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Preface 

This report series presents progress on DSN supporting research and techno lo^, 
advanced development and engineering, and implementation, and DSN operations 
which pertain to mission-independent or multiple-mission development as well as 
to support of flight projects. Each issue presents material in some, but not all, of 
the following categories in the order indicated. 

Description of the DSN 

Mission Support 
Interplanetary Flight Projects 
Planetary Flight Projects 
Manned Space Flight Project 
Radio Science Experiments 
Advanced Flight Projects 

Advanced Engineering 
Tracking and Navigational Accuracy Analysis 
Communications Systems Research 
Communications Elements Research 
Supporting Research and Technology 

Development and Implementation 
Space Flight Operations Facility Development 
Ground Communications Facility Development 
Deep Space Instrumentation Facility Development 
DSN Projects and Systems Development 

Operations and Facilities 
DSN Operations 
Space Flight Operations Facility Operations 
Ground Communications Facility Operations 
Deep Space Instrumentation Facility Operations 
Facility Engineering 

In each issue, the part entitled "Description of the DSN" describes the func~ons 
and facilities of the DSN and may report the current configuration of one of the six 
DSN systems (tracking, telemetry, command, monitoring, simulation, and opena- 
tions control). 

The work described in this report series is either performed or managed by the 
Tracking and Data Acquisition organization of JPL for NASA. 
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DSN Functions and Facilities 

N. A. Renzetti 
Mission Support Office 

The objectiues, functions, and organization of the Deep Space Network are sum- 
marized. The Deep Space Instrumentation Facility, the Ground Communications 
Facility, and the Space Flight Operations Facility are described. 

The Deep Space Network (DSN), established by the 
NASA Office of Tracking and Data Acquisition under 
the system management and technical direction of JPL, 
is designed for two-way communications with unmanned 
spacecraft traveling approximately 16,000 km (10,000 mi) 
from earth to planetary distances. It supports, or has sup- 
ported, the following NASA deep space exploration proj- 
ects: Ranger, Surveyor, Mariner Venus 1962, Mariner 
Mars 1964, Mariner Venus 67, Mariner Mars 1969, Mariner 
Mars 1971 (JPL); Lunar Orbiter and Viking (Langley Re- 
search Center); Pioneer (Ames Research Center); Helios 
(West Germany); and Apbllo (Manned Spacecraft Cen- 
ter), to supplement the Manned Space Flight Network 
(MSFN). 

The DSN is distinct from other NASA networks such 

communications satellites. With no future: unmanned 
lunar spacecraft presently planned, the primary objective 
of the DSN is to continue its support of planetary and 
interplanetary flight projects. 

To support flight projects, the DSN simultaneously per- 
forms advanced engineering on components and systems, 
integrates proven equipment and methods into the net- 
work,l and provides direct support of each projec"cthrough 
that project's Tracking and Data System. This manage- 
ment element and the project's Mission Operations per- 
sonnel are responsible for the design alnd operation of 
the data, software, and operations systems required for 
the conduct of flight operations. The organization and 
procedures necessary to carry out these activities are 
described in Ref. 1. 

as the MSFN, which has primary responsibility for track- 
lWhen a new piece of equipment or new method has been accepted 

ing the manned of the Apozlo and for integration into the network, it is classed as Goidstone duplicate 
the Tracking and Data standard (GSDS), thus standardizing the design and operation of 
(STADAN), which tracks earth-orbiting scientific and identical items throughout the network. 
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By tracking the spacecraft, the DSN is involved in the munications complexes (DSCCs) they comprise are given 
following data types: in Table 1. 

(1) Radio I&/Bet?.-r.ic: generate angles, one- and two-way 
Radio contact with a spacecraft usually begins when doppler, and range. 

the spacecraft is on the launch vehicle at Cape Kennedy, 
(2) Telemetry: receive, record, and retransmit engi- and it is maintained throughout the mission. The early - 

neering and scientific data. part of the trajectory is covered by selected network sta- - 
tions of the A; Force Eastern Test Range (AFETR) and (3) Commnd:  send coded signals to the spacecraft to 

activate equipment to initiate spacecraft functions. 
the MSFN of the Goddard Space Flight Center.2 Nor- 
mally, two-way communications are established between 
the spacecraft i n d  the DSN within 30 min after the space- The DSN operation is characterized by six DSN sys- 
craft has been injected into lunar, planetary, or interplan- 

terns: (I) tracking, (2) telemetry, (3) command, (4) moni- 
etary flight. A compatibility test station at Cape Kennedy 

toring, (5) simulation, and (6) operations control. 
(discussed later) monitors the spacecraft continuously dur- 
ing the launch phase until it passes over the local horizon. 

