be performed at the full line rate of 7200
b/s.

D. Simulation Conversion Assembly Tests

1. On-Site HSD test. The CTA 21 on-site testing included a
demonstiation of satisfactory Simulation Conversion Assem-
bly (SCA) XDS-910 performance with HSD input at 7200 bfs.
The configuration and input loading were representative of the
26-meter DSS requirements, where all input is by HSD line

_and there is no wideband data (WBD) input.

2. HSD and WBD test with MCCC. Fuither SCA tests were
conducted at CTA 21 on 16 June 1976 with “long-loop” data
inputs from the Mission Control and Computing Center
(MCCC) Simulation Center.

a. Configuration
HSD:
WBD

7200-b/s line rate
50-kb/s line rate
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SCA software:  Data routing version E (DOI-5089-
TP-E), which permits 2400-bit WBD
blocks to be processed along with

1200-bit HSD blocks

b. Test description. Satisfactory SCA performance was
demonstrated with the following loading conditions:

(1) WBD input: 16 kb/s to SCA Channel 1

HSD inputs: 2 kb/s to SCA Channel 2
33-1/3 bfs to SCA Channel 3
33-1/3 b/s to SCA Channel 4

2 kb/s to SCA Channel 1
2 kbfs to SCA Channel 2
33-1/3 b/s to SCA Channel 3
33-1/3 bfs to SCA Channel 4

(2) HSD nputs:

(Note: Condition (2) exceeds the rate which could be
carried on a 4800-bfs HSD line.)

The 2-kb/s block-coded data stream from SCA Channel 2
and a 33-1/3-b/s uncoded data stream were input to the DSS
Telemetry Subsystem. These streams were processed by the
TCD and returned to the MCCC for validation.

¢. Discussion, Simulation Conversion Assembly perfor-
mance with the 7200-b/s HSD interface is satisfactory when the
concurrent WBD loading is limited to 16 kb/s. Performance
with additional WBD input, such as required for 64-meter DSS
support of Viking 3 spacecraft simulation, could not be tested
at CTA 21. However, it is expected that the Viking Project will
not require maximumd-level long-loop simulation by the time
the GHS equipment is converted to 7200 b/s.

E. Telemetry Processing Limit Test

CTA 21 testing on 16 June 1976 included an experiment
to determine whether the 7200-b/s GHS mght permit the
TCD to handle 4-kbfs Viking data. SCA-generated data were
used for the experiment.

It was found that the 26-meter DSS configuration of the
TCD was able to process 4-kb/fs uncoded data. The TCD was
not able to handle 4-kb/s block coded data, however, because
the coded symbol rate (21.333 ksfs) is too high for the
Interdata-4 block decoding function.

The TCD was also tested in a 64-meter DSS configuration
where the 4-kbfs block coded data were decoded by the Block
Decoder Assembly (BDA}, then output by an Interdata-4
Processor to the 7200-bfs HSD line satisfactorily. In this
configuration the data would ordinarily be output to the WBD
line.



lll. Conclusions

On the basis of the foregomng analyses and test resuits, it was
concluded that the conversion of the GCF HSD Subsystem
(GHS) to a line rate of 7200 bfs will have no adverse effect on
the DSS processing of felemetry, command, radio metric,
monitor, and operations control data in the DSN Mark I1-73
configuration.

The use of the 7200-b/s line rate will improve certain DsS
functions. For example, the time required for ODR recall via
HSD line will be appreciably teduced.

IV. Comments

On the basis of these test results, it was recommended that
the implementation of the 7200-b/s GCI' High-Speed Data
Subsystem equipment in the DSN proceed as planned.

The 7200-b/s GCF High-Speed Subsystem has been imple-
mented throughout the Network as scheduled, and is operating
satisfactorily.
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Baseband Recording and Playback

5. 5. Kent
Radio Frequency and Microwave Subsystams Section

J. 1. Molinder
Tracking and Data Acquisition Engineering Section

Analog 1ecordings of spacecrajt telemertry signals are made by Deep Space Network
Deep Space Stations to provide backup for both spacecraft and ground station anomalies.
In this article the requirements that must be met to insure successful baseband recording
and playback are given. Recording and playback procedures are developed tfo insure that
these requirements are met and performance resulls from tests conducied at the

Compatibility Test Area (JPL) are tabulated.

. Introduction

Analog recordings of spacecraft telemetry signals are made
by Deep Space Network Deep Space Stations to provide
backup for both spacecraft and ground station anomales.
These recordings can be made at vaitous pomts along the
telemetry string as shown i Fig 1. Both the effectiveness of
the backup provided and the recording bandwidth required
increase as the iecording point moves upstream (toward the
antenna). For example, an unanticipated change in spacecraft
subcarrier frequency or data rate will cause the Subcarrier
Demodulator Assembly (SDA) to lose lock If this happens, no
data can be recovered unless the recording is made upstream of
the SDA. In addition, recording upstream of the SDA provides
4. backup in the event of a ground station faillure or operator
error affecting the SDA or other equipment further down-
stream. On the other hand, the recording bandwidth required
just upstream of the SDA (baseband) is greater than that
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required just downstream of the SDA (SDA output) by a
factor of approximately the ratio of the spacecraft subcarrier
frequency to half the data symbol rate. Tlus ratio can easily be -
gieater than ten. An even larger factor may result in the case
of more than one subcarrier on a single carrier. Open-loop
recording (Fig. 1} provides further backup since the recejver
does not have to be in lock (as 1equired for baseband
recording) but increases the required recording bandwidth by a
factor of two (the ratio of IF to baseband bandwidth) over
that needed for baseband recording.

In this article the requirements that must be met to insure
successful baseband recording and playback are given. Record-
ing and playback procedures are developed to insure that these
requirements are met and performance results from tests
conducted at CTA 21 are tabulated.



Il. Spectrum of Baseband Signal (Ref. 1)
The baseband signal b (¢} is given by

b(N=Kd(Hs(6)

where

5(f) = square wave subcarrier of unit amplitude and
fundamental frequency £,

d (fy = bmnary data waveform taking on the values of -1
and I with symbol rate f; depending on whether
the data symbol is 1 or 0 respectively

and
K = constant

Expanding s(f} in a Fourier series (and without Joss of
generality choosing the reference such that s (¢) 1s even) yields

b(D=Kd(t) 2, a, cos n2af .t

=1

where

I
1y 2
-1 4 nodd
nw

0 n even

Thus the baseband spectrum consists of the data spectrum
centered on the odd harmomes of the square-wave subcarrier.

lll. Degradation Due to Loss of
Subcarrier and Data Harmonics (Ref. 1)

Since d (¢) 5 {¢) iakes on only the values %1, the available
power in the baseband signal 1s K?. However, since the
bandwidth of this signal 1s infinite, only a finite number of
sidebands are actually preseived. The available power if
subcariier harmonics above the Nth are filtered out {assummg
the data spectiums around the & haimonics aie preserved. Le.,
data rate is low compared to subcarijer frequency) 1s given by

v
8 « 1
-2
ot 3%
T o=y N1
(» odd}

and thus the degradation in dB is

P 8 o 1
N
0,.=10log, ~==10log. ., — 2 —
dB 10K2 10 'n’2 ) ,;:—1’ 112
{7 odd)

Values of p , , versus V are given m Table 1.

When the data rate is not small compared fo the subcarrier
frequency, additional degradation occurs due to loss of data
sidebands around the subcarrier harmonic near the edge of the
system passband. The amount of degradation can be approxi
mated by assuming a symbol stream of alternating 1’s and 0’s
(vielding the largest possible data bandwidth produced by a
square wave of fundamental frequency f,/2) and assuming
only a finite number of upper data sidebands on the highest
subcarrier harmonic are preserved (all the lower sidebands are
assumed to be preserved). Under these assumptions the
baseband signal & (¢) can be written

N=-2
b()=Kd(f) D, a,cosn2af t

n=1

- J
+K [aN cosN2mf_t 3 a, cos jnf d{l
i=1

where
N = highest subcarrier harmonic preserved
CD* —j
@ = Lsinll - aj fodd
roomT 2 l
0 jﬁVB[l
[ ]/ = indicates that all data sidebands up to and mnclud-

mg the Jth ﬁpper sideband are preserved.

The available power is given by

s "3
o~ 72 - 2 z
Py =K= 3 — 4K —— 05+
T =1 #
{17 odd)
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and thus

P
_ NJ
Pap = 10108,0=

N-2 J
=101¢0gmi p> i+i 0.5+ -+ > L
7 n=1i n* N? 7 =1 j2
(n odd) Uodd)

Values of p, , versus V and J are given in Table 2.

IV. Recorder Bandwidth and
Phase Linearity Limitations

In general the tape recorder bandwidth is directly propor-
tional to tape speed. For example, the Ampex FR 2000A and
Honeywell 96 recorders have bandwidths of 500 kHz at 76.2
cm/fs (30 ips), 1 MHz at 152.4 cm/s {60 ips), and 2 MHz at
304.8 cm/fs (120 1ps). Thus it is apparent that a tradeoff exists
between data degradation and tape usage (at 304.8 cm/s (120

"ips) a reel of tape lasts approximately 15 minutes).

In addstion, because of the coherent detection process used
in the DSN it is important to preseive the phase relationship
of the subcarrier and data components, Derivation of degrada-
tion due to phase nonlinearities is given i Ref, 2. In selecting
an appropiiate speed, both the amplitude and phase response
of the recorder as a function of tape speed must be considered.

V. Requirements to Minimize Degradation
for a Given Recorder Bandwidth
The following requirements must be met to minimize

degradation in the baseband recording and playback process
for a given recorder bandwidih.

(1) Linear operation and proper phasing of the receiver
telemetry channel.

{2) Linear operation of the recoider in both the record and
playback modes.

(3) Proper mput levels to the Subcarrier Demodulator
Assembly (SDA).

(4) Sufficiently small variations in tape velocity to insure
proper operation of downstream equipment requiring
phase lock.
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A recording and playback procedure to insure that these
requirements are met is developed in the next section.

VI. Procedure

The development of the portion of the procedure to meet
each requirement is given below. At the end of the section the
overall procedure is summarized.

.A. Requirement 1

" The Block III receiver telemetry channel IF and video
amplifiers are designed for maximum output levels of +6 dBm
(sine, 50 £2) and +10 dBm (sine, 50 £2) respecuvely. Since, for
equal rms levels, a noise waveform has 3 dB higher amplit{lde
peaks (using a 95% of the peaks criteria) than does a sine wave,
the output levels of the IF and video amplifiers should not
exceed +3 and +7 dBm, respectively. Levels of 0 and +5 dBm
are specified in the procedure to allow some safety margin.

The Block IV receiver telemetry channel uses an internal
AGC to maintain linearity at an output level of approximately
+10 dBm (50 £2), and thus no adjustment is required.

Correct phasing of the phase detector in either the Block 111
or Block IV receivers must be msured by following the
standard phasing procedures for the receiver The Block III
receiver must be rephased each time the telemetry bandwidth
is changed, while the Block IV receiver has separate phase
adjustments for each bandwidth and requires only one imifial
adjustment.

B. Requirement 2

Standard procedures for calibrating the analog recorder use
a 1-V rms sine wave input (+13 dBm, 50 £). The record
electronics are adjusted for 1% third harmonic distortion with
this mput. A +5-dBm (noise) put 1s specified 1 the
procedure to insure the input level is well within the linear
range of the recorder,

C. Requirement 3

The Block III and Block IV SDAs are designed to operate
wrth signal levels of -75 dBm and -70 dBm, respectively, at
the output of the modulation index {step) attenuator. With
the attenuator set at O, thus corresponds to a “tape input”
signal level of -29 dBm and -28 dBm for the Block III and
Block IV SDAs, respectively. An input level of -28 dBm is
selected as a standard. In addition, the total input (signal +
noise) must not exceed +1.4 peak (+10 dBm noise into 50 2).
Note that this means the minimuim signal-to-noise ratio, S/N =
-28-10=-38 dB.



Given the value of ST, /N, in dB the signal-to-noise ratio
out of the recorder can be determined by observing that

£r.. S :S—Tbx l =§'5X££
N NOW Nb TOW N, W

and thus,

Y Tb

-] == +10log, . f,- 10log = W
(N)dB (‘No )dB 107d 10

where f, = 1/T, = data rate and ¥ is either the telemetry noise
bandwidth or twice the recorder noise bandwidth, whichever is
smaller.

Denote the output level of the reccrder in dBm as R, =
S +N. Thus,

s _ S _ SN

Solving for § yields
Ro X SiN
S =—
SIN+1
Formost cases of interest
S
Kf<< 1
and thus
. S
= R, X g
orin dBm -

S
§=R +(—~)
¢ NdB

The attenuator setting A necessary to reduce this level to the
required value of -28 dBm can be determined by observing
that

S~A=-28 dBm

or, in dB

A=S+28=Ro+(%) +28
dB

D. Requirement 4

A theoretical analysis of the effect of tape velocity errors
on the operation of downstream equipment requiring phase
lock (the SDA.and SSA) is difficult and has not been
attempted. Experience gained from tests at CTA 21 show that
current generation instrumentation recorders-(specifically the
Ampex FR 2000A and Honeywell 96) have sufficiently low
tape velocity variations to permit playback at signal-to-noise
ratios approaching telemetry system threshold conditions. This
is not true of older-generation recorders (such as the Ampex
FR 1400 for example).

The recording and playback procedures can be summarized
as follows-

1. Recording

(1) Phase the telemetry string at the required telemetry
bandwidth setting.

(2) (Block III receiver only) With no signal applied to the
receiver, set the manual gain control (MGC) to corre-
spond to the predicted carrier level (for strong signal
conditions the actual recever input signal-to-noise ratio
should be simulated). Using a true reading rms volt-
meter terminated in 50 £, adjust the IF attenuator for
0 dBm {50 £) et the IF [inear output port.

(3) (Block III ieceiver only) With the IF attenuator set as
determined in step 2, adjust the video output for 5
dBm (50 £2) and connect to recorder mput termnated
in 50 £2.

(4) (Block IV receiver only) Attenuate the video output to
a level of 5 dBm (50 £2) and connect to recorder input
terminated 1n 50 £2.

2. Playback

(I} Using a true reading rins volimeter terminated in 50 ,
measure the recorder reproduce output level in dBm.
Call this level R,

(2) Let IV = either the telemetry noise bandwidth or twice
the recorder bandwidth, whichever is smaller, and
compute

- = +10log, . f,- 10log, = W
Nigg \¥y Jap -~ 71074 10
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where f o is the bit rate.

(3) Insert attenuvator between reproduce output and input
to SDA balanced modulator and compute setting A in_
dB as follows:

o N
A =4n _Ro +(7V')dB +28

Set the SDA step attenuator at 0 dB.

3. Test Procedures and Resulis

A sertes of baseband recording and playback tests using the
above procedures were conducted at CTA 21 using the Block
111 receiver and the following test procedure {sce Fig 2).

(1) Phase the telemetry string at the required telemetry
bandwidih setting using standard procedures

(2) With the Simulation Conversion Assembly (SCA} set
for the desired data, subcarrier and modulation index,
adjust the attenuator of the test transmitter for the
desired ST}, [V, using the Y-factor equipment.

(3) Record the bit error rate (BER) in the diie¢t *“10 MHz"
configuration and determine ST, /V, using the theoret-
ical bit error rate curve (this also verifies the Y-factor
setting of step 2).

(4) With the simulated data applied, adjust the IF attenu-
ator for a level of 0 dBm (50 £2) at the output of the
receiver IF amplifier and adjust the junction box
preceding the video amplifier for a level of 5dBm
(50 £2) at the output of the video amphfier.

(5) Record the output of the video amphfier and symul-
taneously monitor the BER using the record and
monitor configuration (output of the video amplifier
properly attenuated and connected to the input of the
SDA balanced modulator).

(6) Play back the data recotded in step 5 through an
attenuator connected to the SDA balanced modulator
input (playback configuration). Record the BER and
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determine ST,/N, using the theoretical bit error rate
curve. )

The results of these tests are tabulated in Tables 3 and 4.
The direct “10 MHz” configuration is the normal real-time
telemetry path whereas in the record and monitor configuration
one output of the receiver video amplifier (baseband subcarrier
+ data) is connected to the input of the SDA balanced
modulator and another to the recorder input. Comparing the
record and monitor with the playback column gives the
degradation due to the recorder alone. In some cases, the
record and monitor configuration gives a higher signal-to-noise
ratio than the direct “10 MIz” configuration. The probable
cause is phase misalignment in the real-time (direct “10 MHz”)
path but this has not been verified. It should also be pomnted
out that the degradation is a function of signal-to-noise ratio
with higher degradations expected at higher signal-to-nosse
ratios where the noise added by the recorder {both amplitude
and phase) is a larger fraction of the total system noise.

V. Conclusions

A procedure to insure successful baseband recording and
playback at signal-to-noise ratios (ST,/N,) approaching the
threshold of the telemetry system has been developed. This
procedure has been verified by extensive testing at CTA 21
and has been used for successful on-site playback of baseband
recordings made during the Viking mission (Refs. 3-6; see also
the article by G. Hamilton in this issue.) Theoretical analyses
of the approximate data degradation due to limitations in
bandwidth and phase linearity have been made. Since the tape
recorder bandwidth is directly proportional to tape speed, a
tradeoff must be made between allowable degradation and
tape usage. This tradeoff is complicated by the fact that very
little information on the recorder phase response 1s currently
available, although some data have been derived from pulse
response tests. Since the signal-to-noise ratio of the recorder is
normally much higher (>>20 dB) than the signal-to-noise ratio
of the data typically recorded, it is believed that practically all
of the data degradation is now due to limitations in bandwidth
and phase linearity.
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Table 2, Theoretical degradation versus highest subcarrier har-

Table 1. Theoretical degradation versus highest subcarrier € ! A
monic (N) and highest square-wave upper data harmonic (J) pre-

harmonic (N) preserved

served
N Pap .
. N J Pdm
1 -0.91
3 -0.45 1 1 -1.34
5 —0.30 1 3 -1.13
7 -0.22 1 5 -1.06
9 -0.18 3 1 -0.50
Table 3. CTA-21 Baseband recording and playback tests (Ampex FR 20002 A)
SNR (STbIN ., OT STS,"NO), dB Degradation, dB
Date Datta g‘;bf;l:ler ’{::11}2 2?:7;1)’ Record and
rate q v Direct “10 MHz” Monitor Playback Total Recorder
Direct {TLM)
11-11-75 16 kbitsfs (32,6)1 240 kHz 76.2 (30) 24 0.85 1.35
4.15 3.9 2.75 14 1.15
5.55 3.65 1.9
152.4 {60) 3.75' 3.15 0.6
304.8 (120) 3.75 345 0.3
9-23-75 16 kbitsfs (32,6) 240 kHz 76.2 (30) 345 3.75 2.7 1.05
152.4 (60) 3.75 1.75 2.0
304.8 (120) 3.8 2.7 1.1
8-7-75 64 bits/s (UC) 25.6 kHz 76.2 (30) 3.9 3.2 2.45 145 0.75
8-7-75 2048 bitsfs (UC) 26.624 kHz 76.2 (30) 5.2 4.4 3.8 1.4 T06
7-31-75 2048 bitsfs (UC) 26.624 kHz 76.2 (30) 3.9 3.3 2.25 1.65 1.05
7-28-75 64 bits/s (UC) 25.6 kHz 76.2 (30) 3.9 .25 1.1 2.8 1.4
7-28-75 64 bitsfs (UC) 102.4 kHz 76.2 (30) 2.9 1.7 1.2
7-9-75 64 bits/s (UC) 25.6 kHz 76.2 (30} 3.65° 265 0.7 2.95 1.95
7-9-75 16 kbats/s (UC) 240 kHz 152.4 (60} 54 4.95 4.5 0.9 045
7-8-75 64 bits/s (UC) 25.6 kHz 76.2 (30) 3.0 1.05 1.95

1(32,6) Block coded UC = Uncoded
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Table 4. CTA 21 baseband recording and playback tests (Honeywell 95)

SNR (STy/N, or ST IN ), dB

Degradation, dB

DPate Data Subcarrier Tape speed,
rate frequency, kHz cm/fs (in /s) Recorf:l and Playback Total Recorder
Monitor only
2-24-76 16 kbits/s (32,6)1 240 304.8 (120) 45 4.1 0.4
152.4 (60) 5.0 4.55 045
152 4 (60) 29 245 0.45
76 2 (30) 5 345 1.55
3-2-76 16 kbits/s (32,6) 240 152.4 (60) 425 3.45-3.75 0.8-0.5
76.2 (30) 4.25 3.05 12
76.2 (30) 4.3 295-3.15 1.35-1.15
3-23-76 16 kbuisfs (32,6) 240 152.4 (60) 435 4.05 03
360 152.4 (60) 43 3.65 0.65
33-1/3 bitsfs (UC) 24 38.1 (15) 6.75 5.85 0.9

1(32,6) Block coded UC = Uncoded
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Simulation of Time Series by Distorted Gaussian Processes

C. A. Greenhall
TDA Engineering Office

Distorted stationary gausstan processes can be used fo provide computer-generated
mitations of experimental time series. A method of analyzing a source time series and
svathesizing an umitation is shown, and an exaniple using X-band radiometer data is given

I. Motivation

The simulation techmque described here was motivated by
the problem of weather-induced degradation of X- and
K-band communication. A sequence of X-band noise tempera-
ture measurements is being gathered at Deep Space Station 13
(Goldstone): it is desired to use these data to study the effects
of weather fluctuations on space commuf}‘ication. One can, for
example, predict the percentage of time (out of a given
year-quarter, for example) that the noise temperature exceeds
a given level, but then no information about the variztion of
noise temperature with time is used. To study the effect of
these fluctuations, one would like to have typical samples of
noise temperature data to serve as inputs to communication
system models. Computer-generated pseudorandom synthetic
data have advantages over the real data, provided that the
synthetic data preserve essential features of the real data: Such
synthetic data can be controlled simply by changing param-
eters. As much (and only as much) data as needed can be
generated. It is free of the inevitable bugs that infect the
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data-gathering process (but see Sections V and VI). Moreover,
the synthetic data are more random than the original data, in
the sense that the original data, once gathered and plotted, are
kinown, whereas the exact course of the synthetic data is not.
To change the sample function entirely, one need only start
the program’s psendorandom-number generator at a different
place. As M. Easterling put 1t, the real data are never fypical. !