The DSN can be characterized as being comprised of 
The deep space phase begins with acquisition by either 

three facilities: the Deep Space Instrumentation Facility 
DSS 51, 41, or 42. These and the remaining DSSs given 

(DS'F), the Ground CommunicanOns (GCF), and in Table 1 provide radio communications to the end of 
the Space Flight Operations Facility (SFOF). 

the flight. 

8, Deep Space Instrumenfation Facility 

A. 'Tracking and  Data Acquisition Facilities 

To enable continuous radio contact with spacecraft, the 
DSSs are located approximately 120 deg apart in longi- 
tude; thus, a spacecraft in deep space flight is always 

A wodd-~wid~ set of deep space stations (DSSs) with 
T h e  9-m (30-ft) diam antenna station established by the DSN on 

ia.rg" phase-lock receiving Ascension Island during 1965 to act in conjunceion the MSFN 
and high-power transmitters provide radio communica- orbital support 9-m (30-ft) diam antenna station was transferred to 
tioras =with spacecraft. The DSSs and the deep space com- the MSFN in july 1968. 

Table 1. Tracking and data acquisition stations of the DSN 

DSS serial Antenna 
DSS Year o f  initial 

designation Diameter, m (ft) Type of mounting operation 

Pioneer 11 26 (85) Polar 1958 
Echo 12 26 (85) Polar 1962 

(Venus)' 13 26 (85) Az-El 1962 

Mars 14 64 (2 10) Az-El 1966 

Woomerab 41 26 (85) Polar 1960 

Weemolo 42 26 (85) Polar 1965 

(formerly 

~ i d b i n b i l l a ) ~  

5allimab 43 64 (2 10) Az-El Under 

(formerly construction 

Booroom ba) 

South Africa ~ o h a n n e s b u r ~ ~  51 26 (85) Polar 1961 

~ o b l e d o ~  6 1 26 (85) Polor 1965 

Cebrerosb 62 26 (85) Polar 1967 

Robledo 63 64 (2 10) Az--El Under 

construction 

'.A :erearch-and-development facility used to demonstrate the feasibility of new equipment and methods to be integrated into the operational network. 
Besides the 26-m (85-fl) diarn oz-el-mounted ontenna, DSS 13 has a 9-m (30-ft) diam 02-el-mounted ontenno that is used for testing the design of new 
equipment and suDport of ground-bosed radio science. / Yhiormolli italied a n d  operafed by government agencies of the respective countries (except for a temporary stoff of the Madrid DSCC), with some assist- 
onte of U.S. support personnel. 
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within the field-of-view of at least one DSS, and for sev- 
eral hours each day may be seen by two DSSs. Further- 
more, since most spacecraft on deep space missions travel 
within 30 deg of the equatorial plane, the DSSs are located 
within latitudes of 45 deg north or south of the equator. 
All DSSs operate at S-band frequencies: 2110-2120 MHz 
for earth-to-spacecraft transmission and 229k2300 MHz 
for spacecraft-to-earth transmission. 

To provide sufficient tracking capability to enable use- 
ful data returns from around the planets and from the 
edge of the solar system, a 64-m (210-ft) diam antenna 
network will be required. Two additional 64-m (210-ft) 
diam antenna DSSs are under construction at Madrid and 
Canberra, which will operate in conjunction with DSS 14 
to provide this capability. These stations are scheduled to 
be operational by the middle of 1973. 

B. Compatibility Test Facilities 

In 1959, a mobile L-band compatibility test station was 
established at Cape Kennedy to verify flight-spacecraft- 
DSN compatibility prior to the launch of the Ranger and 
Mariner Venus 1962 spacecraft. Experience revealed the 
need for a permanent facility at Cape Kennedy for this 
function. An S-band compatibility test station with a 1.2-m 
(4-ft) diam antenna became operational in 1965. In addi- 
tion to supporting the preflight compatibility tests, this 
station monitors the spacecraft continuously during the 
launch phase until it passes over the local horizon. 