The noise temperature data are nowhere near gaussian.
(Fig. 1.) This makes them more difficult to simulate. They
motivate the search for a general-purpose simulation method,
one that can be used to imitate a wide variety of time series.
The method used here is: generate a stationary gaussian
process having certain correlations, and distort it by a
zero-memory nonlineanty so that the result has a desired
marginal distnbution. The probiem is how to choose the
correlations.

1 e
Private communication



Il. Ideas Leading to Present Method

We wish to produce a random process ¥, ¥, ... that in
some way unitates a source time series'yq, ¥3,..., V- Lhere
are two broad questions: -

(1) What statistical properties of the y; are to be
duplicated?

(2) What class of processes shall the ¥, belong to?

The answers to these two questions depend on each other,
of course. Let us start with some tentative answers: The
process (¥;) is stationary. Its marginal distribution function

P {Yi <y}
and a certain number of correlations

p (Y. Y t=1ton

agree with the sample distribution function and correlations of
the source series. This leads to another question: Is there a
stationary process having arbitrary prescribed marginal dis-
tribution function F (with finite second moment) and (non-
negative deflinite) correlation function A to A,? (Here, A, is
the correlation for lag r.) The answer is quickly no, for if the
distribution described by F 15 not symmetric about its mean?,

then there is a number A, = - 1 such that

min

for any 1andom vaiiables ¥, ¥, whose marginal distributions
are both F For such F, the A; cannot be allowed to get too
close to —1. Given F, then, there is a set Cr of permissible
correlation sequences (A,,..., A,}). However, it is unlikely,
perhaps even impossible, that the sample correlations of (v,)
fall outside Cp. for the sample distribution function F. So far,
the proposed answer to questions (1} and (2) seems feasible.

It is time to restrict the answer to (2) to a class of processes
that are easy to generate to order. We say that (¥} is a
stationary distoited gaussian process if, for some function g,

Y, =g (X)), )

where X |, X,, .. is a stationary standard {mean 0, variance
1) gaussian process. The function g can be chosen to give the

ZWe owe this observation to E. Rodermich.

Y; any desired marginal distribution function F. In fact, we
can take

f@=F@®), T @

where F~! is the (generalized) inverse of F, and @ 1s the
standard gaussian distribution function. Then g is nondecreas-
ing. There is an invertible function-A, such that the corre-
lations A, of the Y, are related to the correlations p, of the X; by

A=Ay (o) ®

{Ref. 1). The program now appears fo be: Given a distribution
function F and a correlation sequence (A;, ..., &,,)1n Cp, let

pr=/\g_i ), r=1lton (@)

Construct a stationary standard gaussian process (X;) with
correlations p, to p,,. Then the ¥ have the desired marginal F/
and correlations A,.

A program similar to this was carried out by Posner and
Zeigler (Ref. 2), using g (x) = |x| (not a monotonic function),
and specifying two nonnegative correlations A;, &,. They
noted that they had not proven that any (nonnegative) (A,
A,) in Cp (where F is the distribution function of a
“half-gaussian™) can be reached by Eq. (3), where p,, p, are
the cormelations of a gaussian process. This same question must
be asked of the general program above. Another way to put it
is” Given (A, ..., A,) in Cg, define (o,,...,0,) by Eq.(4),
and let p_, = p,. Is the sequence

PP L0y,

nonnegative definite? If 1t is not, the process (X,) does not
exist.

E. Rodemich found a counterexample that shows that the
program fails in general. Consider the three-point sample space
{1,2, 3}, with P{i}=1/3. Fori,= 1 to 3,let ¥; (w) =+/21f
@ =i, and ¥, (&) =-1/3/2 otherwise. Then Y, is standard, and
EYE-YJ- =-¥%if i . Suppose that X,, X,, and X are jointly
gaussian with standard marginals, and that g 1s a function such
that g (X,), £ (X,), g(X3) have the same marginals and
correlations as the Y,. Then with probability 1, g (X;) only
takes values /2 and -1/+/2, and

gXDtegX,)+e(X,)=0 (%
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Let. A = {x:g (x) = /2}. Then P {X;eA} = 1/3. The rank of
the distribution of (X, X,, X3) must be 1, for suppose, say,
that (X,, X,) had a density. Then P{X,c 4, X,e A} >0,
which is impossible, for 1f X takes a value in 4, then Eq. (5)
implies that X, does not. On the other hand, if the rank1s 1,
then X, = +X,, X3 =X, ; therefore at least two of the X are
equal, which is again impossible. The process (¥;) cannot be
simulated by a stationary distorted Gaussian process. Notice,
however, that we used a process instead of a time series for
this example. The finite time series

(AN 2,-1,-1,2,-1,-1,...,-1) (6)

won’t work for the example unless correlations are computed
cyclically, which we don’t want to do. We conjecture that the
sample distribution and correlations of any finite time series
cart be obtained by a stationary distorted Gaussian process.

For the time being, we are stepping around the problem,
instead of surmounting it. One can always specify the
correlations of a gaussian process, as long as they are
nonnegative definite. Therefore, let us take the source time
series (y;), measure 1ts sample distribution function F, and use
F to compress the y, into a tume series (x,) whose sample
distributton function 1s approximately &. In fact, let

x,=g ' )= (F@)) (M

Measure the sample correlations p, ..., g, of the x; These
will be nonnegative definite (f defined correctly), so a
gaussian process (X,} can be generated having these correla-
tions Finally, use Eq. (1) to expand the X; into a process (¥})
whose marginal distribution approximately equals the sample
distribution of the y;. Moreover, when (¥,) and (y,) are
compiessed by g~! to (X;) and (x;), respectively, the correla-
tions of the X; equal the sample correlations of the x;,. Note
that (X}) is a true gaussian piocess, wheteas the most that can
be said about the x, is that their sample distribution is
approximately gaussian.

lli. Analysis of Source Time Series

The sample distribution function of the source time seiies
Yi-- P is given by

F ()= (number of y; < y)IN.

A binsoit of the data will yield the values of F at the bin
boundaries If one agrees to inteipolate F linearly between the
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boundaries, then Eq. (7} vields a sequence {x;) whose sample
distribution function is a step-function approximation to @.
To make this approximation good, the jumps of F should be
small, and the bin boundaries close enough together to allow
hinear interpolation. In implementing Eq. (7), it is also a good
idea to truncate & ! at 4 and -4, say. This avoids the
possibility of the hmear interpolation producing grossly over-
size x, for those y; that are very close to the maximum bin
boundary.

One computes the sample mean, covariances, and correla-
tions of the x;:

p= QN 2%,

N-t
r,=(UN) 20 (- ) ey 1)

=1

,or=rr/r0, r=0ton

If the previous work was done well, p should be close to 0,
and r, to 1. The p, are guaranteed to be nonnegative definite.

The functions F and p serve as mputs to the synthesis
algonthm given in the next section.

IV. Synthesis of Artificial Time Series

We are given tabulated values of a distnbution function F,
and a sequence of correlations pg, p;, - - ., p,, where py = 1.
The main job is to generate a stationary standard gaussian
process. X, X, ... such that

EXX.I=,0I, f=0ton.

F &

Then the process ¥, Y, . . that we seek is given by

Y,=F @ (X)), ®)

where F7! is executed by linear inteipolation in the F-table.
Here is an algorithm that generates the X; as an autoregres-
sive scheme. Let Z,, Z,,... be a sequence of independent

standard gaussians. Execute the following steps in order:

Step 0. Set



Stepi i=1ton. Set

1
]=g—2 P, 1 Cics i=0toi-1

—-Eakck}, j=0toi-1
k=
c =1
H
-1
- E cin:r (9)
=0
Step i, i > n. Set
H-]
nZ: E n_: r n+j (10)

This algorithm constructs a lower triangular matrix C= (e, ")
and 2 nonnegative diagonal matrix G = diag (g, . . ., &,) such
that CRCT = G, where R = (p;_ ;s with p_; = p,_ The vectors
(a;) are the rows of C~1. -

The algorithm goes through 1f and only 1f R 1s nonnegative
definite and has rank » or n+1 Otherwise, the algorithm will
run nto a negative g,, in which case R is indefinite, orag,, =0
for some m < n, in which case R,,, = (psy- i 7= 0 tom) is
nonnegative definite and singular, and the full matrix R may
or may not be nonnegative definite.

The synthesis procedure has been realized m a documented
MBASIC program TSS (Time Series Synthesis).

V. Example

Figure 1 shows a plot of X-band nowise temperatuie
measurements made by a radiometer at the Goldstone DSCC
from Day 207 to Day 214 of 1976. The data have pre-
processed so that they represent noise temperatuie above
quiescent as seen at zenith. The data come once every two
minutes, but the plot samples them only once every 20
minutes. The gaps indicate missing data; the program that
computes correlations maintains the correct time relationships

among the rest of the data. The sharp negative peaks are
caused by equipment malfunction; nevertheless, for the
purpose of this excrcise, they were not excised.

Figure 2 shows five weeks worth of output of the Time
Series Synthesis program, whose inputs were the distribution
function and correlations obfained by the procedure of
Section III from the data of Fig. 1. Only the correlations
P20k min> £ = 1 to 13, were used; thus the order n of the
autoregression 15 13, and the output of the program reprasents
20-minute samples.

VI. Remarks

Comparing Figs. | and 2, we see that the synthesis program
does produce sharp irregular peaks resembling those of the
source data. The peaks of the synthetic data seem to be more
clumped together than those of the source data, and the quiet
periods of the synthetic data are noisier than those of the
source. The spurious negative peaks of the source cause
stiange-looking clumps of negative excursions in the synthetic
data. Obwviously, bad points should be removed when putting a
time series through the analysis procedure; alternatively, the
distribution function can be fixed before giving 1t to the
synthesis program.

Some objections to the technigue come to mind.

First, there 15 no objective critenion for accepiance of the
output of the synthesis program. It does have certain statistical
properties in common with the source time series, the ones it
was designed to have, but other than that, one can perhaps

only ask whether 1t “looks right.”

The second objection applies to radiometer data. The
important features of Fig. 1 are the large positive peaks, for
during these periods, X-band communication is considerably
degraded. This time series is severely compressed by Eq. {(7)
into a gaussian mold; the peaks.become insignificant and can
affect the coirelations of the compressed series only very little.
Most of the information in the correlations comes from the
uninteresting quiet periods. Yet, these correlations strongly
affect the peaks of the synthetic data. Perhaps this is why the
peaks of the synthetic data tend to come in clumps. Actually,
the peaks of the source data are probably caused by
phenomena {clouds or rain) that are independent of the
phenomena that cause the small fluctuations of the quiel
periods. We may be fooling ourselves 1if we treat these data as a
single time series.

Third, it has been objected that the compression-plus-

correlation technique requires that the source time series be
saved in case one wanfs to improve the distribution function
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and correlations by using additional source series. As an
iltustration, consider two source series ¥,,..., ¥y and
¥%s .- -, ¥y of the same length, which give rise to compressed
series (x;) and (x}), distribution functions F and F', and
correlations p and p'. The distribution function of the
combined source series is "' = (F + F")/2. One should use F"
{o compress ¥, . . . ,yN,y'l, e ,y;\r to a series

rn i

1] L
X sees Xy =GP —Xp isne, Xopne

Then the correlation function p” of the x;' would be
computed. However, this may not be necessary. The x; and x:.
series both have an approximately gaussian sample distribu-
tion; it seems reasonable to use the series

)=y xy —gap— X, .., X0)

in place of (x;) for computing the new correlations. If the
sample means and variances of (x,) and (x;) are close to 0 and
I, respectively, then the sample correlation of (x;") is close to

(p + p")/2. In this case, it is sufficient to save only F and p,
instead of the source series.

Finally, it must be admitted that the idea of computing
correlations after compressing is an expediency created to
dodge a difficult mathematical problem, the relationship
between marginals and correlations for nongaussian processes
and finite time series. In fact, the dodge itself may be illusory;
our “gaussian correlation” technique will not woik at all well
on the time series of Eq. (6). But this time series comes from
the very counterexample which we used as an excuse to go to
the gaussian correlation technique. Perhaps what we are really
dodging is the numerical evalvation of Ag‘1 in Eq. (4). More
mathematical effort is needed to clarify the situation. In the
meantime, the present method works in practice.

The conjecture that appears after (6) is false. Provided that
(6} 1s long enough, no stationary distorted gaussian process
with nondecreasing distortion function g can have the same
distribution and correlations as (6). This fact makes the
compression-plus-correlation technique more attractive, for we
can guarantee that the analysis and synthesis procedures can
be carried out, whatever the source time series (y;). However,
for pathological examples such as (6), the sample distribution
function of the compressed series (x;) will not be close to .
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Computer Modeling of a Regenerative Solar-Assisted
Rankine Power Cycle

F L. Lansing
DSN Engineering Section

Advanced solar-driven thermodynamue cveles for electric power generation are under
study for application of the DSN Energy Conservation Profect at Goldstone, California.
This article presents a detatled interpretation of the computer program that describes tie
performance of one of these cycles; namely, a regenerative Rankine power cycle. Water is
used as the working medim throughout the cycle. The solar energy collected at relatively
low temperature level presents 75 fo 80 % of the total heat demand and provides mainly
the latent heat of vaporization Another energy source at high temperature level super-
heats the steam and supplements the solar energy share. A program sunvnary and a
numerical example showing the sequence of computations are included, The outcome
from the model comprises line temperatures, pressures, component heat rates, specific
steam consumption, percentage of solar energy contribution, and the overall thermal

efficiency.

l. Introduction

One of the problems associated with the effort to convert
solar thermal energy to electric power via power cycles, is the
low conversion efficiency. Solar energy collected by low cost
flat plate collectors can nefficiently reach a temperature level
of about 100°C. Such a temperature makes the thermal-to-
mechanical energy conversion efficiency on the order of 10 %.
On the other hand, expensive solar concentrators (ranging
from 2 to 10 times the cost of {lat plate collectors) can achieve
much higher temperatures with a conversion efficiency in the
order of.20 %.

As a candidate solution to the efficiency versus cost
problem, several investigators (Refs. I, 2 and 3) have recently
studied an advanced solar-assisted Rankine cycle with two
regenerators. In this advanced cycle, solar energy is used as the

152

primary source of heat for supplying the laterit heat of
vaporization for the working fluid. Evaporation temperatures
consistent with the capability of low-cost solar collectors are
sufficient. This means that the evaporation temperature will
range from 90°C for flat plate collectors to 160°C for low
concentration ratio® types.

A thermal superheater utilizing a secondary source of
energy ai a high temperature level is added. The superheater
will supplement the solar energy share and will elevate the
maximum cycle temperature to that attained in commercial
power plants.

IThere are several definitions in the literature for this ratio. The
concentration ratio in this work refers to the ratio of the projected area
of the opening receiving the Sun rays to the projected area of the
absorbing tube(s).



The choice of the working fluid in this cycle is restridted to
water only. The chemical instability of other candidates of
organic working fluids prohibits their application at tempera-
tures above 300°C. Water is also a nonhazard material; it is
nontoxic, easily detectable and nonflammable. Moreover, the
latent heat of water is the largest quantity of energy compared
with liquid sensible heat or vapor superheat. This advantage
makes the superheat share supplied by the secondary energy
source small compared to the latent heat share contributed by
the Sun. The overall arrangement of the advanced cycle results
in a significantly higher thermal efficiency (about double) and
a reduction of collector size (about one half) compared with a
simple Rankine cycle without superheat that is 100 % powered
by solar energy.

Definitions of terms used appear at the end of this article,

Il. Thermodynamic Cycle

The system components and the states of the working fluid
are shown in the flow diagram (Fig. 1} on the iemperature
entropy diagram (Fig. 2) and the enthalpy-entropy (Moilier)
dizgram (Fig. 3). The advanced Rankine power cycle is
composed of the same simpleRankine cycle companents;
namely, a boiler, a superheater, 2 turbine, 2 condenser and a
pump, in addition to two extra heat exchangers; a vapor-vapor
regenerator and a vapor-liquid regenerator.

The cycle of events is described as follows. starting from
the condenser end as shown in Fig. [, the condensate (state 1)
as saturated water is pumped to state 2 from the condenser
pressure, P,, to the evaporation pressure, P,, in the boiler.
Prior to the boiler entrance section (state 3), the water passes
through the vaporliquid heat exchanger and picks up some
regenerative heat. In the solar powered bouer, the accumulated
solar eneigy provides the latent heat of vaporizalion at the
corresponding boiler pressure. A set of low-cost high-tempera-
ture flat-plate collectors or low-to-medium concentration ratio
types can be used as the boiler. The evaporation temperature,
f,, can vary from 90°C for flat-plaic types to 160°C for
medium concentration types. The evaporation pressure will
vary fiom 0.7 to 6 atm depending on the above collection
temperature. It is important to note that the cycle can also be
operated as a “waste-heat assisted” Rankine cycle by replacing
the low-level-temperature solar heat by any other source of
waste heat such as engine exhaust gases 1f available.

The dry and saturated water vapor (state 4), leaves the
boiler for the vapor-vapor heat exchanger where it is super-
heated with regenerative heat to state 5. The high temperature
superheater then follows to raise the maximum cycle tempera-
ture to around 600°C (state 6) where the heat is added by the

secondary source of energy. The fuel used in the superheater
cant be of any phase (solid, liquid, or gaseous) and it presents a
small fraction (20 to 25 %) of the total external heat added to
the cycle. -

Adiabalic expansion of the superheated steam in the
turbine will produce the mechanical work required. The
turhine exhaust steam (state 7), still at high temperature, is
used to supply the two regenerative heat quantities; in the
vapor-vapor heat exchanger to state 8 and in the vapor-liquid
heat exchanger to state 9. The only heat rejection process in
the cycle takes place in the condenser from state 9 to state 1
and the cycle is repeated.

The operational function of the two extra regenerators in
the cycle is to reduce the heat input without affecting the
network output. This function results in a large increase in the
thermal efficiency.

lll. Thermodynamic Properties
A. Enthalpy Scale

The enthalpy of water 1s calculated based on a reference
temperature of 0°C, ie., the enthalpy of saturated water at
0°C is O kealfkg. The following are expressions used to con-
struct the enthzlpy scale.

(1) By approximating the specific heat of water liquid in
the range of operating temperatures (up to 160°C) to
be 1 kcal/kg"C, the enthalpy of saturated water liquid
at °C is equal to

H,= 1, kealfkg (D

(2) The latent heat of evaporation expression for water in
kealfkg is

= - 3
H, =597.8- 0583 ¢ ®)

. - - =]
where ¢ is the saturation temperature in C, or

H

= 757.05- 05837 (3)

where T is the saturation temperature in K. The error
i both expressions, Eqgs. (2) and (3), is found to be
* 0.4 kealfkg
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(3) From Eags. (1) and {2), the enthalpy of saturated water
vapor at temperature £°C is given by

Hg =597.8 + 0.417 ¢, keal/kg (4
(4) The specific heat at constant pressure of superheated

steam can be expressed approximately by a linear rela-
tionship with the absolute temperature 7,

C=a+bT (53)

The mean specific heat value between temperatures
T\ and T, is determined from

=1
ClLa27(T, - Tl)f

Tl

P

CdT

or

(5b)

b
Cl,z—a+—2 (Tl +7,)

The values of ¢ and b f(;r steam at- atmospheric
pressure and in the temperature range from 400 to
1000 K, are calculated using Ref. 4, thus

a= 0.3‘924,' i{c'allkg K
(6)
-b=15X 1075, kealfkg K*

(5) The enthalpy of superheated steam at temperature £°C
and at a pressure equal to the saturation pressure of
steam at temperature £_"C 13

H, . =(5978+04171)+C,, (t- 1), keallkg (7)

1,15 (

where C, is the mean value of specific heat of the
superheated steam between temperatures r and z, as
determined by Eq. (5b).

B. Entropy Scale

Having established an en-thalpy scale, the enfropy scale can
be constructed by taking an entropy datum (s = 0) for satu-
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rated water liquid at 0°C (273.15.K). The following entropy
expressions are then made:

(1) With a liguid specific heat of 1 kcal/kg’C, the entropy
of saturated water liquid at T K is

T
Sp=In 57375 -

kealfkg®C 3

(2) Entropy of saturated steam at temperature ts°C (T,K)
is calculated using Egs. (3) and (8) as

Ts (757.05 - 0.583 Ts)
- ©

£

Sy=lnzm st

(3) Entropy of superheated steam at temperature TK and
at a pressure equal to-the saturation pressure of steam
at temperature 7 K is

iy
_ ar
'St,t:—Sg(ath)+ /CT
T

5

or by using Eq. (52)

) T, +(757.05—0.583 T)
ses” 27315 T

s

+alnTT-+b (T - TS)
$ (10)

where a, b are given by Eq. (6).

C. Saturation Pressure

The saturated water vapor pressure P in a millimeter of
mercury (mm Hg) corresponding to a saturation temperature
T K can be expressed by the formula

-4
1555 112414 X 10 } an

P =antilog [7.8553 - s



IV. Performance Calculations

To determine the thermodynamic properties of each state
and the rates of heat and work exchanged for each process in
the cycle, the following set of parameters should be given:

(1. Evaporation temperature in the boiler,
o

¢, C

e

Temperatures 4 2. Condensation temperature, tc°C

3. Maximum cycle temperature leaving the
\  superheater, 7,°C

("4, Isentropic efficiency of the feed water
pump, £

5. Isentropic efficiency of the turbine, £

Component T

Efficiency 3 6. Effectiveness of . the vapor-vapor heat

exchanger, £, ,

7. Effectiveness of the vapordiquid heat
. exchanger, F

As mentioned before, the evaporation temperature, ¢, may
vary. from 90°C to 160°C, according to the collector type The
condensation temperature, £, depends entlrely on the type of
cooling medium used. It vanes from 25°C (77°F) for water
cooled condensers to 40°C (104°F) fo: air-cooled ones. The
maximum cycle temperature, t, in Fig. 2 has a‘celling value
Emited by the phenomenon of creep and other metallurgical
effeg‘ts on mateuals subjected to high temperature. A design
value for the temperature r, should not exceéd 600°C
(1112°F) for a continuous safe operatmn

Regarding the load versus the steam flow-rate control
mechanism, the present study considers a “nozzle cut-off” in
the turbine that is actuated by the turbine speed. The “throt-
thng” control mechamsm, on the other hand, is not recom-
mended for its irreversibility and the associated changes in
cycle configuration. Therefore, the above set of input param-
eters will be kept unchanged during Ioad variations, and the
only expected variation is the steam flow 1ate.

Considering a umit mass (1 kg} of steam flowmng n the
cycle, the following is an ordered sequence of calculation
steps, which also presents the.computer program sequence

A. ‘CycIe Limiting Pressures

This 1s determned by using Eq. (11) and the temperatures
t, and ¢ for the pressures P and P, respectively.

B. Turbine Isentropic End Temperature

The turbine exit temperature in case of isentropic expan-
sion (state 7' on Figs. 2 and 3) has to be determined first
before applying the turbine isentropic efficiency E,. There
exist several approaches to solve for state 7', and all of them
allow for a trial-and-error procedure. Two of these approaches
are.

Approach 1: This assumes that the superheated steam fol-
lows the 1deal gas relations. Accordingly, in the isentropic
process from state 6 to state 7', the temperature T7r is deter-
mined from

T.,r P\Y - 1y
_ c
7 (%)

where y 15 the mean specific heat ratio between temperatures
’1‘6 and T7r. A first estimate of v can be taken as-1 - 3 for
superheated steam. The second corrected estimate of -y will be
calculated after calculating the temperature T, using Eq. (12),
and the mean specific heat at constant pressure C, . using
Eq. (5b). Usuaily, this approach converges very rapuﬂy to the
true temperature required, and erther one or two trials is
eénough for engineering purposes.,

Api)roach 2: In thi§ approach, the entropy of states 6 and
7" are set equal using Eq. (10). The temperature T, is then
found by trial and error as follows:

T T
_ e 757.05 B 6 —
S6—1n273.15+( T 0.583)+alnTe+b(T6 7} ‘
, T, {75705 Ty
S7 =In 2,},—313 + ( Tc - 0.583) + a]n——Tc + b (T7’ - Tc)

with the equality

_and dividing by @ for both sides, then

T T.T, )
I ¢ 75705 A
am_(Tc)ﬂn( 1 ) 7 (T T) b (7 -T,+7)

e

Lrismr, (13)
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By raising both sides of Eq. (13) to the base e, and rearranging
the terms, then

(14)

The values of 2 and b from Eq. (6) are substituted in Eq. (14)
to yield

| a5t
T = exp —_
7 1 1 (T6 +Tc' Te) 2616
exp|1929.3 [ - = }- ——2—%
(:r T) 2616

c €

(15)

The temperature T 1s found by substituting an initial
estimate of 7',s in the right-hand side of Eq. (15) and getting
the corrected value from the left-hand side of Eq. (15), and
repeating the procedure. The convergence of this approach is
also tapid but needs more than three trials, as will be shown
later in an example

C. Actual Turbine End-Temperature

The turbine 1sentropic efficiency E is defined as the ratio

_ actual turbine work  _ H,-H, N T~ T3
P isentropic turbine work H - H_s ~ T, -T,

(16)
since the expansion process lies entirely in the supeiheat
region, the above approximation simply means that the mean
value of specific heat for the isentropic and actual expansion
processes C rand C , are equal.

The actual turbine end temperature T , is then found from
Eq- (16) as

T, =T - E (T -T,) (17)
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D. Turbine Work

This is calculated from

Wp=Cy, (T~ T,) (18)

where C, . is the mean specific heat at constant pressure
between temperatures T, and T,.

E. Pump Work -

The pump work is usually very small compared with the
turbine work and 15 sometimes neglected in most Rankine
cycle analyses. However, it will be calculated in this program
to size the pump and the drving motor. The actual pump
work is given the enthalpy difference of states 1 and 2 as

W, =(H, - H)=@®,-P)

2
« 1 atm 1.033 kgefem“\f 1 0% o2
760 mm Hg 1 atm 2

m

|4
kcal 1
X {s==—— 1" —, kecal/ke (19)
(427 kgrm) E,
where V| is the specific volume of saturated water in m3/kg at
temperatute ¢, £, 15 the pump isentropic efficiency, and P,
and P are the evaporation and condenser pressures in mm Hg,

respectively. The specific volume V| is considered unifofm at
0.001 m®/kg and Eq. (19) is reduced to

- (P, - P)in mm Hg
P 31415E,

, kealfkg (20)

Also, the temperature of compressed liquid water leaving the
pump is taken as the condenser temperature for heat exchange
calculations

T =T =T 2D

F. Vapor-Vapor Heat Exchanger

This is the device that transfers heat to the superheated
steam from state 4 to state 5 by cooling the turbine exhaust
from state 7 to state 8. It 1s considered a “balanced” counter-
flow heat exchanger, since the two heat transfer fluids possess
the same heat capacity.



The temperature pattern cof each heat transfer flud is
represented by two straight lines as shown in Fig. 4. The
effectiveness expression E,,, is written as (Ref. 5)

F =T7_T3=T5_Te (22)
T, =T, T;-T,
from which the temperatures T, and T, are calculated.
T,=T,+E,, (T,-T,) (23)
Ty=T,-Ey T, T) (24)
G. Vapor-liquid Heat Exchanger
This heat exchanger acts as a “feed water heater” from

state 2 to state 3 by utilizing the exhaust steam leaving the
vapor-vapor heat exchanger. The temperature pattern is
sketched in Fig. 5. The heat exchanger 15 considered an
“unbalanced” counterflow type since the heat capacities of
the two heat transfer flmds are unequal. The effectiveness
expression K, is based on the minimum heat capacity fluid
(the vapor in this case) as

Ty - Tg) 2,3(7’3 -T)
By = (T “T) " C,,(T, - T

C (25)
Ca0
where Cpals the mean specific heat of liquid water in the
range of temperatures from T, to T, and C, , 15 that for
supetheated steam in the range of temperatures T to 7. By
taking C, ., as 1 kcal/kg’C, the temperatures Ty and Ty ate
then writtén as

Te=Tg - Ly, Tg-T) (26)
T3 = Tc + CS,Q . (TS - TC) . EVL 27

In the computer model, the ceiling value of the temperature
T, is assigned the evaporation temperature 7,. This means
that if the temperature 7', when computed from Eq.(27),
exceeds the temperature T then T, will be set equal to 7, as
a maximum value. The enthalpy Hy 1s calculated using Eq. (1).

H. Cycle Performance

The cycle performance charactenstics and heat rates are
determined as follows-

(1) The heat supplied by solar energy
Q. =H,-H))
0, =(5978 +0417¢,) - ty
or

Q0 =(757.05+0417 T, ~ T,) (28)

(2) The heat supplied by the external fuel for superheat
ex - (H6 - HS)
Qex = C5,6(T6 N Tﬁ) (29)

where € . is the mean specific heat between states 5 and 6 as
determmed from Eq. (5).

(3} Total heat added to the cycle
Qudd = Qs t Qex
(4) The percentage of fuel heat added to total heat added

7\s = Qs/Qadd

(5) Net work done per unit mass of steam

Vot = ¥y = W)

(6) Rankine thermal efficiency

_ W et

IV =
Qadd

rankme

(7 Specific Stream Caonsumption (S8C)

Tlus is the amount of steam rate 1 kg/hr necessary to
produce a net one horsepower output.

632
I

net

S8C =

» - kgfhp hr
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(8) Carnot efficiency based on the cycle minimum and
maximum temperatures T, and T

Tc
ECamot =1 ?6‘

(9) Relative efficiency which measures the deviation from
the ideal cycle )

E

relative Erankine‘l Ecarnot

V. Summary of Program Steps

The following is an ordered list of the program sequence
with the necessary repetitive or conditional commands.

A. Input Data
A.l. Input temperatures

A.1.1 Evaporation temperature, ¢, °C
A.1.2 Condenser temperature, £, °C
A.1.3 Maximum superheat temperature, £, °C
A.2. Input component efficiencj‘;
" A.2.1 Pump isentropic efficiency, Ep'
A.2.2 Turbine isentropic efficiency, £,
A23 Vapor—vapo.r heat exchanger effectiveness, £,

A.2.4 Vaporliquid heat exchanger effe_ctiveness,' E,

B. Pressure Calculations

Bl T,=1,+273.15
T, =t +273.15

T, =t,+27315

B.2 P, =antilog [7.8553 _ 1555 11.2414] e

Te (1,100

B3 P, = antilog [7.8553 _ 1555 11.2414 ] o

T. - (7,100
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E-2)
B4 W, —m , kealfks

Next, either one of the following two approaches should be
used to determine the isentropic turbine-end temperature.

C. Approach 1, by Ideal Gas Relations

C.1 Initiate a DO LOOP COMMAND
C.2 Set an initial value for 7(0) = 1.30 or an initial value

for the parameter X = y ~ 1y ie., X(0) = 0.2308
(based on (%) =1.3)

Pc X
C.3 T7r=T6—j,— , K

e

= -5 .
c4 CG,?' =0.3924+7.5X 10 (Tﬁ + T,,f) , kealfkg K

_0.11024
C5 x==5—=

[This is an updated value for X]
6,7 .

[The gas constant for superheated steam = 0.11024
keal/kg K]

C.6 GO TO STEP C.3. Either repeat the procedure three
or four times only since the convergence is rapid, or
repeat until two consecutive values of X differ by a
preassigned error.

C.7 Exit from the loop with the final value of T,

D. Approach 2, by Equating the Entropy
D.1 Initiate a DO LOOP COMMAND

D.2 Set an initial value of T7r. This could be taken as Ts’

te., T, =1,
(Te) 1.54-842
Tﬁ 4

. - r.+T -T
1 1 ] c e
exp [1929.3 (Tc it —e) - ( 2616 )]

Ty
W ST

This is an updated value of T,

D-..]

D3 T, =



D.4 GO TO STEP D.3. Either repeat the procedufe six or
severl times or repeat until two consecutive values of
T, differ by a preassigned error.

D.5 Exit from the loop with the final value of T

E: Heat Exchangers and Cycle Performance

Having calculated T+ by either approach (1) or (2}, then
El T,=T,-E.(T,-T,) ,K

E.2 Conditional command: IF 'I‘7 < T, STOP ELSE
proceed.

E3 C,,=03924+7.5X 1075 (T, +T,) , keal/kgK
E4 W,.=Cy,(T,-T,) , kealfkg

E5 T,=T,+E,, (T,- T),K

E6 Tg=T, ~E,, (T,- T),K

E7 Ty,=Ty-E,, (T,-T).K

E8 Cy,=03924+75X 107 (T, + T) , keal/kgK

E9 T,=T,+Cy, "By (T,- T),K

E.10 Conditional Command. IF T, > T, THEN assign T’

= T, ELSE proceed

E.11 Qs =757.05+ 0417 Te - T3 , kealfkg
E12Q,.=03924(T, - T,)+15
X 1075 (72 - 72), keal/kg

E13Q,,,=C,+0,, » kealfkg

5

E14 = 5
a

EIS5W = Wo.-W,, kealfkg

1

E.16 Erankine = wnet/Qadd

EI7E

carnot

=1-(TJT,)

EI18E

relative

E

rankine'

IE

carnot

632
W

net

E.i9 8SC= , kgf/hp hr

VL. Example of Calculations

The following numerical example is given to show the rela-
tive weight of each property involved in the calculations and to
identify the order of execution steps.

A. Input Temperatures

t, =90°C, evaporation temperature
L= 40°C, condenser temperature

t, = 600°C, maximum cycle temperature

B. Input Component Efficiencies

E,= 0.60, for the-pump
ET =0.75, for the turbme
£y, = 0.80, for the vapor-vapor heat exchanger

E,,; =0.80, for the vapor-liquid heat exchanger

C. Program Steps

T,=363.15K
T,=313.15K
T, =873.15K
P,=52591, mm Hg

Pc =55.37, mim Hg

Wp =0.025, kealfkg
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D. If Approach 1 Is Selected, Then

X% = 0.2308

T, 1) = 519.34K

Cg ") =04968  keallkgK
X =0.2219

T,/ =529.87K

Cs

/%) =0.4976
X =02215

7 =53029K

3) =
¢, 1 =04976

3

X3 =0.2215

Final temperature T,» = 530.29 K

E. If Approach 2 Is Selected, Then

o
T, =644 1140 exp (m)
7,49 =873.15
7,1 = 46132
7@ = 539.98
7./ = 52398
T, =527.20
7,4%) = 526.55

7,8 = 526.68

7,7 = 526 65

Final temperature T7:(8) =526.66 K

160

The error between the two approaches is negligible in the
final answers. Let us complete the program steps as if
Approach 1 was chosen.

T,=61600K, T,>T,
Cy.5 =0.5041, keal/kg K
W.=129.63, keal/kg
T,=56543K
T,=413.72K
T,=33326K

Cy o = 04484, keal/kg®C
T,=349.21K

Note T, <T,

Q, = 559.27, kealfkg
Q,, = 153.95, kealfkg
Q,4q = 713.22, keal/kg

?\S = (0.7841 i.e., 78.41% solar
21.59% fuel

W o = 129.605, keal/kg

ne

E e =0-1817 e, 18.17%
E, .. =06414 64 14%

E =0:2833

relative
SSC =4.8764, kg/hp hr

A short compute: program was written based on the above
sequence of cycle calculations. Several runs were made with
the condenser temperature and the evaporator temperatuie as
parameters, keeping the component efficiencies and the
maximum cycle temperature fixed. The results are plotted in
Figs 6 and 7 to form a performance map to help the system



designer. Figure 6 shows that the thermal efficiency increases
rapidly by increasing the evaporation temperature in. this low
range of working temperatures and results in a little decrease
in the solar share A_. A variation of A, from 80 to 75 % occurs
when the evaporation temperature changes from 80°C to
130°C at a condenser temperature of 40°C and the efficiency
rises from 16 to about 24%.

The component efficiencies were arbitrarily selected to be
as close as possible to practical values. The specific steam

consumption plot in Fig. 7 was added in the analysis for sizing
the components, steam and water lines for a given power
output. A small value of the specific steam consumption, will
result in lower equipment, operation, and maintenance cost.
On the other hand, small values of specific steam consumption
lie in the regron of high theimal efficiency and small solar
share resulting in more dependence on external fuel heat. A
tradeoff would then have to be made for the selection of the
optimum design point that solves the thermal efficiency versus
operation costs problem.

‘Definition of Terms

ab  specific heat constants

C specific heat at constant pressure, keal/kg"C
E, pump jsentropic efficiency

E, turbine isentropic efficiency

EVL vapor-liquid heat exchanger effectiveness
EVV vapor-vapor heat exchanger effectiveness

H specific enthalpy, kcal/ke

P pressure, mm Hg

o heat rate

S entropy, kealfkg K

SSC  specific steam consumption, kg/hp hr

¢ temperature, °C

T absolute temperature, K
W mechanical work, kcalfkg

A, percentage of solar heat to total heat added

Subscripts
¢ condenser
e evaporation

ex exira for superheat
f - hiquid phase
£ gas phase

5 solar share
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Fig. 1. Flow diagram of the solar-assisted regenerative Rankine cycle
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Fig. 2. Temperature entropy diagram for steam showing
the states of the regenerative Rankine cycle (not to scale)
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Fig. 3. Enphalpy-entropy (Mollier) diagram for steam showing the states of the
regenerative Rankine cycle (not to scale)
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Precision Insolation Measurement Under Field Conditions

M. S. Reid and R. A. Gardner

Radio Frequency and Microwave Subsystems Section

C. M. Berdahl

Instrumentation Section

A solar energy instrumentation project was started at Goldstone to support the DSN
energy conservation project. The objective is to help provide an adequate technological
foundation for supporting a solar energy based facilities design at Goldstone, The lack of
historical records of insolation for the Goldstone area required that a program of
instrumentation development and solar data recording be started as quickly as possible.
Prior NASA-supported work at the Jet Propulsion Laboratory hed resulied in the
development of a primary absolute cavity radiometer (PACRAD), which was recently
accepted as an international standard of irradiance. This report discusses the development
of an all-weather, field-worthy solar radiometer based on the PACRAD, a::d describes its
calibration stability over a two-year period in the field.

I. Introduction

A solar energy instrumentation project was started at
Goldstone to support the DSN energy conservation project.
The objective is to help provide an adequate technological
foundation for supporting a solar energy based facilities design
at Goldstone. The lack of accurate historical records of
insolation (Ref. 1) for the Goldstone area required that a
program of instrumentation development and solar data
recording be started as quickly as possible.

At the time the solar energy instrumentation project (which
has been described elsewhere (Refs.2 and 3) was started in
1973, no high-precision, field-worthy instrument was available
for unattended insolation survey work. Prior NASA-supported
work under a different program at the Jet Propulsion
Laboratory (JPL) had resulted in the development of a

primary absolute cavity radiometer (PACRAD), which was
recently accepied as an international standard of irradiance.
This report discusses the development of an all-weather,
field-worthy solar radiometer based on the PACRAD, and
describes its calibration stability over a two-year period in the
field. This work was completed by 1 October 1976.