Spacecraft telecommunications compatibility in the de- 
sign and prototype development phases was formerly ver- 
ified by tests at the Goldstone DSCC. To provide a more 
economical means for conducting such work and because 
of the increasing use of multiple-mission telemetry and 
command equipment by the DSN, a compatibility test 
area (CTA) was established at JPL in 1968. In all essen- 
tial characteristics, the configuration of this facility is iden- 
tical to that of the 26-m (85-ft) and 64-m (210-ft) diam 
antenna stations. 

The JPL CTA is used during spacecraft system tests to 
establish the compatibility with the DSN of the proof test 

model and development models of spacecraft, and the 
Cape Kennedy compatibility test station is a~sed for final 
flight spacecraft compatibility validation testing prior r5 
launch. 

II. Ground Communications Feocisity 

The GCF provides voice, high-speed dam, wideband 
data, and teletype communications between the SFOF 
and the DSSs. In providing these capabilrtics, the GCF 
uses the facilities of the worldwide NASA Comm~nnlea- 
tions Network (NASCOM)3 for all long distance circurts, 
except those between the SFOF and the Goldstone DSCC. 
Communications between the Goldstone DSCC and the 
SFOF are provided by a microwave link directly leased 
by the DSN from a common carrier. 

Early missions were supported by voice 2nd teletype 
circuits only, but increased data rates necessitated the 
use of high-speed circuits for all DSSs, plus wideband cir- 
cuits for some stations. 

Ill. Space Flight Operations Faciliv 

Network and mission control functions are perfomcd 
at the SFOF at JPL. The SFOF receives data from alI 
DSSs and processes that information required by the 
flight project to conduct mission operations. The follow- 
ing functions are carried out: (1) real-time processing and 
display of radio metric data; (2) real-time and non-real- 
time processing and display of telemetry data; (3)  simula- 
tion of flight operations; (4) near-real-time evaluation of 
DSN performance; (5) operations control, and status and 
operational data display; and (6) general support such as 
internal communications by telephone, intercom, public 
address, closed-circuit TV, documentation, and reproduc- 
tion of data packages. Master data records of science data 
received from spacecraft are generated. Technical areas 
are provided for flight project personnel who analyze 
spacecraft performance, trajectories, and generation of 
commands. 

%Managed and directed by the Goddard Space Flight Center, 

Reference 

1. The  Deep Space Network, Space Programs Summary 37-50, Vol. 11, pp. 15-17. 
Jet Propulsion Laboratory, Pasadena, Calif., Mar. 31, 1968. 
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DSN Telemetry, System 

E. S. Burke and C. W .  Harris 
DSN Engineering and Operations Of f ice  

The Telemetry System Analysis Group is responsible for analyzing the total 
performance of the DSN telemetry system. The group's tasks include both real 
time and non-real time functions. By combining these two functions, the telem- 
etry system can be analyzed for short- and long-term performance. This can be 
illustrated by the results of the data which was accumuluted during real-time 
operations for the solar occultation of Pioneer 9, and compiled and analyzed dur- 
ing non-real time periods. 

I, Introduction parameters, and by the range of the spacecraft from the 
station. Also standards and limits are established for The Telemetry System Analysis Group evaluates the 
various parameters, which if not met are cause for cor- 

telemetry system performance, reports status and anoma- 
rective action to be taken by the real-time analyst. lies to the operations chief, generates telemetry predicts, 

establishes and monitors standards and limits, provides 
Analysis in non-real time is performed to determine pcrformanecx data to various engineering organizations, 

long-term trends of station parameters and residuals, and anti will supervise the generation of telemetry master data 
to provide this data to various engineering organizations. records. 

!I, Real-Erne Operations and Analysis 

During real-time operations, the quality of incoming 
telemetry data I S  assessed to ascertain that it is within 
limits of the predicted values and various parameters are 
recorded for frrrtlles analysis. If anomalies create degrada- 
tion within the system, corrective actions are recom- 
mended to the operations chief. 