II. An Absolute Calibrat_ion Standard

In the md-1960s, an anomaly in the equilibrium tempera-
ture of spacecraft in flight,- from that which was predicted
from solar simulation testing, encouraged instrumentation
engineers at JPL to investigate the validity of wradiance
measurements with respect to the absolute scale of energy.
Instruments that were used to measure synthesized solar
irradiance were scaled to agree with the Internationat Pyrhelio-
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metric Scale (I.P.S.). This scale was recommended by the
International Radiation Conference in Davos, Switzerland, in
1956 and referred to the Angstrom Pyrheliometer maintained
at the World Radiation Center in Pavos. Although the
Angstrom mstrument was originally intended to represent the
absolute scale of units, it has been used only in a relative
reference capacity to achieve agreement of radiometric meas-
urements made throughout the world.

In the later 1960s a standard absolute cavity radiometer
was developed for solar simulated irradiance measurement
(Ref. 4). This instrument is a primary standard since its
calibration depends only on dimensions, arrangement of
components, and electrical measurements. Sensor absorptivity
was enhanced by using a cavity receptor that greatly decreased
the measurement uncertainty over previously built instru-
ments. Proof of measurement accuracy has been ascertained
experimentally by 1ts use in ‘the determination of the
Stephan-Bolizmann constant, and verified by the accuracy
with which spacecraft equilibrium temperatures may now be
determined prior to flight (Ref. 4).

Modification of the standard absolute cavity radiometer
with a view hmiting aperture provided an instrument for
measuring direct normal incidence solar irradiance (Ref. 5).
This instrument, the primary absolute cavity radiometer
(PACRAD) was compared with the Angstrom LP.S. in Davos
and found to give readings in the order of two percent higher.
The same instrument, the PACRAD III, was used in Interna-
tional Pyrheliometric Comparisons (LP.C.) at Davos in 1970
and 1975 (Ref. 6). Because of its extreme stability and the
agreement with similar cavity type instruments, it was recom-
mended and accepted as an international reference for the
absolute scale of units. The PACRAD has a windowless black
cavity receptor mounted in a massive heatsink, and has equal
sensifivity to ultraviolet, visible, and infrared radiation. The
incoming radiation is absorbed and converted into heat that
flows through a metallic theimal resistor to the massive
heatsink to produce a temperature difference of about one
Kelvin. This difference is measuied by a thermopile. A totally
enclosed eiectric heater winding serves as a source of cavity
heating accurately equivalent to radiation heating, and pro-
vides a built-in means of calibration. There is no temperature
to control or measure, By measuring the voltage and current to
the heater, a known amount of equivalent power is applied to
the cavity. Thermopile output 1s measured to give an accurate
- cabibration of the radiometer. The design, which includes a
compensating cavity and thermal resistor, minimizes all
unwanted heat transfers. The view-limiting aperture is norm-
ally set to 5-deg total angle, but can be opened to a maximum
of-15-deg total angle or greater, depending on the desned use.
The PACRAD has been described in detail elsewhere (Ref. 5),
and is shown in Fig. 1.
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Hl. An All-Weather, Field-Worthy
Radiometer

The PACRAD 1, and other copies of it that have recently
been built, are primary standards of reference. They are used
in intercomparisons for absolute calibrations and are not
suitable for extended field operations. Further instrument
development work began in 1973 in response to the require-
ments of a solar energy based facility design study at the
Goldstone Deep Space Communications Complex (GDSCC), as
described above (Refs.3 and 7). The lack of precision
historical insolation data clearly pointed to the need for an
accurate and stable field instrument. The result of this
instrument research was the development of an all-weather,
field-worthy version of. the PACRAD. This field insirument,

-designated the Kendall Radiometer System Mark 3, is identical

to the PACRAD except for a modification to ensure all-
weather operation.

The Mark 3 radiometer has a flat quartz window to seal the
cavity aperture and is dry nitrogen filled to avoid dew
formation on the glass. The instrument is mounted on a
continuously tracking mount and the view angle has been
opened to 15 deg to permit reasonable tracking errors. The
quartz window adds approximately 7-percent attenuation that
is not present in the PACRAD, but this has been compensated
for. Two Mark 3 radiometers have been in service side by side
at GDSCC for over two years and are continuing to provide
data that are within plus and minus one percent of the
absolute value. The Mark3 radiometers, both with and
without their quartz windows, were extenstvely calibrated
against the PACRAD II prior to installation in the field.
Figures 2 and 3 are photographs of the Kendall Radiometer
Systermn Mark 3.

IV. Stability Analysis of the Mark 3
Systems

Two Mark 3 systems and several commercial pyranometers
were installed at GDSCC in mid-1974. The objectives are to
initiate and operate a solar {and meteorological, including
wind) measurement program at GDSCC using high-precision
instrumentation and to archive the data on magnetic tape
(Ref. 3). Further objectives are to combine these data into a
mathematical model of solar energy for the GDSCC (Mojave
Desert) area (Ref. 7), and to test the long-term stability and
accuracy of the Kendall Radiometer System Mark 3.

Normal incidence pyrheliometer data from the Mark 3
systems have been collected on magnetic tape for approxi-
mately two years. During this time the Mark 3s were operated
continuously and were subjected to ambient temperatures



ranging from ~7.5°C to 48°C, and rain, snow, wind, and dust.
Declination settings were manually adjusted approximately
once per week, at which times the quartz windows were
cleaned, if necessary.

On 28 April 1976 one of the GDSCC Mark 3 systems (serial
number 6) was taken to the Table Mountain {(TM) facility for
calibration against an absclute standard. The TM facility has
been used since 1923 as an optical calibration and operational
site because of its high altitude and stable and clear atmo-
sphere. The absolute reference standard was a commercially
built instrument® equivalent to the PACRAD. The outputs
from the Mark 3 serial number 6 and the absolute mstrument
were fed info an automatic data acquisition system that
recorded one simultaneous data set every 30 seconds. Several
data sets of measurements and calibrations, of varying lengths
up to 20 minutes, were recorded around solar noon. Zero
calibiation runs were made by covering the instruments with
shielded black bodies, and the data system was calibrated by
electrically short-circuiting the output terminals of the instru-
ments. The detals of the calibration method have been
described elsewhere (Ref.5). Data from the initial settings
show that the two instruments’ outputs differ by less than 0.5
percent. The Mark 3 system recorded the higher output. This
mught be explained by the differing view angles of the two
instruments — 15 deg and 5 deg. The Mark 3"s 15-deg view
angle may have detected some additional circumsolar radiation
that was not in the 5-deg view angle. Circumsolar radiation was
not sepaiately measured.

After the calibrations at the TM station were complete, the
calibration factor of the Mark 3 seiial number 6-wasadjusted
to comcide with the absolute insttument. It was then retuined
to the GDSCC station, where it agreed with the second Mark 3
(serial number 1) within 0.5 percent.

On 16 September 1976 a standard cahibration instrument,
the PACRAD II, was taken to the GDSCC station. Both

*Built by Technical Measurements Inc., under license from the
California Institute of Technology.

Mark 3 radiometers (serial numbers 1 and 6) were calibrated
against the PACRAD in good weather using the same
techniques as described above. The results of these intercom-
parisons showed that both Mark 3 instruments were within 0.5
percent of the PACRAD IL

Both the absolute calibration standards used in these
intercomparisons are continuvally compared with the
PACRAD, which was present at Davos in 1970 and 1975; they
are, therefore, both traceable to IPC IV (1975). Two Kendall
Radiometer Systems Mark 3 have therefore demonstrated
stability of calibration to 0.5 percent for over two years in the
field.

V. Data Bank

The data from the two Mark 3 pyrheliometers and several
commeicial pyranometers, together with conventional ground-
level meteorological data, aie fed mto a data acquisition
system for recording on magnetic tape. One data set is
recorded every two minutes, the value of the parameters bemg
the average over two minutes. This data bank is therefore
accumulating insolation records typical of the Mojave Desert
area and calibrated to the International Standard,

VI. Conclusions

The Mark 3 Kendall Radiometer System is an all-weather
insolation radiometer that has demonstrated extraordinary
stability in severe environments over an extended period of
time. The instrument may therefore be considered a transfer
standard as well as a field-worthy radiometer of umique
precision and accuracy. A simple improvement to the tracking
system would eliminate the need for weekly manual declina-
tion adjustments. Experience with these instruments has
shown that the 15-deg view angle could be reduced consider-
ably withoutf compromising the tracking accuracy.
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Fig. 1. Primary absolute cavity radiometer
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Fig. 2. Kendall Radiometer System Mark 3, closeup view
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Fig. 3. Kendall Radiometer System Mark 3, overall view
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Implementation of a Maximum Likelihood Convolutional
Decoder in the DSN

M. E. Alberda
DSN Data Systems Section

The DSN is implementing a high data rate convolutional decoder capability for mission
support starting in 1977. This article describes the development status of this decoder and
the factors which were considered in defining the specific functional requirements. The
design is discussed to the block diagram level. A description of the cztailed design is
provided, along with a description of the test software developed and a brief summary of
the performance evaluation testing completed so far.

l. Introduction

Beginning in late 1976, a new telemetry convolutional
decoding capability will be implemented throughout the Deep
Space Network (DSN) at the nine Deep Space Stations (DSSs),

in response to data system requirements specified for support-

ing the Mariner Jupiter-Saturn (MJS’77) flight project. This
new decoder, called the Maximum Likelihood Convolutional
Decoder (MCD), utilizes the Viterbi decoding algorithm, and
operates on short constraint length (K =7) convolutional
codes, providing a coding gain of about 5 dB (over uncoded
data), at data rates from 10 to 250,000 bits per second. This
maximum rate is significantly higher than the maximum
convolutional coded data rate of 2048 bits per second
presently available throughout the DSN, using sequential
decoding and the Fano algorithm, as implemented in the Data
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Decoder Assembly (DDA). Maximum likelihood decoding
allows higher data rates because a large part of the required
computations can be performed in parallel.

The MCD is a special-purpose digital computing device
which decodes in real-time, high-rate, short-constraint length
convolutionally encoded data received from a spacecraft at a
DSS. It operates as a component within the DSS Telemetry
Subsystem, receiving coded, quantized symbols from a Symbol
Synchronizer Assembly (SSA) and outputting decoded data to
the Telemetry Processor Assembly (TPA). The TPA formats
and outputs this data stream to the Mission Control Center via
the Ground Communication Subsystem. The TPA controls and
monitors the operation of the MCD, as well as receiving its
decoded data.




i
Il. Specific Functibnal Requirements

. The selection of the required codes and code rates,
maximum data rate, and system interconnections was com-
pleted very early in the overall effort (Ref.1). Alternate
symbol inversion was an added requirement imposed during
the development phase to assure adequate symbol transition
density.

The salient functional requirements defined for the MCD,
and the factors used in their selection, are discussed briefly
below.

A. Codes and Code Rates

1. Short constraint length (K = 7). Provides simplified
encoder design, adequate decoding performance and reason-
able computational load (proportional to 2X),

2. Transparent codes. Piovide nunimum length initializa-
tion interval (called node synchromzation or proper giouping
of incoming symbols into pairs, for code rate 1f2, or triplets
for code rate 1/3).

Transparency ndicates that either mmverted or non-inverted
input symbols are acceptable and produce correspondingly
inverted or non-inverted decoded data.

3. Code rates 1/2 and 1/3. Both rates are provided, 1/2 to
satisfy a current flight project requirement and 1/3 to provide
growth capability for future requirements. (Rate 1f3 offers
about a 0.3-dB improvement over rate 12, but at the expense
of reduced data rate, for a given symbol rate.)

B. Maximum Data Rate—250 kilobits/second

Selected to be roughly double the existing SSA maximum
symbol 1ate capability, to provide for future SSA raie
mcreases, if required.

C. Decoder Bit Error Rate

Provides current state-of-the-art performance capability, as
tabulated below.

But exror rate Code 7-1/2 Code 7-1/3
Ep/Np, dB E Ny, dB
10:2 50 »
l0—5 3.8 35
10—5 4.5 42
2 52 49

D. Built-ln Hardware Self-Test

Provides a rapid passffail check of decoder operability, for
both code rates. .

E. System interfaces ) ~

1. Symbol inputs. Received from the Symbel Synchronizer
Assermbly (SSA), in the form of 5-bit parallel binary numbers
(quantized to 1 of 8 levels).

2. Data output and control. The MCD communicates with
the TPA via builtin circuitry that satisfied the JPL standard
14-line interface requirement (as defined per Ref. 2), recetving
mode commands from the TPA, and sending interleaved status
and data bytes (8 bits per byte) to the TPA.

lll. Detailed Design Description

A brief summary of the design is presented as follows. A
detailed design description is provided in the MCD Instruction
Manual (Ref. 3).

A. System Interfaces (see Fig. 1)

A block diagram of the MCD system interconnections is
shown in Fig. 1, with the mnterfaces as previously mentioned.

B. Input/Qutput Section (see Fig. 2)

The following subsections are piovided:
(1) Symbol nput receivers and converter, for SSA inputs.
(2) Data cutput register and drivers, to DDA.

(3) Standard nterface receivers, drivers, registers and con-
trol logic provided for TPA communication.

C. Decoder Section (see Fig. 3)

1. Input processor. Generates the branch metric values
associated with the allowable branches through the decoder
trellis diagram, There are 128 allowable branches for each
input symbol pair (code rate 1/2). The lower the branch
metric value, the better is the correlation between the possible
branch and the quantized symbol pair 1eceived.

2. Arithmetic processor and state mefric memory. The
anthmetic processor, operating with the state metric memeory,
updates each of the 25-1, or 64, decoder states for each
symbol pair receved, by adding the appropriate branch metric
values to the previously computed and stored state metric
values, and then storing the better (or lesse1) of the two sums
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as the new state metric value. This is equivalent to selecting
and storing the most likely of the two possible branches for
entering each decoder state.

3, Path memory. For each state, a path history consisting
of the most recent 64 bits that define the best path leading to
that state is also stored in the path memory. It is the oldest
path bit, of the state with the lowest accumulated state metric
value, that is the decoded data bit output by the decoder after
each symbol pair is received.

4. Node synchronization. The node synchronization cir-
cuitry performs the {unction of properly grouping the incom-
ing symbols into paus (code rate 1/2). It does this by grouping
so that all state metric values build up at the slower of {wo
rates, as detected by the rate of the state metric normalization
counter. All state metrics are nommalized by subtiracting a
fixed constant from each metric whenever all metrics are
above a certain threshold vaiue. This normalization rate 1s an
indicator of the quality of input symbols, or symbol error rate,
being input to the MCD, and also roughly indicates decoder
output bit error rate (BER). This rate is output from the MCD
as a 4-bit number, within the 8-bit status byte.

D. Self-Test Section (see Fig. 4)

Whenever the MCD is commanded to enter the self-test
mode, 4 procedure consisting of three phases is automatically
performed. The first phase consists of initializing and/or
clearing all control, state metric, and path memory values to
predetermined values. In the next two phases the decoder
operates in its notmal decoding manner, utilizing sumulated
input symbols derved from a self-contained PN sequence
generator. The number of decoded 1°s is counted during these
two phases, (one phase for code rate 1/2, and one phase for
code rate 1/3), and the total at the end of the test is compared
with a prestored value. This value is known because the PN
sequence is random but exactly repeatable. A status bit is set
at the end of the test, indicating the result of the test.

E. Physical Characteristics

(1) Size: rack-mounted unit, 13.3 ¢m (5-1/4 inches) high,
37.5 cm (14-3/4 inches) deep, 48.3 cm (29 inches)
wide.

(2) Weight: 6.7 kg (14-3/4 1b).

(3) Power consumption. 100 watts (max), 120 Vac

(+10%).

(4) Operating temperature (ambient): 13°-38°C (55°-
100°F). . ’
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(5) Cooling: self contained internal fan.

(6) Reliability: computed mean time between failures
(MTBF) greater than 8000 hours, using MIL-HDBK-
217B, based on a total IC count of 154 units, all of
MIL-STD 883 Level B quality.

(7) Operating life: 10 years minimum.

IV. Testing and Evaluation

A. Acceptance Testing

A typical acceptance test data sheet is shown as Fig. 5.

B. Test Software

1. MCD Test Program. This program was developed during
the same time span as that allotted for the prototype MCD
development, using the MCD simulator as a tool for program
checkout. Using this parallel approach, the program was
almost totally checked out and operable at the time that the .
prototype unit was delivered.

The program resides in the TPA. Its primary functions are:

(1) To evaluate and verify the modes of MCD operation,
including self-rest and operate, for both code rates.

(2) To vahdate all modes of communication between the
MCD and TPA, including interleaved commands, status,
and data transfers.

(3) To monitor and report on MCD status, including
validation of both types of MCD status outputs
(responses to read status commands from the TPA, and
also seif-generated status outputs whenever an MCD
mternal sync change occurs in response to a high
normalization rate condition).

In order to accomplish these functions, the piogram
performs the following sequence of operations.

(1) Commands the MCD to the operate and then to the
self-fest modes.

(2) Receives and stores about 4000 bits of the PN sequence
received from the MCD during self fest.

(3) Examines the stored data sequence to find the frame
sync reference (127 consecutive 0’s), and then com-
pares each bit following frame sync with a stored
reference pattern.



(4) Monitors and evaluates both types of MCD status
outputs. ’

{5) Outputs pass/fail messages to the Terminet at the end
of the test.

This program is intended to be used as a convenient tool for
performing a rapid GO-NO GO test to verify the operational
readiness of the MCD and its operation with the TPA. It is
used both at JPL and at the DSN integration contractor
{Univac) for this purpose.

2. MCD Performance Evaluation Program (MCDPEP), This
program was developed early m 1976 to support extensive
performance evaluations of the MCD, while operating within a
typical telemetry string (Receiver-Subcarrier Demodulator-
SSA-MCD-TPA), with simulated encoded data provided from
the Simulation Conversion Assembly (SCA). These tests were
performed at the JPL Compatibility- Test Area (CTA 21) and
the results were evalvated using a companion data reduction
program called MCD DAP (Data Analysis Program). This latter
program was used to compute and output MCD burst error
statistics as well as error-free run length and other performance
statistics, including BER versus input symbol error rate (SER).

Extensive testing was done at CTA 21 to evaluate many
different combinaiions of data rates (from 115.2 to 44.8

kilobits per second), with the Block 4 Receiver operating in
both S- and X-band modes, at various signal levels (E/N,) and
Receiver and Subcarrier Demodulator bandwidth settings. The
results obtained are in close agreement with the nominal MCD
bit error rate performance. These results are summarized in
Ref. 4.

C. Other MCD Testing

Late in 1975.a production MCD was provided to the JPL
Spacecraft Telecommunications Systems Section where exten-
sive MCD performance evaluation tests were performed in the
Telemetry Development Laborﬁtory, with the MCD operating
with a Receiver-Subcarrier Demodulator-SSA.

The results of these lesls were entirely satisfactory, with
the MCD meeting (or exceeding) the BER performance
requirements specified in the TRD.

V. Conclusion

The entire-MCD development effort has proceeded in an
orderly and satisfactory manner, with relatively few changes of
any kind requirec, and has closely followed all aspects of the
original development plan including cost, delivery schedule,
and meeting of performance requirements,
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J1 6-bit DATA
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Fig. 1. MCD system block diagram
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STATUS REQUEST 1/

Fig. 2. MCD input/output section block diagram
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Fig. 3. MCD decoder block diagram
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Fig. 4. MCD self-test block diagram
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TESTIHG DATE

10NOV7S
SERIAL NO.
0002
(3.1) TESTER BUILT-IN TEST
OBSERVED REQUIRED PASSED FAILED
00A3 Q0A3 X
£3.2) ERROR RATE PERFORMANCE
MCD-TPA
RATE EB/NO ND. BTTS NO. ERRORS FRRGR RATE UFPER BOUND PRSSED FATLED
172 3.0 0.4096E_07 3028 0.7392E-03 0.9000E-03 X
1/2 4.0 0.4096E 08 1621 0.5957E-04 0.6000E-04 X
1/2 5.0 0.6553E 08 89 0.1358£-05 0.25008-03 %
/3 3.C 0.4096E 07 1107 0.27025-03 0.3562CE-63 X
1/3 3.5 0.5096E 08 2901 0.7082E-0h "0.1000E-05 X
1/3% 4.5 0.4096E 08 103 £.2514E-05 8.70CCE-05 X
HCD-DDA
173 3.0 0.L096E 07 1254 0.3012E-03 0.3600E~03 X
(3.3 MCC SYMBOL SYNCHRON]ZATION RECOVERY
SYMBOLS LROPPED NO. SYMBOLS TO RECOVERY PASSED FALLED
RATE 1/2 )
1 182 X
1 186 X
1 186 X
1 14928 X
1 186 3
1 192 X
1 192 X
1 186 X
1 192 X
1 174 X
RATE 1/3 \
1 1506 b
1 1uk X
1 178 X
1 132 X
1 146 X
2 318 X
2 318 P
2 238 v
2 312 X
2 282 X

Fig. 5. MCD acceptance test data sheet (typical)
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(5.4) MCD BUILT-IN TEST EQUIPMENT

FAULT INSERTED BITE VALUE PASSED FAILED
NO 1 X
YES 0 X
(3.5) CHANNEL ERROR RATE TEST
RATE EB/NO AVERAGE LOWER BOUND UPPER BOUND PASSED FAILED
1/2 3.0 i1.0 i0 13 X
1/2 h.0 8.t 7 9 X
1/2 5.0 h.6 4 6 X
1/3 3.0 10,5 10 12 X
1/3 3.5 10.0 9 It X
173 4.5 7.1 6 8 b
(5.6} CODE RATE AMD MODE STATUS INDICATORS

OBSERVED D3 D4 REQUIRED D3 D4 PASS

ED FAILED

0 0
1 A 1
TESTED BY~ __L%__-

PRODUCT ASSURANCE- -ﬂ%ﬁx}#’[‘/ﬂ 78

JPL I‘.EPRESENTATWE-.Mé%—Q\ ////d//?f

Fig.5 (contd)
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Implementation of New-Generation Recorders/Reproducers
Into the DSN

G. B. Hamilton
DSN Data Systems Section

New-generation recorderfreproducers are being installed in the Pre{Post-Detection
Recording Subsystem at DSSs 14 (Goldstone), 43 {Australia}, 63 (Spain}, and the JPL
Compatibility Test Area CTA 21. The performance of these new-generation machines is
discussed, and representative corroborating data acquired at-CTA 21 are presented.

l. Introduction

New-generation high-performance instrumentation
recorder/reproducers have been introduced into the Pre/Post-
Detection Recording Subsystem (PPR) in the DSN. The PPR
has been committed to recovery or playback of baseband data
recordings with 2 maximum degradation of 2 dB at encounter
signal-to-noise ratios. Use of the new-generation recorders
enables the PPR to meet this commitment. This report will
discuss the results of performance tesis that have been
conducted on these machines at CTA 21. Conclusions from
results of these tests will be discussed.

ll. Objective

The purpose of performing these evaluation tests was
twofold: first, a recording and playback procedure for
baseband data was developed and proven; second, limits of
baseband data recovery and degradation were established. The
design review for the PPR produced a commitment to recover
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baseband daiz down to telemetry threshold (-5 dB STg/Np)
with 2 dB degradation. This means that the actual playback
telemetry threshold is -3 dB STg/Ng. Thus if the real-time
normal path data SNR were at threshold and it was required to
insure playback recovery, it would be necessary to decrcase ’
the data rate to allow for degradation loss. It becomes
important, therefore, for this reason alone, to seek ways to
predict and minimize degradation logses due to the entire
playback process.

At the present time, data are recorded on the DSS FR
1400s and recovered, when necessary, on a new-generation
recorder. A large time base error on the FR 1400s precludes
their use as playback machines. A Iarge dynamic skew from
the FR 1400 recording inherent in these tapes, even when
played back on a newer recorder, contributes to a 2-dB or
greater degradation. Procurement 1s 1 process for additional
new-generation recorders at 64-m stations to replace the FR
1400s. These will minimize time base error and dynamic skew
at the 64-m stations.



lll. Test Configuration

Figure | is a block diagram showing the record and
reproduce configuration used to acquire the data and support
the conclusions reported here. Baseband data were recorded in
the direct record mode on a track adjacent {within the same
head stack) to a servo control signal track. This proximity
minimizes dynamic skew. Signal levels, telemetry channel
settings, and the record/reproduce procedure used are derived
and presented in the report by John Molinder in this issue of
the Progress Report. When recovering data, it is essential that
the servo control signal be used to obtain recorder servo lock
in order to minimize time base error or jitter of the data.

IV. Test Results

Tests indicate that under laboratory conditions, degrada-
tion on the order of 1 dB or less can be obtained if the 3rd
harmeonic of the subcarrier plus data can be accommodated
within the bandwidth of the recorder. This is subject to the
restriction that the components of the subcarrier plus data
signal fall upon a linear portion of the phase response curve of
the recorder system being used. In practice, this means that
performance at a new subcarrier and data rate is difficull o
predict and should be tested at various tape speeds. It may
well be, and has happened, thai less degradation resulis from
discarding the 3rd harmonic by hmiting tape speed than by
including it in an out-of-phase condition.

Other factors wnvolved which may preclude the ditect
transfer of laboratory results to DSN use should be mentioned.
In addition to losses suffered due to bandwidth himitations are
those due to skew and time base error of the 1ecorder. For this
discussion, these may be assumed fo be interchangeable and
caumulative. Tests have been conducted showing that as
dynamic skew 1s increased, degradation increases until finally
loss of lock occus. Such a small matter as removing the tape
from the recording machine and 1eplacing it for reproduction,
or reproducing the tape on a second machine, increases time
base error and skew. In geneial, 1t would seem that phase erro1

also must be affected by reproducing on another machine. As
a practical matter, removal and replacement of tape is
unavoidable in DSN use. On new-generation fape recorders,
cleanliness of Lhe tape .palh, especially the vacuum chamber,
affects the skew and time base error directly.

During testing, using essentially the, same type of tape, it
was observed that a reel of tape failed to lock up the system.
No visible defect was noted. As a last resoit, a different reei of
tape was used and lockup achieved. This is mentioned to stress
the necessity of good tapesas a prerequisite for successful
recovery of data.

Relhance is placed upon the one-to-one correspondence of
machines when recording and reproducing in the direct record
mode. (FM recording is impractical because of bandwidth and
tape speed limitations.) A standard calibration of the tape
recorders is specifted and agreed upon as a baseline such that
signals recorded on one machine, when reproduced on another
machine, agree in ampiitude and wave shape. This uniform
calibration is important to baseband recovery in the DSN.
Representative laboratory results of data recovery are given
Table 1. More extensive tables are presented in John
Mclinder’s article.

V. Conclusions

Results of tests at CTA 21 and actual data recovery in the
DSS indicate that the commitment of a maximum degradation
of 2 dB on encounter-level baseband recovery can be met using
new-generation recorders at a reasonable tape speed. Con-
straints are the requirements for good maintenance, including
tecetver phasing, tape path cleaning, and recorder_calibiation,
and the necessity for good tape and strict adherence to
record/reproduce procedures. It is expected that, with fuither
practice, more confidence, and more convenient and umform
calibration of the recorders, the 2-dB degradation figuie may
be impioved.
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Table 1. Representative baseband recovery data

Tape speed and SNR (STB"'NO or STS NO)‘ dB

Subcarrier, kHz Data (coding) bandwidth Direct Playback * Degradation,? dB Comments
360 16 kbfs (32,6) 60i/s,1 MHz 435 4.05 0.03
240 16 kb/s (32,6) 60ifs,1 MHz 2.9 245 0.45
240 16 kbfs (32,6) 30ifs, 500 kHz 5 3.45 1.55 Bandwidth lunited.
24 33-1/3 bjs (UC) 15 yfs, 250 kHz 6.75 5.85 7 0.9 Strong signal and

mereasing skew.

AThe path chosen for comparison or “direct” includes the SDA up converter, so the degradation contributed by it (normally about 0.5 dB) 1s

chasgeable to the recovery process and should be added to the above playback degradation in order to atrive at an estimate of the degrada-
tion compared to the normal real-time telemetry SNR.
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Calibration of Block 4 Translator Path Delays
at DSS 14 and CTA 21

T. Y. Otoshi, P. D, Batelaan, and K. B. Wallace
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F. 1banez
MCCC Development Section

Ground station range delays are currently being performed at 64-m stations in the
D8N by use of the “Translator Method.” This method requires the absolute calibrations
of the delays of the Block 4 Doppler Translator Assembly as well as the cables connecting
it to the high-power coupler uplink sampling point and the downlink infection points into

S- and X-band masers.

In this article the techniques for calibrating the translator path by means of a portable
zero delay device are described. In addition, some translator path data taken at DSS 14,
Goldstone, over g period of about one year is presented,

|. Introduction

Ground station delay calibrations are currently being
performed by the “Dish-Mounted Zero Delay Device (ZDD)
Method” for 26-m antenna Deep Space Stations (DSSs), and
the “Translator Method” for 64-m antenna DSS. The
Z-corrections required for referring these calibrations to the
DSS reference locations have been discussed in Ref. 1 for each
of these methods.

The Translator Method requires periodic calibration of the
total translator path delay between an uplink sampling point
and the downlink signal injection points.into S- and X-band
masers. The purpose of this article is to describe the procedure
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that has been used to calibrate the translator path delay with
an R&D Portable ZDD and to present some previous and
recent data obtained at the Goldstone Mars Station, DSS 14,
and the JPL Compatibility Test Area, CTA 21.

{I. Method for Calibrating Translator Delay

The Translator Method involves the sampling of an uplink
range-coded transmutter signal from a 54-dB high-power
directional coupler. This sampled uplink signal is coherently
translated to S- and X-band downlink signals by the Block 4
Doppler Translator installed at all 64-m antenna DSSs. The
downlink signals are injected into respective S- and X-band
masers via directional couplers.



A simplified block diagram of the translator path between
the high-power coupler and maser injection point is depicted
in Fig. 1. In the actuval installation, the translator path is more
complex and includes the following:

(1) Level Set Attenuator Assembly.

(2} Uplink Sample Distribution Box.

(3) Block 4 Doppler Translator Assembly (See Fig. 2).
(4) Test Signal Control Assembly.

(5) Noise Box.

{6) Coaxial to waveguide transitions.

(7) Interconnecting cables and wavegnides.

As explained in Ref. 1, this translator path is in the DSS
calibration path, but not in the path when ranging to a
spacecraft. Therefore, this delay must be calibrated. The
method currently being used to calibrate this path will now be
described.

The calibration of the translator path involves two measure-
ments as depicted in Fig. |. In the first measurement, the
Doppler Translator path between the uplink sampling pont
and the maser injection points are replaced by a portable ZDD
and its associated test cables and attenuvators. With the ZDD
mnstalled, as shown by the dashed lines in Fig. 1, ranging
measurements are made and noted on the test data sheet as
Dz pp- It should be understood that there is a measured value
for S-band and another for X-band but for brevity they will be
considered to be those of a single measurement. The second
measurement consists of changing the delay path back to the
normal translator path with the exception that the ZDD test
cables and attenuators are connected in series with the normal
translator path cables, The ZDD adjustable attenuators are set
to zero and the fixed pads are replaced by pads-of lower value
to produce received signal levels the same (as nearly as
possible) as those of the first measurement. Range measure-
ments are again made and noted on the test data sheet as
D'y pg- The translator path delay can now be determined
from subtraction of the first measurement from the second
and adding in the delay of the portable ZDD.

Using the equations and terminology proposed in Ref. 1,
the procedure can be expressed mathematically as follows.

In the first measurement, the measured range delay with the
portable ZDD is

Dzpp =Tt T2pptTcapLet ™ (1)

In the second measurement, the measured range delay of the
translator path with ZDD cabhle is:

4 —
Dyrrr=T1¥7x1rr T TcaBLET T2 2
where

TS DSS uplink delay from the ranging machine to the
high-power coupler sampling point. This delay
includes delays of the Block4 exciter, kiystron,
filters, and waveguide up to the sampling point.

7_ = DSS downlink delay from the downlink maser injec-
tion point to the ranging machine. This delay includes
defays of the maser, Block4 receiver and any
postamplifiers in the ranging path.

Differencing Egs. (1} and (2) and rearrangement of terms give

.t
Txrrr =D xr7r -Dzpp t 720D 3

where 7,55, 1s the premeasured calibration delay of the
portable ZDD without its external cables and 1s information
supplied with the device. It can be seen that the procedure
does not require knowledge of 7. 4 5,  Which is the delay of
the external ZDD cables and pads. If the same cables and equal
length pads are common to both measurements, their delays
will cancel out in the differencing calculation. This procedure
allows the user to use additional lengths of station-available
cables 1f necessary to reach the connection points.

The quantity of interest is 7y ; 5, the range delay of the
total Block 4 translator path as defined from the high-power
coupler to the maser injection point. Equation (3) is for the
general case and applies to the procedure for measurement of
either the (S,S) and (S,X) translator path delays. For
convenience and bievity (S, S) and (S, X) are used throughout
this article to denote S- to S-band and S- to X-band
translations. - ’

In practice, it is not possible to connect the ZDD cables all
the way to the maser injection point.™ Therefore, connections
are made to the closest available connection point to the
maser. In the case of the S-Band Polarization Diversity (SPD)
cone at DSS 14, this connection point is a WR 430-to-type N
transition on the coupling arm of a 30-dB directional coupler
directly i front of the maser. In the case of the X-Band
Receive Only (XRO) cone, this connection point is the input

*The maser injection point 15 currently defined as the midpoint of the
cross-guide coupler mstalled directly in front of the maser. .
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to the XRO noise box. A correction must therefore be made
for the additional lengths of waveguide from the measurement
point to the maser injection point. These corrections are
calculated from measured physical lengths of waveguide and
theoretical group velocity of rectangular waveguide. In the
case of the SPD cone, this correction is small (~ 1 ns), but for
the XRO cone it is significantly larger (~ 6 ns) because of the
noise box path.

The 7y pp measurement should be performed perfodically
(semiannually). It is also mandatory that it be performed
(1) whenever any new equipment is installed, thus altering the
translator path length, and (2) when a subassembly in the
translator path be replaced. Absolute configuration control is
mandatory. Any change in the translator path will invalidate
the measurements.

lll. Portable Zero Delay Device

The R&D Portable ZDD that has been used to calibrate
Block 4 Translator paths at DSSs 14, 43 (Australia), and 63
(Span), is shown in Fig.3. A power sphtter at the input
permits the uplink signal to simultaneously feed the (S, S) and
(S, X) band mixers. The local oscillator (LO) drive for the
portable ZDD is supplied by the Block 4 Doppler Translator
Assembly. The portable ZDD is basically a miniature Block 4
Translator without remotely controllable attenuators, filters,
internal LO drives, etc. Therefore, its delay is small (typically
less than 2 ns) and can be calibrated precisely in the laboratory
with best available state-of-the-art techniques.

The portable ZDD contains a mixer assembly whose
absolute delay is difficult to calibrate. Although different
techniques were tried, the best result was obtained from a
technique where two identical assemblies were cascaded
back-to-back. The total measured delay is divided by two. The
total present accuracy of the portable ZDD is estimated to be
*1.5 ns {30). ;

The state-of-the-art of mixer delay measurement 18 cur-
rently not sufficiently advanced, so it is not clear whether the
present accuracy of ZDD calibrations can be improved further
without considerable development effort and cost.

Tests were made on the portable ZDD by use of a
demonstration model “Microwave Link Analyzer” manu-
factured by Hewlett-Packard. Absoclute delays of translators
cannot be calibrated by the Link Analyzer, but relative delay
changes can be calibrated to better than 1.0 ns. The tests
showed that the portable ZDD delays were constant; with
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frequency to within £1.0 ns over a 50-MHz bandwidth at the
center transmit and S and X receive frequencies for the DSN.

The R&D ZDD shown in Fig. 3 has been used in the past to
calibrate translator paths for all 64-m antenna DSS. In the
future, 64-m stations will be supplied with their own cali-
brated portable ZDD.

IV. Test Results

A. Measurement of D;,, and D'y 7

To illustrate the measurement technique described in the
previous section, some test data of Dy pp and D'y rrat DSS
14 are shown in Figs. 4 through 7. The data were taken at
different time periods and taken at several frequencies. These
frequencies are indicated by transmitter voltage controlied
oscillator (VCO) channel numbers. The relationship of channel
number to microwave iransmit (uplink) and receive (down-
link) S- and X-band frequencies may be seen 1 Table 1.

Most of the slow upward trend seen in Dz, and D'y rp
as a function of channel number is attributed to changes of
Klystron, exciter, maser, and receiver delays as a function of
frequency. Since most of the delay changes with frequency are
common to both measurements, they should cancel out in the
differencing calculations. The individual amounts’ that various
mentioned assembhes contribute to delay changes with fre-
quency have been investigated and will be reported upon in a
future DSN Progress Report.

B. Calibration of 7, .,

Figure 8 shows the calibrated translator delays 7y, rp a8
determmed from the Dy pp and D'y rp measurements and
use of Eq. (3). The calibrations done at different times were all
performed using the same R&D portable ZDD shown in Fig. 3.
Slight modifications to the portable ZDD were made at
different times, but these have been accounted for in the
updated values of 7, furnished with the device each time.

Figures 8a and 8b, respectively, show 7y rp values for the
(S, 8)-band path and (S, X)-band path at DSS 14. The
measurements weie made on October 23, 1975, May 16, 1976,
and December 10, 1976.

It can be seen in Fig. 8a that the (S, S) translator delay
values agree closely for October 23, 1975, and December 10,
1976, but the delay value for May 16, 1976, does not agree
well, In the May 16 data, however, there is a cyclical variation
in both the (S,S) and (S, X) data that indicates that there



could have been a leakage problem on the uplink similar to a
multipath effect. Some fests and analysis of data made to
explain, these data are discussed in Part 5 of this article.

Figure 8b (8, X) delays on October 23, 1975, disagree with
the other resulis by about 10 ns. The December 10 data
showed that most of the cyclic variation seen on May 16 had
disappeared. It is of interest to note that the (S, X) delays do
not show an upward trend with frequency as do the (S, S)
delays in Fig. 8a.

Figure 8c shows tesi data taken of a similar Block 4
Doppler Translator Assembly at CTA 21. The data show some
cyclic variation, but some of this is attributed to measurement
noise and nonrepeatability. There are two 13-pole filters and
significant lengths of cable, and a number of components (such
as, switches and remotely controllable attenuators) to explain
the large delays of about 80 to 90 ns. The filters are reasonably
broadband and hence do not cause a significant variation of
delay with frequency.

V. Analysis of the Leakage Problem

Tests were subsequently performed at DSS 14 during
November and December, 1976, to pinpoint the cause of the
large cyclic variations in translalor delays seen on May 16,
1976. One test performed was a multipath test, which involved
moving the subreflector through 6 inches of travel and
observing varations in ground station delay. The test results
showed less than 2 ns peak-to-peak (p-p) change on either
(8, 8) or (8, X) range delays. The 2 ns p-p was about the same
as the noise on the measurement and repeatability. Since the
Block 4 translator method uses directional couplers to obtain
the uplink sample and couplers to inject downlink signals, the
DSS calibrations by this method are significantly isolated from
muttiple-reflected signals that radiate back into the horn from
the external antenna structure. Most portions of the uplink
signals that reflect back into the horn are absorbed by the
klystron. Due to the high directivity of the sampling coupler,
very little reflection gets coupled back into the transiator.

Analysis made of the May 16 data shows a possible
explanation of the cyclic variations. Referring to measure-
ments of Dy pp and D'y; o values shown in Figs. 4 through
7, it can be seen that the cyclic variation appears only on the
measurements of D, made on May 16, 1976. This type of
behavior can be due to a leakage problem. Because of the
sirmlarity of the (8, 8) and (8, X)data for Dz p, - it is probable
that the leakage was on the uplink path only A loose
connection probably occured between the short 8-ft. uplink
cable (supplied with the ZDD) and the high-power coupler.

VI. Evaluation of the Calibration Method
and Results

The Translator Method was proposed initially as an interim
solution to meet the immediate requirement by the Viking
Project for a 5-m overall range accuracy. Serious calibration
errors on 64-m antennas through the airpath were known to
exist due to multipath and were reported in Ref. 2. The
translator method was proposed as a satisfactory and economi-
cal interim solution for 64-m antenna DSS delay calibrations.

Experimental work is progressing on evaluating the absolute
accuracy of this method. There are several known problems
and disadvantages of this method. Some of the problems are:

(1) The translator path delay is large and varies with
frequency. The number of subassemblies (See Part 2 of
this article) in the translator path make 1t difficult to
keep it from bewmng frequency and temperature
sensitive.

{2) Rigid configuration control and monitoring is required.
A DSS must report when a component is replaced in
the translator path or if any new cable is installed and
recalibration is necessary.

(3) The DSS 14 S-band translator path is different from
that of DSS 43 and 63 due to a nonstandard SPD cone
and noise box. A significant difference in the DSS 14
(8,8) translator path delay leads to suspicion con-
cerning the validity of measurement accuracy.

(4) The sampling and injection points are too far from the
feed hoin.