III, Non-Real Time Analysis 

Operations for non-real time include the generation of 
telemetry signal-to-noise ratio and the signal level pre- 
dicts. These are generated by use of station and spacecraft 

IV. Illustration 

An example of the data, which was obtained during the 
superior conjunction of the sun and Pioneer 9 spacecraft, 
collected by the real-time analysts, and examined and 
compiled by the non-real-time analysts, is shown in Figs. 1 
through 4. 

Figure 1 shows the degradation of the system tempera- 
ture Ts  from approximately +9 deg of the sun-earth-probe 
(SEP) angle related to the day of year (DOY). There are 
two actual curves and two predicted curves. The dual 
curves are due to the effect of the quadripod structure on 
the 64-m (210-ft) antenna a t  DSS 14 as can be seen in 
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Fig. 3. After approximately 6 or 7 deg of SEP angle, the 
effect of the quadripod structure is minimal. 

Figure 2a shows the degradation of the telemetry data 
by actual and predicted residua1 signal-to-noise ratio 
(SNR) curves up to 2 9  deg of SEP angle. The predicted 
curve data was compiled from system temperatures taken 
during this period. 

P. Figure 2b is a continuation of Fig. 2a which shows the 
degradation continuing past 15 deg prior to syzygy. 

Figure 3 is an actual reproduction of the Ts strip chart 
recording for Pass 760 on December 7, 1970. This graph 
shows the high peaks due to the effect of the quadripod 
structure.' 

Figure 4 shows the fixed sun-earth line trajectory for 
Pioneer 9 giving the dates and angles con~erned.~ 

The data in Fig. 2b is discontinuous from approximately 
15 to 18 deg of SEP angle due to DSS 14 not tracking dur- 
ing this period. After 18 deg the data is within +0.5 dB 
tolerance. 

lDSN Doc. 810-5 Rev. A, Oct. 1, 1970 (Fig. 2-5). 
*IBM 7094 Trajectory Program Tapes 12309 and 12856. 

Due to a retrograde motion of PN9, as can be seen na 
Fig. 4, the SEP angle has been less than 8 78 deg anee 
15 March 1971. This will continue until June 30,1971 when 
the angle will increase until the next retrograde A maas- 
mum range was reached on April 30,1971 Snnee Mal-eh 15, 
the SNR residuals have maintained predlctlons wathm 
k0.5 dB. 

The compiled data in Figs. 1 and 2a s87now that the 
change in system temperature created most of the degra- 
dation in the telemetry. Figures 1 and 2b indicate that 
the degradation continued past the time when the system 
temperature was at its predicted value. Figure 4 shosvs 
that from less than 18 deg prior to syzygy, and greater 
than 9 deg after syzygy, the only difference is the distance 
from the sun. Therefore, other solar effects lmave influenced 
the signal besides the change in system temperatwe. 

V. Summary 

In order to have an efficient telemetry system which 
can operate at maximum performance, the system has to 
be monitored, analyzed, and corrected for degradations. 
These tasks are the responsibility of Ble DSN Telemetry 
System Analysis Group. The group plains to continue to 
provide engineering results, as described in Sacdisection PV 
above, for all Projects and to provide real-time support of 
spacecraft missions as required. 
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Fig. 4. Sun-earth-probe (SEP) angles for Pioneer 9 
near superior conjunction 
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DSN Monitor System 

J .  E. Maclay 
DSN Engineering and Operations Office 

The Deep Space Network (DSN) Monitor System is now operational. The 
system has been significantly changed during the process of moving into the 
Space Flight Operations Facility (SFOF) I B M  360/75 computers. The display 
capability is much greater than that available in the previous monitor system 
design. Additionally, SFOF and Ground Communications Facility monitoring 
provisions are augmented over the previous design. 

I. introduction 

The purpose of the DSN Monitor System is to gather, 
process, and display data relative to the configuration 
and status of the ground data system, i.e., the DSN. 
DSN personnel use this monitor data to enhance the 
performance of the other systems (Telemetry, Tracking, 
and Command) by continual monitoring of conditions 
throughout the network. 

come as a direct result of the "learning pLocessn abkendarst 
to implementing the changeover from the %044/7094 to 
the 360/75. Nearly all users of monitor data PIOW have 
a summary format of higher-level panarpeters backed ILQ 

by several specialty formats that display monitor pararn- 
eters at a detail level. When alarms occur can a sur?mrqa4y 
format, the user selects the appropriate specialty forrrL~t 
for troubleshooting. Twenty-five fornaats have bee?; xi?"- 
plemented to date, with a final count of 34 eupected. 