{5) There is a shght difference in uplink delay through the
“Level Set Attenuator Assembly” in the translator path
for the 400-kW and 20-kW klystron operation modes.

(6) The actual translator delay measurement can be made
(conveniently) only up to the last coaxial connection
point. In the XRO cone, the actual delay measurement
stops at the input to the XRO noise box.

(7) Leakage problems can occur. The measurements
require special care by station personnel to use good
laboratory techniques such as putting terminations on
unused ports and cables and making sure that all
connections are tight, Due to the stiffness of RG 252
cable, disconnection of this cable sometimes leads to
loosening of .other component conmnections int the
system.

(8} Some drift in system delay can occur between measure-
ments of Dy pp and D'y 7p producing an error. This
drift can be of the order of £5 ns.
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Some recommendations for improving quality of data from
this method are:

(1) Repeat initial measurements to check for drift.

(2) Go back to standard translator configuration without
the ZDD cables and measure Dy, rp. The difference
between D'y;rr and Dy pp should be the total
ZDD cable delay and agree with calculable values to
within +2 ns.

VIl. Summary and Conclusions

The Translator path delay Measurement Technique has
been described. Some data taken at DSS 14 pointed up some
measurement problems, but in general it can be concluded that
the translator path delay is probably stable with time to within
+7 ns. The (8, S) delay varies about 12 ns with frequency from

is not presently understood. Measurements made at CTA 21
showed that the Doppler Translator Assembly itself does not
have significant variation of delay with frequency. Some
similar measurements should be done at DSS 43 and DSS 63
to see if this frequency variation of translator path delays
occurs at other 64-m stations.

Although the Block 4 Translator method has many prob-
lems and disadvantages, it is superior in accuracy to the airpath
method, which has large multipath errors. It should be pointed :
out that multipath errors are also frequency sensitive. The
“Translator Method” could be improved if there were a
separate translator (simpler than the Block 4 Transfator), and
shorter paths and connection points dedicated specifically to
ranging calibrations. A proposal for future consideration is to
use a permanently installed portable ZDD, such as described in

channel 5 to channel 29. The cause of this frequency variation  this article.
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Table 1. Transmitter VCO channel vs. transmit and
receive frequencies *

Channel S-Band transmit S-band receive X-band receive
number frequency, MHz frequency, MHz frequency, MHz
5 2110.243 2291.667 8402.778
10 2111.948 2293.519 8409.568
15 2113.654 2295.370 8416.358
20 2115.359 2297.222 8423.148
25 2117.064 2299.074 8429.938
30 2118.769 2300.926 8436.728

a & » 5
The channel number versus transmit/receive frequency curve is
linear.
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Phase and Group Delay of S-Band Megawatt Cassegrain
Diplexer and S-Band Megawatt Transmit Filter

R. Lay
Radio Frequency and Microwave Subsystems Section

Thus article reports the phase characreristic and group delay of the S-band Megawatt
Cassegrain Diplexer (MCD} and S-band Megawatt Transmirt Filter (MTF). These phase
measurements on the MCD and-MTF were done m response to the need to obtain the
total DSS hardware ground delay required for very long baseline interferometry (VLBI)

and ranging radio metric measurements

[. Introduction

As part of an effort to come up with the total ground delay
at the 64-m stations for VLBI and ranging radic metric
measurements, phase measurements on the S-band Megawatt
Cassegrain Diplexer (MCD) have been made over both the
transmittet frequency range (2100-2120 MHz) and the receiver
frequency range (2270-2300 MHz). Phase measurements have
also been made on the S-band Megawatt Transmit Filter
(MTF) over the transmiter frequency range (2100-2120
MHz). The group delay for both the MCD and MTF are
calculated using the results of these phase measurements.

ll. Hardware Description

The S-band Megawatt Cassegrain Diplexer is shown in
Fig. 1. It consists of two straight narrow-width waveguide
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sections coupled together with waveguide hybrids. The straight
narrow-width waveguide sections have a cutoff frequency of
2200 MHz; thus the MCD will pass signals through at the
receive frequency of 2285 MHz and reject all signals from the
transmitter which are transmitted to the antenna at a
frequency of 2110 MHz. ’

The S-band Megawatt.Transmit Filter is shown in Fig. 2.
The MTF is a band reject filter with six cavities tuned to the
receive frequency, providing a rejection of more than 90 dB at
2285 *15 MHz, while passing a frequency of 2110 £10 MHz.

Instrumentation methods of the VSWR and isolation
recordings of both the MCD and MTF are described in Refs. 1
and 2. The results of these measurements are tabulated in
Tables 1 and 2.



‘ll. Phase Measurement Procedures

The phase measurement test configurations for either the
MCD or MTF are shown in Figs. 3 and 4. Prior to recording
any phase characteristics versus frequency on the X-Y plotter,
it would be desirable to have a horizontal phase characteristic
for the reference phase. This is achieved by having the same

length for both the reference signal path and the test signal”

path using the test configuration shown in Fig. 3. The relative
phase plots versus frequency obtained from the X-Y plotter
are shown in Figs. 5, 6, and 7 for both the MCD and MTF.
These relative phase plots were obtained using the test
configuration shown in Fig. 4,

IV. Group Delay Results

The group delay 15 defined as the time required for a signal
to propagate through a system, and it is simply given by

A

= 350% a7 Gy ™

The values for A¢ and Af can be obtained from the relative
phase versus frequency plots (Figs. 5, 6, and 7). Referring to
Fig. 5, for an incremental frequency change {f; - f;), there
will be a corresponding phase change (¢, test = #1 test) and
(#3 ref = #1 rer)- Thus the expression for the group delay may
alternatively be writien as

- |(¢2 test ~ 91 test) - (¢2 ref 1 ref)l
360°X [(f, - f,) GHz]

ns

The group delay for the MCD turned out to bz 6.250 ns over
the transmitter frequency range (2100-2120 MHz) and 14.815
ns over the receiver frequency, range (2270-2300 MHz). The
group delay for the MTF is 13.640 ns over the transmitter
frequency range (21102120 MHz).

References

1. Hartop, R., JPL Test Procedure No. DMX-1370-TPA, S-Band Megawatt Cassegrain

Diplexer, 25 September 1968.

2. Hartop, R., JPL Test Procedure No. DMX-1369-TPA, S-Band Megawatt Transmit

Filter, 25 September 1968.

159



Table 2. VSWR, insertion loss, and isolation test data of
Megawatt Transmit Filter

a. VSWR b. Insertion Loss
Frequency, MHz VSWR Frequency, MHz  Insertion Loss,dB
Table 1. VSWR, insertion loss, and isolation test data of
Megawatt Cassegrain Diplexer 2100 1.03 2100 ) 0.03677
2. Insertion loss 2110 1.02 2110 0.03360
2120 1.05 2120 0.03811
Frequency, MHz Insertion Loss, dB
2110 0.02460 c. Rejection
2270 0.05626 .
2285 0.05517 Frequency, MHz Rejection, dB
2300 ) 0.05019 2259.0 80
2260.0 90
b. VSWR and isoiation 22615 100
2263.0 110
Test Ports Frequency, MHz 2270.0 110
2100 2110 2%20 2270 2285 2300 2275.0 110
VSWR  TRANS 1.03 1.02 1.035 2280.0 110
VSWR  ANT 1.04 103 1.045 1.035 1.03 1.035 2285.0 110
VSWR  RCVR 1.03  1.035 1.035 2290.0 110
Rejection Receive band 345 36 385 2293.0 110
Rejection Transmitband 99 96 90 22950 100
2299.5 100
2301.5 90
2303.5 80
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Table 3. Group delay of S-band Megawatt Cassegrain
Diplexer and S-band Megawatt Transmit Filter

a. MCD over transmit band

Frequency, MHz ‘ td, n-s
2110
6.250
2120

b MCD over receiver band

Frequency, MHz ted, n-s
2270

14 815
2300

¢ MTF over transmut band

Frequency, MHz td, n-s

2110
13.640
2120
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Solar Plasma: Viking 1975 Interplanetary Spacecraft
Dual-Frequency Doppler Data

S.C.Wuand F. B. Winn
Tracking Systems and Applicaticns Section

K.B.W. Yip
Navigation Systermns Section

Viking 1975 mterplanetary S- and X-band doppler data are surveyed. These data show
consistency with differenced range versus integrated doppler (DR VID) data when there is
solar plasma and with, Faraday rotation data otherwise. An increase of solar plasma
effects with decreasing Sun-Earth-probe (SEP) angle (approaching Mars orbit misertion) is
demonstrated. The 2-way{3-way data indicate a homogeneous solar plasina structitre over
a 8000-kim spread. Occasional cvele siips in the data are pinpointed and tabulated,

I. Introduction

S- and X-band doppler data are valuable to the mvestigation
of solar plasma activities and, consequently, to deep-space
navigation. Since the beginning of the Viking 1975 (VK'75)
mission, hundreds of good-quality data passes have been
collected. Thus is the first time such abundance of good-guality
S- and X-band doppler data have been available. With this data
bank, an extensive study of the solar plasma can be made, and
models can be constructed to predict the accuracy of uplink
calibration from downlink data alone.

This article provides an overview of the VK'75 interplane-
tary S- and X-band doppler data. The data acquired after Mars
orbit insertion (MOI} will be reported in the near future. The
electrical phase changes are plotted to show the history of the
line-of-sight charged-particle variations, Agreements with Fara-
day rotation and differenced range versus integrated doppler
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(DRVID) data are illustrated. A cahbration demonstration
(Ref. 1) using the 8- and X-band doppler data shows a
three-fold reduction in the uncertainty of Mars probe encoun-
ter position estimates, a two-fold reduction in the rms doppler
residuals and an approximate 80-km agreement with the
“radic-only” long arc estimates. Solar plasma activities are
shown increasing with decreasing Sun-Earth-probe (SEP) angle
while approaching MOI. A segment of 2-way/3-way data is
studied to demonstrate an approximate 8§000-km homogeneity
in solar plasma structure.

il. Background

Radio metrnic doppler is one of the prime data types for .
interplanetary. navigation. During the VK’75 missions, S-band
(~2.1 GHz) carriers are transmitted from Deep Space Stations
(DSSs) to spacecraft in deep space. On each spacecraft, the



S-band carrier is multiplied by a factor of 240/221 and
retransmitted back to the DSS; at the same time an experi-
mental X-band signal, obtained by multiplymng the uplink
S-band carrier by a factor of 880/221, 15 alsé transmitted
parallel to the downlink S-band carrier. These radio transmis-
sions are corrupted by the charged particles in solar plasma
and ronosphere. In particular, the amount of phase change A®
is directly proportional to the net change of the line-of-sight
electron content and inversely proportional to the carrier
frequency squared (Ref. 2):

2
Ap= 2N
8n? ec).inf2

(meaters)

where

e = eleetron charge (-1.602 X B 0™ 1% coutomb)

€0 = free-space permittivity (8.854 X 1072 farad/m)

1

m = electron mass (9.109 X 107 3! ko)

f = carner frequency (Iz)

AN = net change n line-of-sight electron content (m™2)

The observables of the S- and X-band doppler data are the
accumulated S- and X-band carrier cycles. These are directly
rieducible into S- and X-band phase changes, AD, and AD_.
When these two observables are diffeienced, the effects of
spaceciaft motion and of tioposphere, being common-to both
S- and X-band fransmussions, are cancelled out, leaving the
charged-particle effects behind. With the $- and X-band carner
frequencies specified above, the S-band phase change due to
charged particles can be expressed as (Ref. 3):

_ 3
AD = 1.08 (A - T AD)

Hence, the effects on the doppler data of the charged particles
alone can be determined and calibrated.

lll. Charged-Particle Effects

X-band receivers aie installed only at DSSs 14, 43, and 63.
Hence, 8- and X-band doppler data are available oniy at these
stations, During the VK’75 cruises, hundieds of data passes
were collected The chronological spans fo these data passes
up to the second MOI (August 7, 1976) are displayed in Fig. 1.

Figures 2 and 3 are the accumulated phase changes due to
line-of-sight charged particles for the two spacecraft, each up
to its MOI (the first being on June 19, 1976). In the
calculation of these phase changes, a-threshold is set-to remove
unrealistic rates of phase change and multiple S-band cycle
slips (see Section VI), This threshold is set at | meterfminute: a
threshold large enough to include plasma variations encoun-
tered but small enough to exclude “blunders.” Also, accumu-
lated phase changes are shown with each pass starting from
zero phase. Only relative phase changes cail be cbserved. To
recover absolute phase changes, range data would be required.

Figure 4 compares five December 1975 passes with Faraday
rotation’ and DRVID? results. Figures 4a-d aie typical
no-solar-plasma passes in which all three data types agree well.
Figure 4e is an example of a solai-plasma-affected pass. Here S-
and X-band doppler and DRVID data still are consistent but
differ from Faiaday rotation data.

Figure 5 shows the maximum phase change (upper plot)
and the corresponding mean rate of change (lower plot) for
each of the passes. Here, further comparison with DRVID
results is presented. This comparison ndicates consistency in
the general trend of the vaiiations of charged-particle effects.
The occasional differences between these two results are due
to (1) the two data sets not being taken in the same period of
time, and (2) the DRVID data being represented by a
polynomial.

IV. Solar Plasma Effects

In the above section we have shown the effects of total
line-of-sight charged particles on the S- and X-band doppler
data. These effects include both the solar plasma and the
fonospheric activities. The ionosphere is a relatively weil
known and stable component. The highly vanable solar plasma
activities have a sigmficant effect on deep space radio metric
data and limit the DSN navigation capability. To facilitate the
mvestigation of the selar plasma activities, 1t 15 desirable to
isolate its effects on the S- and X-band doppler data from the
ionospheric effects,

The ionospheric effects are deteummed by observing the
Faraday rotation effects at the DSS, using the signals
transmetted from geo-stationary satellites and then mapped to
the dwections of the two Viking spacecraft. Since the solar
plasma effects and the ionospheric effects are additive, the

Iparaday rotation data. provided by K.S. Lambert of Section 314,
measure the Earth's tonospherie electron conient only.

2DRVID (differenced range versus integrated doppler) data are pro-
vided by V. W. Lam and H. N. Royden.
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former can be exiracted from the S- and X-band doppler data
by subtracting out the latter.

Figures 6 and 7 are the accumulated phase changes due to
the solar plasma activities for the two spacecraft. A compari-
son with Figs. 2 and 3 reveals that they differ only by small
drifts near the beginnings and ends of the passes. This is
mainly because of large line-of-sight mass for the ionosphere at
the lower elevation angles. This indicates.the dominance of the
solar plasma dynamics over the ionosphere, as expected. From
these figures (and Figs. 2 and 3 as well) it is easily observed
that the charged-particle effects increase when approaching
MOI. This is expected since the SEP angles become smaller as
the time elapses, as shown in Fig. 8.

V. Two-Way/Three-Way Tracking Data

During a transmission handover between two DSSs, often
there is a period in which both DSSs are receiving the same
signal transmitted back from the spacecraft. The data received
by the transmitting DSS are called 2-way data while those
received by the other DSS are labeled 3-way data, These data
contain vuseful information on solar plasma structure.

Figure 9 is an expanded segment of Fig. 6, which contains a
relatively longer span of 2-way/3-way data. The resemblance 1n
phase changes between the two DSSs indicates a homogeneous
solar plasma over a distance between the two ray paths
(~8000 km). Figure 10 is the difference between the two
phase changes. The +0.3-meter residual is within the limit of
the mapped Faraday rotation data® and should not be
considered as the real difference in solar plasma effects.

3The unceriainty of the mapped Faraday rotation data at elevation
angles below 30 degrees is typically 0.5 meter (Ref. 4).
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VI. Cycle Slips

During the acquisition of the S- and X-band doppler data,
there were intermittent cycle slips. Those multiple.slips, which
appear as phase changes greater than 1meter, have been
discarded as erroneous data. The remaining ones appear as
phase jumps in Figs. 2, 3, 6, and 7. The effect of X-band cycle
slips is too small to be detected; S-band cycle slips during
strong solar plasma activities are also hard to detect. Those
which are detectable are listed in Tables 1 and 2. These will be
helpful in studying the causes and the remedy of the cycle
slips.

‘In future studies of solar plasma structure through S- and
X-band doppler data, any detectable cycle slips will have to be
removed. This can be done by either of the two following
schemes: (1) manually locate the cycle slips and set a suitable
lower threshold; (2)automatically vary the threshold by
examining phase changes for previous points.

VH. Conclusions

S- and X-band dual-frequency doppler data, unprecedented
both mn quality and quantity, have been collected during the
VK'75 mission. They are consistent with Faraday rotation
data (when there is no solar plasma) and consistent with
DRVID data. A steady increase of solar plasma dynamics has
been demonstrated as the angular separation between probes
and the Sun decreased. The 2-way/3-way data have indicated a
solar plasma homogeneocus over an approximate 8000-km
distance. ’
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Table 1. Detectable S-band Cycle Slips in $- and X-band

doppler data (Viking A)

Date DSS Number of slips Span hours Shps/hour
2/16/76 14 2 7.9 0.253
3/22 63 10 98 1.020
3/24 14 1 8.6 0.116
3/26 14 8 7.5 1.067
3/26 43 10 1.6 1316
3/29 63 1 8.3 0.120
4/2 63 1 8.2 0.122
4/5 63 2 9.5 0.211
4j23 63 1 11.0 0.091
4424 63 1 12.6 0.079
425 63 1 1.7 0.130
5/5 14 3 7.6 0.395
5/6 63 1 13.0 0.077
5f6 14 19 4.2 4.524
n 43 1 5.9 0.169
5/10 63 6 7.8 0.769
511 63 MANY 8.4 ?
5115 14 2 94 0.213
5/18 43 3 54 0.556
5119 43 8 8.6 0.930
5/20 63 1 11.8 0.085
521 63 1 12,7 0.079
5/25 63 2 9.7 0.206
5125 14 1 6.9 0.145
527 63 4 8.6 0.465
5/28 63 2 8.2 0.224
5/29 63 7 11.5 0.609
5130 63 4 12.9 0.310
5/31 14 1 1.2 0.833
6/4 63 1 12.7 0.079
6/5 63 1 12.6 0.079
6/6 43 1 87 0.115
6/6 63 2 13.0 0.154
6/8 43 4 5.5 0.727
6/8 63 2 12.4 0.151
6/9 43 1 91 0.110
6/9 14 1 122 0.082
6/10 43 1 4.7 0.213
6fi1 43 2 7.2 0.278
6/13 43 1 56 0.179
6/13 63 1 124 (0.081
6/14 43 2 9.0 0.222
6f15 43 1 9.6 0.104
6/15 63 3 12.5 (0.240
6/16 43 1 9.7 0103
6/16 14 1 2.2 0.455
6/17 63 I 12.4 0081
6/18 63 1 8.9 0.112
6/18 14 6 11.7 0513
6/19 14 -2 34 0588

Table 2. Detectable S-band cycle slips in S- and X-band
doppler data (Viking B)

208

Date DSS Number of shps Span hours Slips/hour
3/17/76 63 1 13.0 0.077
3124 63 2 9.2 0.217
3/31 63 2 8.8 0.227
417 63 1 8.2 0.122
4/10 63 1 10.2 0.098
4/16 63 2 12.0 0.167
4/22 63 4 7.9 0.506
5/9 63 5 68 0.735
5/15 43 3 6.9 0.435
5/15 63 2 12.4 0.161
5/16 63 1 12.7 0.079
5/21 14 1 8.9 0.112
5/24 63 2 114 0.175
5/31 63 2 8.2 0.244
6/1 43 1 4.2 0.238
6/1 63 1 12.4 0.081
6/2 43 3 104 0.288
6/12 63 1 115 0.087
718 63 1 2.9 0.345
7712 63 1 2.6 0.385
715 14 2 34 0.588
17 14 2 29 0.690
1421 14 1 6.3 0.159
7722 14 1 2.6 0.385
7/30 63 1 32 0.313
8/6 43 6 9.9 0.606
8/8 14 2 10.1 0.198
8/9 43 1 8.0 0.125
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A Comprehensive Two-Way Doppler Noise Model for

Near-Real-Time Validation of Doppler Data

“A. L. Berman
- DSN Network Operations Section

Recent articles have described the functional dependence of plasma-induced doppler
noise (“media” noise) upon geometric parameters which approximate integrated signal
path electron density (the “ISED” model). In this article, doppler noise generated within
the tracking system (“system’ noise) is modeled as a function of the dominant variable —
doppler sample interval. Additionally, the relationship between media noise and doppler
sample interval is empirically determined, and the ratio of media noise for S- and X-band
downlinks is solved for. These functional relationships are incorporated into the previous
media noise modeling to obtain a comprehensive two-way doppler noise model - ISEDC.