The DSN Monitor System that has been implemented Two additional display mediums are now 
for support of Mariner Mars 1971 and Pioneer F basically alarms generated in the D ~ N  monitor 7rocesior 
differs in two from designs: the printed out on a mi character printer. and incolmlng 

has been greatly and ( 2 )  and high-speed data blocks can be printed on an IBM 149 
6 C F  monitoring provisions have been augmented. line printer. 

Each alarm is a time-tagged mner~oxr~e: The TTY II. Displays 
printer is located in the monitor operations aree, lrsd 

An earlier article (Ref. 1) described the DTV display will also be distributed building-wide via CCTV Thts 
formats defined as of that date. Since then, most of the this display is a form of backup in the event 58: the less 
11 DTV formats described have undergone extensive of DTV. Alarms are generated by the cornpanson of rihal 
redesign and some have been deleted. The changes have versus predicted configuration and tolerances as defined 
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iil a monitor criteria data set. Currently, only DSIF mon- 
itor data are processed against the predicted data. 

The printing of incoming HSD blocks is initiated by 
the monitor chief. The print may be selected for octal, 
hex, or binary The HSD block header is printed in 
readable form $01 all print options. Because of limited 
printer speed, the print request times out before a large 
queue can lorrn. Such prints are used extensively by 
monitor, telemetry, and command in troubleshooting. 

Ill, SFOF Monitor 

Two of the SFOF displays described in Ref. 1 are 
nrsw implemented: (1) HSD input/output status, and 
( 2 )  360/75 user device status. 

The HSD snputloutput status identifies incoming data 
by source, BTEISSPO~,  and type of data. Alarms for data 
stoppages, GCF error flags, and HSD block serial num- 
ber sklps ase displayed. An indication of whether each 
~~aeorning data stream is being processed or not is in- 
cluded The monitoring of output HSD is limited to con- 
figuraatlona information. 

The user device display shows all 360/75 peripheral 
devices and identifies their current usage. An alarm, by 
device, is displayed for any device malfunctions or mis- 
usage (e.g., a printer with the motor turned off causes 

an alarm). This information requires four separate dis- 
play formats due to the large number of devices: 

(1) All devices in the data processing control center. 

(2) All devices in the computer area. 

(3) All 2260 1/0 devices in the DSN and project areas. 

(4) All card readers and line printers in the DSN and 
project areas. 

IV. GCF Monitor 

In addition to monitoring of the GCF HSD terminal 
equipment in the SFOF, a capability which has existed 
for several years, data from the station communications 
terminal are now also available. This information is 
returned via DSIF monitor. It is comparable to the SCT 
data: configuration, line, and error detection encoder- 
decoder (EDED) status. Comparison of status data from 
both ends of a high-speed data line (HSDL) is valuable 
in maintaining good service. 

V. Conclusion 

The progress described above typifies past and planned 
activities in the monitor system designs: improvement of 
existing capabilities, and expansion of monitoring func- 
tions in the SFOF and GCF to bring them on a par with 
the DSIF monitor. 

Reference 
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Pioneer Mission Support 

A. J .  Siegmeth 
Mission Support Office 

The Deep Space Network (DSN) is preparing for the tracking and data 
acquisition support of Pioneers F and G. The major objective is to produce an 
effective data return capability from the vicinity of Jupiter. This report describes 
the spacecraft's internal data flow design and identifies the interfaces between 
the spacecraft and the DSN data system. This report is a continuation of two 
previous papers zohich delineated the mission projiles and spacecraft design. 

I. lntrodvction II. Pioneer f /G  Data Handling Subsystem 

The Deep Space Network is preparing for the track- 
ing and data acquisition support of the Pioneer F/G 
missions. Pioneer F will be launched at the end of Feb- 
ruary, 1972, and Pioneer G 14 months later. Both mis- 
sions are designed to investigate the interplanetary 
medium, to explore the hazards on the asteroid belt and 
increase our knowledge of the solar system's largest planet, 
Jupiter. 

The first two parts of this report were published in 
Refs. 1 and 2. The first part described the Pioneer F/G 
mission profile, spacecraft system, electrical power supply, 
thermal control and attitude control. The characteristics 
of these missions which interface with the tracking and 
data acquisition functions were delineated. The second 
part described the telecommunications, antenna and 
Conscan subsystems. The objective of this report is to 
provide the reader some insight into the spacecraft in- 
ternal data flow design by presenting a description of the 
data handling and command subsystems. 

The spacecraft's data handling subsystem processes 
data originating from two major data sources: The first 
group of data is obtained from the outputs of the eleven 
onboard scientific instruments which provide data ors the 
scientific measurements, configuration status, and oper- 
ational health. The second group of data is composed of 
engineering data collected from sensors and transducers 
furnishing information necessary to determine spacecraft 
configuration status, operational characteristics, and 
operational health. 

The data handling subsystem has special capabilities 
of formatting and time-division muhjiplexing the data 
into a coded or uncoded serial type of data stream 
suitable for modulating the spacecraft's telemetry brans- 
mitter. Timing and operational signals are also provided 
to be included in the science and engineering data 
blocks. The data-handling subsystem can store and pro- 
vide time-delayed readout of formatted data upon eom- 
inand request. The data handling subsystem co~asists of 
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a digital telemet,:.y unit, a data storage unit, and a con- 
~~olu-tional c a d ~ r  which is an integral part of the digital 
~cleinetl-y unit (Fig. 1). The data-handling subsystenl 
has three operational modes, eight commandable bit rates 
from 86 to 2048 bits per second in binary increments 
;~:d eleven data formats with 23 format combinations. 

The three operational modes are: (1) real-time, (2) 
sclemedry stole and (3) memory readout. In the real-time 
 rode thc data are transmitted directly without interim 
storage. Is? thc telemetry storage mode the data are 
stared and trsnsmitted simultaneously until the data 
stsrage anat 1s ~riall. Then, at this time, the mode reverts 
aeztomat;lcally LO a real-time mode at the last com- 
ixinZed iormat and bit rate. In this mode, i t  is possible 
to sample ,lnd store data at a more rapid rate than can 
he receaved on the ground. Then, the stored data can 
be t~ansrnltted laecr at the prevailing bit rate. The 
Vjernorg reatlout mode consists of transmitting the data 
siorcd in the memory at  any selected bit rate. Figure 2 
" I - i ~ s t e h i :  ,~iierrelationship between the real-time and 
ilhc t2lerneiiry storage modes and the flow of the con- 
tyo1Sing eomma?ds necessary to operate the spacecraft 
11. these ~liodes. 

TFdc data i,nrdlmg subsystem processes 88 analog, 76 
dlglfaP arid 168 brlevel data input channels originating 
iron] S G I C ~ ~ ~ G  J.%$ engineering type data sources. The 
tclernetry Fonmsts generated by the data-handling sub- 
sysitexn ale divided into science and engineering groups. 
The science group includes two basic science formats 
a d  three special-purpose science formats for science 
n7ain flarne data, and two science formats that are sub- 
~urn~nutated In thc main frame. The basic science format 
contams 192 bits which includes 144 bits assigned to the 
sc~cntifie ~nsrrhirnents, 6 bits to subcommutate the engi- 
nieirP;g foi-r~:ats, 6 bits to subcommutate the science 
subframe, 18 blts for frame synchronization and the 
rcx21annder for :de~atification of subcommutated data, 
tekemetly i ~ ~ o d e ,  bit rate, and format. The basic science 
to:rn,at wotcl len~tla is three bits. If higher resolution is 
reqia~sed, two or three of these words are assigned. All 
oi the basic science formats will be arranged for use 
p~nniu%ly durrng interplanetary flight and the other dur- 
In$ Jupxtei enco,anter. In addition, three special-purpose 
science jiorrnats each contain 192 bits of digital data 
f ~ c m  only one or two scientific instruments, and are 
tlafisrnltted only In conjunction with one of the basic 
sttersce formats alternating every 192 bits. These special 
formats provide the capability to sample data from cer- 
tiiin sclel~tific ~nstruments at the high rate at the expense 
of reduang the amount of data from other instruments 

by one half. This feature will be particularly useful 
when the spacecraft is in the vicinity of Jupiter. 