. Introduction

Doppler noise has for some time been considered the
strongest indicator of tracking system performance, and
nothing appears likely to soon usurp that position. Doppler
noise can be conventently divided into two broad and very
different categories: noise generated within the tracking sys-
tem (“system” noise) and noise induced by the media being
traversed (“media” noise). The last two years have seen an
intensive effort mounted to model media noise (the ISED
model, see Refs. 1-6). The reason why resources were first
directed towards modeling the media noise is apparent from a
comparison of the regions of interest for system noise and
media noise, here roughly considered to be (rms phase jitter)-

10 deg < system noise < 100 deg

100 deg < media noise < 100,000 deg

224

or for 60-second sample interval noise' :

0.0005 Hz < system noise < 0.005 Hz

0.005 Hz < media noise < 5.000 Hz

Obviously, modeling media noise was a higher priority as it
occupies the highest three orders of magnitude of the four
orders of magnitude that doppler noise is commonly observed
to span. With the media noise modeling nearing completion, it
seems appropriate to address the quesiion of system noise
modeling.

LFor convenience, all expressions in rms phase jitter (degrees) will also
be given in equivalent 60-second sample inferval noise (Hz).



The most important functional parameter which describes
system noise is doppler sample interval, and, therefore, tests
were conceived and executed to empirically obtain this rela-
tionship. In addition, the relationship between media noise
and doppler sample interval is obtained, as is the ratio of
media noise for S-band and X-band downlinks. Finally, these
relationships are incorposated mto the ISED media noise
model to yield a comprehensive two-way doppler noise model.

Il. Tracking System Doppler Noise
Dependence Upon Doppler
Sample Interval
The only doppler system noise model known to DSN Net-

work Operations, since at least the beginning of this decade, is
as follows:2

Rms phase jitter = (B, + C'Q)2 7

( )2 (B, +C,)? 2
+(B, + ) + st
1T T B C)
or

, B +C)?

Noise = (BG+C'0)2+—11_2—1
.. 1/2
@, +c ) )"
+
B, +C P 7

where

B B'n = tracking station constants

n?

C, C’?z = spacecraft constants

7 = doppler sample interval, seconds

However, no values for the constants were ever determined
(or if they were, they ceitainly have not survived) and so this
formulation is of little inherent interest. Since the most
important parameter for system noise 1s the doppler sample
interval, it was felt that a reasonable starting point would be

2This model was used in the DSN IBM 360 era (1970-1975) and
remains in the MCCC Pseudo-Residual Program.

an (empirical) mvestigation of doppler noise variation with
sample interval, for spacecraft not in solar-conjunction phases.

A. System Noise as a Function of Doppler
Sample Interval

Four spacecraft not currently in solar conjunction phases
were available for doppler noise variation with sample interval
tests:

Pioneer 10
Pioneer 11
Helios 1
Helios 2

For each spacecraft, four tests (on different passes) were
conducted to obtain typical variations of noise with sample
interval. In each test, essentially 150 doppler samples® were
used to obtain an “average” doppler noise value for the follow-
ing doppler sample intervals:

1 second
2 seconds
5 seconds
10 seconds
20 seconds
60 seconds

The signatures obtained for the four spacecraft were quite

different, but ail showed a small tg moderate increase in phase
jitter with doppler sample interval

Rumns phase jitter ~ -1 = 0-2

or

1

Noise ~ ——
F8-009

That the noise versus sample interval signatures were quite
different is not surprising as many factors enter into the
process, such as:

(1) Spacecraft characteristics (spin, transponder, receiver/
transmitter).

(2) Frequency standard, combined with .

(3) Doppler extractor, combined with signal level.

3 Obtained by averaging 10 noise calculations, each noise calculation
derived from 15 sampies.
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(4) Doppler resolver quantization, combined with doppler
level.

All available evidence appears to point to the first two as
the major contributors to system noise (the “system” noise
definition here broadened to include both ground and space-
craft systems, i.e., everything but “media” noise). There exists
a persistent misconception that signal level plays an important
part in modeling doppler noise — this having been empirically
demonstrated by the author not to be true with actual Mariner
9 data (Ref.7) in 1972. The unimportance of signal level
(except in cases where there exists less than 10 dB of margin
above threshold) can also be seen in a system noise model
constructed by W.D. Chaney (Ref. 8) from tracking sub-
system performance parameters, as follows (when RTLT > 7):

Rms phase jitter, cycles

=4q[2 UR2 +20

2 2
o + 20, ]

TAf 2 A_(b 24 142
+[7(2.3>< 109)7] +[AT ]

where
0p =receiver phase jitter ~ 0.019 cycle under strong
signal
0, = resolver quantization ~ 0.01 cycle

0= 1-pulse/second timing jitter = 0.04 cycle

Afff=rubidium frequency stability =~ 1X 10712 1o
5% 10712

AgfAr =station phase stability = 1.5 X 1074

Except at very low signal levels (less than 10 dB above
threshold, other terms,- particularly A fff at the normal
60-second sample interval, obviously predominate over the
signal level dependent teim — op. In a subsequent section, the
“Chaney” formulation will be compared to the actual results
obtained.

B. System Noise Versus Sample Interval Test
Results

Initial examination of the data indicated that a general
expression of the form:
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2 'D 2 ) 1/2
Rms phase jitter, deg = [DO (6_7(5)] + (DI T 2)

or

pl 2 ) 12
. < 2 » (60Y 2
Noise, Hz = (D, )* + | D, vl

where

D , D! = empirically determined constants

would yield a satisfactory representation for the test data.
Individual spacecraft test results are described below.

1. Pioneer 10. Figure 1 presents the sample interval test
results for the Pioneer 10 spacecraft; a reasonable fit to
these data was obtained as:

Rms phase jitter = 36 {7}°'! , deg

or

0.9
Noise = 0.0025 {?} , Hz

2. Pioneer 11. Figure 2 presents the samnple interval test
results for the Pioneer .11 spacecraft; these results were .
similar to those obtained for Pioneer 10, but at an elevated
level:

Rrs phase jitter = 48 {7391, deg

or

0.9
Noise = 0.0033 {60} Hz

T

3. Helios 1. Figure 3 presents sample interval test results
for the Helios I spacecraft. These data were not as amenable
to fit as were the Pioneer data, and the results at the larger
sample intervals (20 se¢onds and particularly 60 seconds) are
at least twice what routine experience dictates. This is



partially explained by the fact that DSS 44, which provided
all of the sample interval tests for Helios 1, was subsequently
found to be perhaps 30-50 percent noisier than the other
DSSs. This can be easily seen by comparing the one Helios
2-DSS 44 test case (Fig. 4d) to the other three Helios 2 test
cases (Figs. 4a, b, ¢). At any rate, a fair fit to the Helios 1
data, but biased lower because of the DSS 44 {Australia)
above-average noise, and biased towards the expected
60second performance, is:

Rms phase jitter = 24 {72, deg
or

0.8
Noise = 0.0025 {-673} . Hz

4. Helios 2. Figure 4 presents sample interval data for the
Helios 2 spacecraft. These data were notable for being so
low, particularly at the smaller sample intervals. The lowest
l-second sample interval data (DSS 14, Goldstone, Fig. 4a)
indicated an rms phase jitter of only 10 degrees!

Tt was found necessar}.f to add a small linear term in T to
the phase jitter to bring the expression, when evaluated at
7=60 seconds, up to more commonly experienced results:

o) 1/2
Rms phase jitter = {(12 TP +(30 {E%}) } , deg

or -

60) 9%\ 2 1/2
Noise = (0.0013 {7} ) + (0.0014)? , Hz

The results for all four spacecraft are summarized in Table 1.

Based on the different spacecraft charactemistics and the
radically different RTLTs, it seems reasonable to accept large
differences befween the Pioneer spacecraft and the Helios
spacecraft. There is much less reason fo think the smaller
differences obtained between Pioneers 10 and 11 and, like-
wise, between Helios 1 and 2 are significant or that these
differences could be confidently predicted mnto the futue. It
would seem to make more sense to average the Pioneer 10
and 11 results, and, sumilardy, the Helios 1 and 2 resulis. For

future doppler noise modeling, a “Pioneer” and “Helios”
model will be adopted as follows:

tms phase jitter =42 {73%1, deg

Pioneer
601°-° .
Noise = 0.0029 {—'r} ,Hz
(
rms phase jitter = (18 {1‘}0‘2) 2
212
-
+ (30 {E}) :l , deg
Helios <
0.8\ 2
Noise= [(0.0019 {6—2} )
12
L + (0.0014)?] ,Hz

Figure 5 presents these expressions as compared to the
Chaney formulation Tor the following parameter values:

0 =0.019 cycle

g = 0.010 cycle

0, =0.040 cycle

Afif=1X 10712

AP/AT=15X 107%

Additionally, included mn Fig. 5 for companson are results’
obtained by M. Brockman (Ref.9) for the following condi-
tions: .

Frequency standard
Doppler extractor phase noise =22 degrees

Timung jitter on doppler sampling - =5 X 10~% second-
Doppler resolver counter quantization =2 X 107% second

= rubidium

Considering that this is the first serious attempt to obtain
an operational modeling of system noise as a function of
sample interval, the correspondence between the Chaney
foimulation, the Brockman data, and the empirically derived
formulations presented here is considered favorably.
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lll. Plasma-induced Doppler Noise
Dependence Upon Doppler Sample
Interval

In July 1976, an initial study was conducted to ascertain
the dependence of solar plasma-induced doppler noise upon
doppler sample interval, using low Sun-Earth-probe (SEP)
doppler noise data from the April-May 1976 solar conjunc-
tion of the Helios 2 spacecraft. At that time, a relationship
was hypothesized as follows:

Noise (7,) T\
Noise (‘3‘1) - (7_2)

where

7 = doppler sample interval

Solving for the exponent (x) in 12 cases where different
doppler sample intervals were available at (approximately)
the same SEP, a mean value of x was determined as follows:

x = 0.285
with a standard deviation over the 12 cases of:
o(x) =0.120

The recent solar conjunction of the four Viking spacecraft
afforded an opportunity to retest the (sample interval
dependence) hypothesis, and it was considered reasonable to
utilize this opportunity.

Thirty sets of different doppler sample ntervals at
approximately the same time {hence, SEP) were identified,
with the following sample interval comparisons avaitable:

1 second/10 seconds
1 second/60 seconds
2 seconds/10 seconds
10 seconds/60 seconds

The same hypothesis applied to the Helos 2 data was
applied to the 30 Viking cases, and the results are seen in
Table 2. These cases produced an average value for the
exponent {x) of:

x=0.294
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and a standard deviation of:
o (x)=0.106

Although, the standard deviation of the exponent solu-
tions is large (as was the case with the Helios 2 data), the
average values produced by the Helios2 data and the
subsequent Viking data are extremely close. It should, of
course, be cautioned that the results are partially dependent
upon the type of processing done in the Network Operations
Control Center (NOCC) Pseudo-Residual Program.*

For future modeling of doppler noise during solar con-
junction periods, the following exponent value (x} will be
adopted:

x=03

so that plasma-induced doppler noise (“ISED™) will be scaled

by:
(60 0.3
T3

where

7 = doppler sample interval

IV. Plasma-Induced Doppler Noise
Dependence Upon Downlink Frequency

A great deal of S- and X-band doppler (and, hence,
doppler noise statistics) has been accumulated during the
recent Viking solar conjunction phase. Using the inveise
proportionality between plasma-induced phase error and
frequency, it is easy to derive an expected ratio of X-band
doppler noise to S-band doppler noise. It would then seem
reasonable to see how close the actual Viking X-band/S-band
doppler noise ratio is to the calculated expression.

A. Expected X-band/S-band Doppler Noise Ratio

One begins by defining the following frequencies and
frequency ratios:

]: up = S-band uplink frequency (2113 MHz)

*The doppler noise computed in the NOCC Pseudo-Residual Program
is a “running” standard deviation of the most recent 15 samples
calculated about a linear curve to these samples (residuals).



fian = S-band downlink frequency (2295 MHz)
frean = X-band downlink frequency (8415 MHz)

Tsanlf,

n-sup

= 240/221

fxdn!]:‘dn = 11/3

From Ref. 10, one has the phase error caused by fluctuat-
ing electron density:

Ap= re}\nAz

5

=r, (?) nAz

where

Ad = phase error
r, =classical electron radius
=28 X 107! km
A= wavelength
¢ = speed of light
f=frequency, Hz
1= electron density

Az = region containing electron density

Now consider:
F CH Az =K '
so that-

Agbmp = 8-band uplink phase error

=K, /f

1" sup

A¢ .= S-band downlink phase error ‘

=Kllf:vdn

A, = X-band downlink phase error

xd

=Kllf xdn
To calculate the ratio of X-band doppler noise to S-band
doppler noise, the following assumptions are made:
(1) If fluctuations in electron density are proportional to

electron density, then rms phase jitter will be propor-
tional to the phase error expression {rom Ref. 10.

(2) “Total” phase jitter on the downlink can be obtamned
by root sum squaring (ss) the phase jitter induced on
the uplink (multiplied to downlink level) with the
phase jitter induced on the downlink.

Using the above {with the constant of proportionality

between noise and phase error = K,), one constructs an
expression for S-band noise:

Noise, =K, I:(A@s,,p)2 (240/221)% + (Aq;m)z] e

=K, [(KJJZ" )7 (240/221)% + (K /7, d")z:| 1z
=K K, I:(llfmp)z (240/221)* + (1 /];dn)z]‘ &

and for X-band noise:

Noise, =K, [(Asbs,,p)2 (240/221)? (11/3)* + (/_\,¢m)2:| e
=K, [(K i) (220122107 (1173)% + (K  /f, d”)z] e
=K K, [(llfw)2 (240/221)* (11/3)* + (11, , )7 ] t2

The ratio Is then obtained:

172

[(r,,,, 7 @40/221)% 11/3) + (U, )]

Nmsex

I\I_mses

(1170 a072213 + (uif,, ] '

229



[(240/221)% (11/3) + U:gupjfxdn)z] B

12
[@407221)? + (1 f 1)°

[240/221) (11/3)? + (221/240)* (3/11)°] 1
[(240/221y + (221/240)* | v

_ [2e0/221? /3y + a0/221) (11/3)° ] 1
[a0/2217? + 220/22172 ] **

Now the X-band noise computed by the Network Opera-
tions Control Center (NOCC) RTM is scaled by the downlink
S/X ratio:

. _ )3 .
Nmsex— {ll}nomex

so that the ratio of X-band noise to S-band noise as computed
by the RTM would be:

. 142
Noise, 3 [240/221)? (11/3)? + (240/221)"2 (11/3)77]

Nonses 1

—

[240/221)* + (2a0221Y2] .
0.764

B. Measured Ratio of X-Band to S-Band Doppler
Noise

During the period from 1 July 1976 to 1 October 1976,
frequent measurements of the X-band to S-band doppler noise
ratio were recorded. The measurements were made for doppler
data taken at the 64-meter stations, and, in all cases, were
made for identical 15-minute time penods of 60-second
sample interval data. The only constraint imposed was that the
S-band noise be greater than 0.010 Hz, so as to minimize the
non-plasma component of the doppler noise. A total of 405
measurements, equivalent to a total of 101 hours, were
recorded during the 1 July-1 October period, and these

measurements yielded a composite average of (with X-band

“normalized” to S-band level)-

The difference between the measured value (above) and the
predicted value from Section 11 is about 8 percent:

Measured ratio _

Predicted ratio 092
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For future doppler noise modeling, the following will be
adopted (with X-band noise “normalized” to S-band level):
Noise |,

Nmses

V. A Composite Two-Way Doppler Noise
Model

Combining the results from the previous three sections with
the ISEDB (Refs.1 and 2) model, one has (the “ISEDC”
model):

ISEDC, Hz = ({AO [__%5] F o 8)

(sin &

+A|: ! } 10745 08,100 |*
1 (sin &)°

X & adn))z({%‘l}o'3)2

i 2

1 12

where

£, = downlink frequency (S- or X-band)

1.0 f,, = S-band
07 f an X-band

7= doppler sample interval, seconds
D, = { 0
0.0014 Helios spacecraft

D = { 0.0029 Pioneer spacecraft
0.0019 Helios spacecraft

Pioneer spacecraft

D o= { 0.9 Pioneer spaceciaft

0.8 Helios spacecraft

Fla, B)= 1-0.05 {(B -mf2* "‘); ol ”"2)3}
0.00275 {(!3 _af2+ a)Sﬁ— (@-7/2)° }

«= Sun-Earth-probe angle (SEP), radians
= Earth-Sun-probe angle (ESP), radians



and
¢, = heliographic latitude, degrees
=sin"! [cota (-cos &, sine, sine+sin 8, cos )]
@,, = right ascension

) i declination

€ = the obliquity of the ecliptic (23.445 deg)

with

A, =965% 107°

A4, =5%x1071°
Ag=9x 1071
VL. Summary

The dependence upon doppler sample interval of both the
media and system components of doppler noise has been
empirically deduced from actual data and appropriately
modeled. Additionally, the ratio of media noise for X-band
downlinks as compared to S-band downlinks has been sclved
for and is shown to be in reasonable agreement with
observations. These functional relationships are combined with
previous media noise modeling (ISEDB) to obtain a compre-
hensive two-way doppler noise model — ISEDC. This model
greatly enhances DSN capability to predict two-way doppler
noise levels for a great variety of circumstances.
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Table 2, Viking solar conjunction doppler noise exponent
solutions for different sample intervals

Sample intervals,

Day of year Spacecraft secondsfseconds x
Table 1. System noise versus sample interval test results 309 V01,Vv032 10/60 0.392
310 V01, Vo2 10/60 0.196
Paramet Pioneer Ploneer Helios Helios 310 VO1,V02 10/60 0.249
Tamster 10 11 1 2 311 V01, Vo2 10750 0.305
312 V01, Vo2 10/60 0.159
313 Vo1, V02 10/60 0.249
RTLT, s 10,850 3600 350 150 314 Vo1, V02 10/60 0.177
. a a 314 Y01, V02 10/60 0.126
Spacecraft spin Yes Yes No No 315 Vo1, Vo1 10/60 0.221
319 V01,VvV02 10/60 0.098
Dy, deg 0 0 0 30 320 Vo1, Vo2 10/60 0.258
' 320 V0O1,V0o1 10/60 0.299
D, Hz 0 0 0 0.0014 321 V02, Vo2 2/10 0.333
321 V02, VL2 2/10 0.526
D), deg 3% 48 24 12 323 V02, VL2 2/10 0.478
' 324 V01, VO2 16/60 0.225
D1 ,Bz 0.0025 0.0033 0.0025 0.0013 325 YOI, VL2 2/10 0.332
326 V02, VL2 2/10 0.285
D, 0.1 0.1 0.2 0.2 326 VL2, VL2 2/10 0.226
R 333 V01, VL1 1/10 0.329
Dy 0.2 0.9 0.8 03 333 VL1, VL1 1/10 0.264
334 VO1,VL1 1/60 0.391
a . . 334 V01, VL1 1/10 0.310
_ “Atleast insofar as any appreciable effect 1 the doppler is concerned. 334 Vo1, VO1 10/60 0.500
335 VO1,VLI1 1/10 0,339
337 VO1,VL1 . 1/10 0.400
338 V01, VL1 1/10 0408
339 VO02,VL1 1/10 0.328
340 V02,VL1 1/10 0.187
341 V02, VL1 110 0.245
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Fig. 1. Pioneer 10 rms phase jitter versus doppler sample interval
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N77-19120

DSN System Performance Test Doppler Noise Models:

Noncoherent Configuration

R. Bunce
DSN Network Operations Section

Recent DSN System Performance Test requirements (for pending missions) contain
implied long-term measurements for which existing nonccoherent test models are
inadequate. The new models needed are those of the first two moments, mean and
variance, of doppler noise under long-term conditions, and in noncoherent test mode.
In this paper, the newer model for varignce, the Allan technique, now adopted for
testing, is analyzed in the subject mode. A model is generated (including considerable
contribution from the station secondary frequency standard), and rationalized with
existing dara.

A mean-frequency model is subsequently proposed, based on data available, but this
model is not considered rigorous. It is an introductory idea, to be evaluated and
incorporated if proved valid, It uses a fractional-caleulus mregral to obtain a quasi-
stable result, as observed, with integrable spectrum poles.

The variance model s definitely sound; the Allan technique mates theory and
measure. The mean-frequency model is an estimate; this problem is yet fo be
rigorously resolved. The unaltered defining expressions are noncovergent, and the

observed mean is quite erratic.