The typical Pioneer F/G formats are: A, B, 6-1 
through 4, A/D-1 through 8, B/D-1 through 8. 

Telemetry Format A is the first science format that is 
arranged to meet the scientific requirements during in- 
terplanetary cruising. Figure 3 describes briefly these 
typical formats. All forty-three 3-bit words available are 
assigned to the scientific instruments for the Pioneer F 
mission. Seven scientific experiments share this format. 
The first 3 bits of each main frame contain the mode 
identification information. These words indicate whether 
the spacecraft is operating in the real-time, memory read- 
out, or telemetry store modes. Bits 4 to 6 identify the 
spacecraft bit rate of 16 to 2048 bits per second in binary 
increments. Bits 8 through 24 comprise an 18-bit-long 
frame synchronization word. This word is standard in 
all Pioneer telemetry frames and is used by the ground 
data processing equipment to synchronize the received 
telemetry frames and words. Bits 97 through 101 are 
used for format identification. The subcommutation 
identification is represented by a 7 bit-word, bits 102 
through 108 of each main frame. Bit 102 is the most sig- 
nificant bit for the 128-word engineering subcommutator 
with the most significant bit first. The subcommutated 
engineering words are contained in bits 109 through 114. 

These 6-bit words appear in 128 successive formats and 
are obtained from various spacecraft engineering instru- 
mentation such as voltage and current monitors, and 
switch positions. Analog, digital and status information 
are also included in the engineering subcommutator 
words. The same engineering subcommutator is also 
used to telemeter the time necessary for correlating the 
attitude of the roll index reference line with science and 
engineering data. The command number and the stored 
execute delay time of five stored commands are also 
made available for ground validation and analysis pur- 
poses. The sequence status of the spacecraft's attitude- 
control system and the roll reference source and scien- 
tific instruments roll index pulse are also identified and 
telemetered. Additional engineering subcommutator 
words are available to transmit information on the star 
location, on the pulse length of the hydrazine thruster im- 
pulses, on the spin period sector generator modes, and 
on the power status of the control electronics assembly, 
The science subcommutator is also provided in each 
main frame consisting of sixty-four 6-bit words. The 
science subcommutator appears in bits 115 through 120 
of the main frame. Analog, digital, and status informa- 
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tion is accepted by the digitaI telemetry unit (DTU) unit to increase the overall efficiency of the telemetry 
from the scientific instruments for telemetering in the system. The telemetry data can be either eodcd or 
science subcommutator. 

The format B is a second science format and is ar- 
ranged to meet the scientific requirements during Jupiter 
encounter. I t  consists of an engineering subcommutator 
accelerated at  the main frame-rate, resulting in a 32:1 
sampling increase of the measurements. This high-time 
resolution engineering format will be used to investigate 
the engineering performance of the spacecraft or deter- 
mine the source and cause of any detected anomaly. 
Format C has four basic types providing information on 
the four major engineering subsystems. 6-1 is used for 
power, C-2 for the communications, C-3 for the electrical 
distribution/propulsion and C-4 for the attitude control 
subsystems. Formats D-1 through D-8 are special for- 
mats with the main frame of 192 bits. These main- 
frames are assigned to a single instrument with the 
exception of format D-2, in which two instruments share 
the format. A format-D can be telemetered only by 
alternating it with the frame of formats A or B. 

The digital telemetry unit is the heart of the data- 
handling system and converts the time-multiplexed sci- 
ence and engineering data into a single data stream 
which modulates the spacecraft's transmitter. Nearly all 
elements of this unit are redundant. A stable, crystal- 
controlled 65.536 kHz clock and countdown chain will 
generate the timing signals needed throughout the 
spacecraft, and will transfer data to the digitaI teIem- 
etry unit. The roll index pulse generated by the attitude- 
control system referenced to the timing signals is used 
to produce accurate roll position signals. This deter- 
mines the roll position of the on-board instruments in 
relation to both the data and the spin rate. The digital 
telemetry unit drives the transmitter with a serial bit 
stream in the NRZ-L form. This is by-phase modulated 
on a 32.768 kHz squarewave subcarrier. 