I. Introduction

DSN site doppler noise measurements, in noncoherent
mode, do not fit existing models. New models for variance
and mean-frequency are outlined in this paper.

Initially, the doppler counter and data processing are
explained, and their expression as a frequency transfer
function for Allan variance developed. Next, spectral densi-
ties are discussed, and the transfer function above combined

with these to yield an Allan variance model. The model
parameters are iterated with (DSS 11) data to define the
variable model parameters, and a specific resuit for the site is
plotted.

The mean-frequency function is then investigated
(nonconvergent-integral), and a fractional filter proposed.
Based on this filter, and an unknown parameter, an expres-
sion for the mean frequency is presented.
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H. Doppler Counter Operation and Phase
Data Reduction: Mean and Variance

The doppler counter input is a replica of the receiver
carrier, phase-differenced with the exciter carrier (appro-
ptiately frequency translated}, with mixing such that this
input centers on a nominal 1.0 or 5.0 MHz bias frequency.
All system phase variation, deterministic or random, appears
as a composite time variation of phase, transformable to a
phase-frequency spectrum, on the bias carrier. Phase varia-
tion (degrees, cycles, or radians) is referenced to the nominal
phase of the bias frequency.

The counter ignores the amplitude of the input waveform.
It simply registers, or counts, positive-going zero-crossings
(cycles) of the input, and, upon receipt of a release data
time puise, resolves the (final) count to 10 nanoseconds, or
0.01 cycle at 1.0 MHz (3.6 deg), then releases data.

The time between release data pulses is the preset mea-
surement period, 7. The counter thus }'ntegrates the phase-
frequency continually, releasing the integral to date at each
Nth timeseries increment NT. It does not automatically
reset; the count is cumulaiive. The output count is thus a
very large number, containing all cycles counted since last
(arbitrary) manual reset. The format is a series of decimal
digits:

XOEXX XXXXXXXXXX - XXX =D, (readout)
eyl —" e T e
time accumulated resolver count

[1 X 109 5 of bias
cycle, resolution]

cycle count

expressed as waveform functions (bias integral linear)-

t
A{f) = input waveform = a sin I}I)o +Bt+ f @ () dr }
0
NT
¢y =&, +BNT+ f w(r) dt (resolver incorporated)
0 .

The desired data consists of the difference between
successive values of the trailing integral. This is the deviation
from nommal; the integral of the phase frequency across a
measuiement period. This data time series is’

v, (NT) = @, —®,_, - BT (by data reduction)
NT (1)

@ (7) dt
(N-1)T
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The set {p,}is processed to yield mean and variance of the
data over a block of M measures [block period 7 =MT]:

N 1 U

N=1
Y @
Also, for nonstationary mean’
Fp = @), He, = ()~ , - MBT)/r
where Fg is the system phase-frequency /
offset,

lll. Allan Variance Data Processing

The Allan variance technique, newly adopted for DSN
testing, is a variation of Eq.(2) where the mean, 7, is set to
only 27”, and collective variance of sequential data pairs 15
averaged. This technique leads to expression of non-stationary
data expectation by stationary speciral models; the variance
measure is, m general, stabilized as a rational function of T.
Variance becomes:

Eq. (3), therefore, is the quantity to be predicted by the
spectral model; further variance discussion will be limited to
this techmque alone.

V. Allan Variance General Model and
Filter Functions

Expected value of measures obtained from Eq. (3) can best
be modeled as some combination of noise spectral densities of



various orders (order i this paper is the order, or exponent, of
the (predominant) denominator term of the density), as
filtered by the counter-data-reduction process. To start,
assume the variance contribution of an arbitrary noise source,
as filtered:

by

E(oy) = K, H,, ) |* - 1Rl do (@)

where

N= Nth noise source index
K N= neise constant
H,,(w) = spectral density function

F(jw) = counter/data process frequency transfer
function (Allan variance)

ay,b,, = ambitrary integral frequency limits, or/

N
cutoffs.

The filter function is invariant with noise spectrum,
depending only on sample period 7. We derive it from its
Laplice time transform for a single Allan measurement-

F(S)=l:1—e'ST} -% [I-e“m} (5)

N e N
sample mean

This simply states that each measurement of the waveform is
differenced with its value T earlier, with mean over 2T
subtiacted; a parallel to elements of Eq (3) Eq.(5), by
manipulation, leads to the desired transfer function.

IF (jo)* = = [1 + cos (20T - 2 cos (wT)) 2

N

+21I [s1n (200T) - 2 sin (wT)] 2

{[cos2 (wT)] + [sin? (wT)]} [1-cos(wT)]?

]

[T~ cos (wT)]? (Allan variance only) (6)

Expression (6) is remarkable in that its leading term is of
fourth power, assuring convergence of integrals with spectral
densities up to and including that order. Equation (6) thus
enters Eq. (4) as the defined transfer characteristic, leaving the
spectral densities and constants to be determined.

V. Noise Spectral Densities and Sources

When doppler noise is measured under strong-signal coher-
ent conditions, variance is small, stationary, and consists only
of system residual sources, lumped as (pg. The standard
deviation of this residual is only a few degrees (3 deg typical),
and is assumed present in all test configurations. It is
background noise, undoubtediy the rms combination of a
number of minor sources. It is carried here as a single
parameter, to be determined during model-data fit iteration. It
is flat noise, order zero.

When the test configuration is altered to the noncoherent
strong signal mode, very large nonstationary elements appear
in the data. The predominant element is a strong quasi-stable
mean. This mean, divided by the sampling period, represents a
nearly stationary phase-frequency (F¢, Hz), or slope that often
holds within %5 percent for several hours, then suddenly
changes state by ratios as much as 50:1. The mean behavior 15
analyzed later m this discussion. The Allan variance technique
largely avoids these mean effects, as they influence variance:
the mean is short-term.

The presence of the long-term mean does, however, indicate
a domumnant third-order spectrum, often called 1/F noise
(referred to.mtegrator inputs). However, during short measure-
ment periods, the vanance is approximately linear, mndicating
second-order source or souices. By reference to specifications,

it was determmned that the prime laiter-source was the

secondary standard; it literally swamped the variance for 7" of
ten seconds or less, while giving third-order indications at
longer periods.

To complete the sef, assume some second-order contribu-
tion for system sources other than the standard. Before
forming the model using these spectia, an analysis of spectral
continuity of fiequency standards m geneial 1s pertmerit. The
orders for this and the system are shown in Table 1.

VI. Frequency Standard Noise Models

The phase-noise contribution of frequency standards in the
system 1s well understood to be large during short measure-
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ment periods, settling finally into a third-order spectral mode
during longer periods.

Published frequency variance data indicate some combina-
tion of second- and third-order phase-power spectra. The
question is whether both spectra are continuous and over-
lapping, with saturated integrals, or whether the composite
spectral density crosses over from third order to second order
form at a particular defined frequency; the second order
integral subsequently continuous to saturation. When the
latter is assumed, it is often replaced by a break-point time
approximation. The frequency variance is considered log-
linear with time before the bieak-point, and subsequently
constant. The break-point measurement time varies from
30 seconds to 300 seconds with common standards of various
quality.

The three models are outlined in Table 2, and results for
the present DSN primary standard are shown in Fig. 1.

Model 2 (see Table 2) was obwviously chosen, for it rides
below the maximums, but is otherwise very close to the
published break-point data. It appeais that frequency standard
noise is best modeled as sequential, rather than continuous,
power spectral density orders.

During non-coherent test mode, results of Fig. 1 cannot be
applied directly, for the site secondary standard is in use. The
standard exhibits frequency variance that is much degraded
over that of the primary standard. Also, definitive specifica-
tions are not.available.

However, Model 2 was still assumed to apply, but with
different cross-over frequency (F,) and amplitude constant.
These were given bounded ranges by degrading the primary
standard data by one-half to one order of magnitude. Within
these ranges, the parameters were iterated with the other
system model estimates and data, as described later in the
discussion.

VIl. Final Allan Variance Model and
Parameters

Since Model 2 of Table 2 was chosen for the standard, the
same form (spectral cross-over) was finally chosen for the rest
of the system. The choice was hardly trivial; the other models
did not fit the data. The two models diffeted only in the
selection of the amplitude constants and crossover frequencies.
The final total model is (the spectral model of Eq. (3}).
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E {oﬂv}2 = ((,00)2 (residual)
{1 cos (x)]
+K T f dx system
sources
KT = r1_ 2
it [T e @l
Yo w,T x?
) (7
w T 2
- 2 ¢ [1-cosx
+KT f {1-cosx] e ]
0 . secondary
standard
KT ,wT _ 2
o8 f ¢ [1-cosx] dx
w, J ¥2
K, K = noise amplitude constants, (degfsec)® + (rad)?
wg, @, = crossover frequencies, (rad/sec)
T = measurement time, sec

The four main constants (K, wq, K, ,) and y, interact,
and no solution would be possible unless their ranges could be
bounded. Extrapolation of known frequency standard data to
apparent secondary standard degradation gave such bounds to
K, and ¢« . It was obvious from data behavior that o, was
much greater than w,; system 1 {F noise predominated over
any possible standard contribution at long measurement
intervals.

Four prime data points were used for iteration (to
minimum rms error, normalized, model vs data), but several
lower-confidence points were used as checks (all within
+ 10%). The prime data points were (from DSS 11) as listed in
Table 3. ’

lteration was a manually ‘aided machine variation of param-
eters technique, using Eq. (7) where, for each combination
increment the sigma error of each point, and normalized rms
error of all points, was calculated.! The points are those for a
single site (DSS 11); other parameteis would apply elsewhere.

The iteration data were as listed on Table 4.

Final fit of Eq. (7) to data, using Table 4 values, is shown in
Fig. 2. The figure displays the long-term stationary parameter

lror use with Eq.(7), series solutions of the mtegrals were
pregrammed



ofT, rather than ¢ directly. To obtain 6 in degrees, the
ordinate must be multiplied by T.

A program is planned to incorporate Eq. (7) and the
iteration process into a station performance test algorithm.
Finally, a discussion of F¢ behavior and its implications
follow.

VIIl. Noncoherent Doppler Mean and Mean
Frequency

The doppler phase noise mean value is simply the difference
between the last and first total phase measuie over a (long)
block period, 7. The mean frequency, Fp, is this measure
divided by 7, normally expressed in Hz. The counter/data
process filter transfer function for this quantity contains a
sine-squared term:

1 - e—ST

Fry )

[1-cos(wn)]® + [sin (@]  (8)

4 sin 2 (c_uz_r)

Concentrating on F¢ (since the block mean is not used for
Allan variance), the expressions consist of substituting Eq. (8)
in Eq. (7) and dividing by .

. 2
177, (o)l

It

This total model becomes (less v, which 15 mean-zero), and
expressed in Hz?:

2
MN
() =z \
K (@ 7/2) 2
_ o j’ 0" sin (x)dx
(360)% 7 x3
K, = sin? (x)
MRy 7 Yo
w07(360) (wy 12 X
K (w 7/2) . 2
. f ¢ 7sin T () 4
(360 4, X3
+ £ = sin® (x)

dx /

2 2
wc’:‘ (360) (wc,-‘rg) X

Now, when

I <<w,, @, [7>100 sec]

The x? (order 2) integrals become insignificant. Also, since w

<< w,, in any definitive solution of Eq.(9), the initial
integral will predominate. We can thus say, with reasonable
certainty that — F is a third-order system effect, essentially
independent of all dyramic frequency standard spectral noise.

This does not mean that the standards are free of
contribution;-F9 is a dc frequency offset; a phase accumula-
tion. It simply means that dynamic (short-teim-time-variant)
frequency-standard contribution is ruled out; F¢ and its
variations are very-long-term processes, largely unspecified. In
a mission sense, F¢ is the station doppler {velocity) error, a
contribution, during tracking, to the overall spacecraft velocity
eITor.

Admitting to both third-order system effects, by model,
and unmodeled standard frequency offseis (a third-order
contribution), we restate Eq. (9), in Hz?, as:

(e F'r) )
f ﬂg‘—) & (10)
A X

=C

EE8)y |, = Cy

where

N = index of NP value of Fo

Cy = prevailing offset magnitude constant during meas-
ure N, (Hz)? - (rad)?

wr = to coin a term, “the f¢ noise bandwidth,” or
average frequency beyond which mean and F¢
contributions are msignificant. If you placed a
low-pass filter at Wy, Fg would not be signifi-
cantly affected.

Expression (10) has a magnificent drawback; it does not
converge at the origin. It sumply says “F¢ is infinite” [-log
(0)], a straight vertical phase stope, forever. This does not
synchronize with reality.

The problem of this model non-convergence vs real meas-
ures has been investigated in many ways. The major conclusion
has been that Eq.(10) does nor represent any real spectrum
when w is very vety small, and measures show that statistical
generalizations no longer apply.

One approach, in particular, is to insert a sharp high-pass
filter within Eq. (10). It attenuates the ambiguous region and
converges the integral. Such a filter, generalized, has been most
lately expressed in detail by Greenhall {Ref. 1)-in connection
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with VCO spectral density estimates, where linear trends have
been subtracted.

Assuming some-such general high-pass filter (steep enough
to have no significant effect on the variance measure), we
restate Eq. (10) as

WpT . 2
E(Fo) | = Cy f sin” () 3(") . G ()dx \
T 0 X
G(x) = ahigh-pass filter, plus added

forin to express observed > (1)
data.

. . x > Ax

for no effect on variance G(x) = 1 { Ax <& 1}

The applicable form of G(x) was approached here by a
survey of DSN site F¢ behavior, as gathered from nonccherent
doppler test data.

F¢ behaves in a peculiar manner (one look at Eq.(11)
would suggest tlus). It maintains a fixed value for hours, then
suddenly jumps to a new value, entirely different. The time
integral, or phase waveform, is a series of constant slopes with
sharp break points to new linear values. Such a break is plotted
in Fig. 3, detected during a four-hour test at DSS 11.

Data are too scarce to estimate accurately any periodic
sequence to this behavior. However, F¢ appeairs to be
absolutely statistically bounded; its various states seem to fall
within probabalistic regions, with (at least close to) a mean of
zero: The DSS 11 data showed a standard deviation of about
0.07 Hz. (6 samples; mean = 0.02 Hz; 4 month scattered data
samples).

Since a given F¢ value persists for such a long period, it
appears quasi-stable, and any filter leading to 1ts model must
contain, upon ntegration, ¢ quasi-stable constant component,
applicable over (long) discrete time intervals

The only known iniegrands that yield direct constants aie
those of fractional form. We thus assume that

Assumption 1: “G(x), near the origin, results in an

integral of fractional form, yielding a

constant quasi-stable integration order.”

This suggests that some system function fractionally inte-

grates the low-frequency end of the spectium. This source, 1f 1t
exists, is indeterminate.
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Accepting Fp as a mean-zero convergent random variable,
its time waveform has, inherently, a finite Fourier transform,
but resolveable over only over very long time periods
(months). If mean-zero, the time-transform would, by assump-
tion, show no de component. Thus:

“G{x) must attenuatethe pole at the origin
(contain a high-pass filter) to represent the
data. Data indicate an integrable pole at
zero.”

Assumption 2:

The third assumption, a virtual corallary to the first, is that the
spectrum must contain a pole at all times, other than (or in
place of) that attenuated at zero. The fractional integral of
assumption 1 requites a definitive pole. Let the pole symbol be
w,- The pole w, #eed not be constant, 1t is sufficient that its
time period be that of the differential F# break points. Thus,
if a Fourier transform were taken over this interval, the w
component would far surpass all others in amplitude; that is, it
would be the “pole of the measure.” This is certainly
sufficient for a daily tracking period in site operational use.
The assumption is therefore:

“G(x) must contain a quasistable finite
pole, defining F¢ (daily) transient excur-
sions as (daily) pole-frequency period.”

Assumption 3:

Noting the above, the form chosen for G(x), meeting all thiee
assummptions, was unusually simple:?

X A
G = [—
{x) ([(pr) - xl) “
. f (12)
A = order of fractional integration

Inserting this in Eq. (11), and separating integrals at the pole:

Wy T 2 A-1
PN | sin” (x X
o B B e et
0 X OJp TF-=X
] N
Wt
xC fp sin” @) |27 gy
N x? (- w, N*
WonT onr
(13)

2The form is not nigorously established; measuwred data and source

characteristics at these eatremes are too scarce. The form is sumply
one (of possibly many) that meets the assumptions, as based on
available data.



To obtain an upper bound (disposing of considerable numeri-
cal complication), let.

sin? x) _

x2

1

This gives {7 cancels out) the bound (with parameter
interchange):

w A
E {0y <GT@ [ ¥ - [wX ety
0 PN

o) XA—I
+
Cy L FRE ax
By N (14)

The first mtegral is of the fractional calculus form,? leading to
a constant, as transiently observed. The second leads to a log
1atio and trailing series, the latter insignificant if A 1s small.
The slightest A converges the integral (solution of Eq. (10)):

E {(Fg)*} - ,
z N<1"(1+A)AI“(1 A}+log _TF
! N
W \K
& +A)1- (w—) (15)
v

+A D

& TAFEI-K

normally nsignificant, A << 1

Expression (15)* does not adnut to small values of F,
occasionally obseived (Fig. 3, early data), if A small, as
required. It is but a maximum rms amplitude constant, some
other snap-action parameter is determming it 1s quasi-period
level. The parameter seems, at this point, to have three

3The expression is a specific expression of the “Riemann-Liouville”
fmctiona! calcuius integral {about 1850)

4Note that the A function 1s independent of wp__ first-term amplitude
is not affected by pole location v

common states: small, large +, and large ~. The resulting F
model, with this unknown parameter, 15 therefore:

F{1+4)+T (1~ 4,) g |
o T

N

X {4y}

N = index of period (¥ transition count)
Cy = F¢ variance (site noise constant), during N,

A, = spectrum fractional integration parameter
(Ay << 1, possibly site-constant) for DSN 11
data, A= 0.057.

@g = noise bandwidth of mean power
wp = apparent pole frequency during V.

Ay = unknown step parameter with three apparent
states: (0, +1,-1)£ 5% (16}

To conclude, the F¢ function is hardly rigorously determined.
However Eq. (16) does provide a lead-in to its understanding,
and represents a convergent solution to Eq. (10). For 2 more
definitive model, extensive data would be required.

IX. Summary and Conclusions

(1) The Allan variance technique leads to predictable
expected doppler nose values. The values depend upon
DSN site-dependent parameters, and these numbers
must be determined, for each location, in noncoherent
mode. An appropriate algorithm is in process.

(2) The present DSN site secondary-frequency-standards
severely contaminate — even mask — the true system
noise, particularly durmg short measurement periods.
The desiied system measure 1s severely degraded by this
souice.

{3) The doppler mean-offset-frequency is quasi-stable, but
erratic on a long-term scale. Available data are insuffi-
cient for a thorough analysis, and all models awe
non-convergent unless an arbitraiy high-pass filter i
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added. This parameter is a maverick, expressing the (4) The mean-offset frequency above has a large mission

_ finite reality of an infinite theoretical prediction. The significance. It is the velocity error of the spacecraft, as
fractional-integration model herein is but one of many contributed by the DSN sites. It would be expedient to
possible descriptions. locate and stabilize its sources. ’
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Table 1. Doppler spectral elements

Order | H () 12 Probable source
0 1 System
residual ¥
2 Secondary
2 e standard
3 and
3 {feo system

Table 2. Frequency standard models

Ordinate/symbol Model - Expression/definition
= F. K “F (X)
A
o? (?"’) X, f ——dxe= f—-cz ax
o X s X
I (AF_) 1 \
F . K
= Ko +—
Frequency
star_xdard “’cT F X K(} =B (X)
variance 2 Ko f c ; dxX + c . dx
0 b's w, I X
T
[
5
T if T< T,
3 Break point (Tc)
approximation
Ké it T>7T
[
Fé Xy 1,2, 3 Sampling power function, Allan vanance
[1 - cos (X )]2
XK 0 K | 1,2° Third- and second-order noise constants, dimensioned to yield fdegfsec] 2
K.':,, K'l 1, 3 KO and K ' with integral limit values included
w, 2 Cross-over frequency = lch
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Tahle 3. Prime variance data

Point T, sec U?Allan)
1 1 15.56
2 10 49.34
3 60 219
4 120 504

Table 4. Parameter iteration using DSS |l data

Parameter Imitial range I[nitial value Fnal value
€ 0< Py < 10 5 2.0
Ky 10 <K, <25 20 1352
w, 0.05 < o2y < 0.5 0.05 0.1486
K 5K <20 20 11.87
wg 001 < w,<0.05 0.01 0.0294
rms error 0.2850 0.0116
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