The data storage unit (DSU) of the data-handling 
subsystem consists of a core stack containing 49,152 bits 
(or 256 streams of data) and associated logic. This unit, 
which is not redundant, has a read/restore type memory 
making possible the retransmission of stored spacecraft 
generated data. It  is not necessary to clear the unit 
before starting a recording cycle. The storage and read- 
out of data need not be continuous, since they may be 
interrupted and continued later by command, if required. 

The convolutional coder unit codes the format of the 
data from the digital telemetry unit or the data storage 

uncoded by command. Figure 4 sho~vs ehc functional 
configuration of the coder. The male* element of tllrr 
device is a multiple-bit shift register in wh~ch  the data 
are shifted in and out of the register at the data brt 
rate. The encoder replaces each data b ~ t  grrzeratcd bv 
the digital telemetry unit by two symbols, P and Q The 
value of each symbol is based on the values oi 32 
selected data bits previously generated Each PQ is a 
logical "1" if there are an odd number "'l's" 11-1 the selected 
data bits; otherwise it is a logical "(3". The encoding cyrie 
begins at the end of the last bit of each i.rar;.re synchrci~r- 
zation word at which time each stage of the shift regnster 
containing the value of the previously t~aasma'ifed 32 
data bits and the 33rd flip-flop used to gcnclate the C O C ~ C  

are reset to a logical "0 .  The output symbol late of the 
encoder is double that of the input data 1 ate In er;oa- 
free data, the bits of a pair provlde 211 u ~ ~ a ~ n b ~ g u o  1s 
representation of the original data bnt V7n-tF~ elrois o 

the data, the decoding process perforn~aed at thc derp 
space stations utilizing the sequence of PQ 1vdI provide 
reconstructed error-free data for tra~ismlssron cond~tlor;s 
well beyond normal acceptable limits withorst the coding 
An overall coding gain of between 3.5 to 4 dB is expeckd 

Ill. Pioneer F/G Command Subsystem 

The spacecraft's command subsystem provides the 
capability of controlling the operating n-~odes of the 
spacecraft equipment and scientific instruments from 
information received from the RF transmissions of the 
deep space stations and from signals generated on board 
at discrete events. The command subsystem consists of 
two command decoders and a colllmand distribution 
unit (Fig. 5). 

The comnlands are transmitted to the spacecrafi by 
the DSN station having a PCM/FSM/PM modulation of 
the uplink S-band carrier signal and ernploynng a rate 
of 1 bit/sec. Twenty-two bits are transmitted from the 
ground for a single command message. Table i illus- 
trates the twenty-two command bits. After a 4-bit 
preamble and a l-bit sync pulse, 2 bits are used %or 
selecting a decoder, 3 bits are used for command ravtrng 
within the spacecraft, and 8 bits cola~tain the command 
information. The last 4 bits comprise a priority check 
word. The code used is an optimal Harz?mi~g-type Bincar 
block code capable of detecting all possible I- and 2-bit 
error patterns. The modulo-2 summation of the selected 
routing and data bits results in even pa~ity for each case 
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The brt error rate of the ground system is By apply- 
117g the descinbeci command block code, the combined 
spacecra4tiDSh system word error rate has been increased 
to 10-'. The aetrvated spacecraft receiver demodulates 
tiic S-basad carrier and provides the frequency shift key 
tones (FSK) to the command decoders. The 128 Hz 
rcp~eients a "0" and 204.8 Hz represents a "1". The 
addressed decoder converts the FSK tones to digital 
dxta and pe~6orms a verification operation with the com- 
mand message to reduce the probability of executing 
wrong cornman ds The decoder forwards the routing 
addiess, coni~rland message, and if the command is 
psoperly velrfied, an execute pulse to the command dis- 
tllbutlon unat If the command is not properly verified 
Sv the decoder, f i e  execute pulse is inhibited and the 
c,xiimand d~str~bution unit does not act upon the 
c,~namalad message 

The commano distribution unit processes and distributes 
all comn?ands to the spacecraft equipment and scientific 
~l:strun:ents Tuo basic types of output are provided by 
tPie comnaand distlnbution unit: The first is a serial data 
outputtto a specific user, the routing portion of the 
co-il.iirmand message identifies the user, and the 8 bits of 
corramand ~nfor-iaat~on provide the serial data. The 
st cond output is a signal applied to any one of the 255 
di.jcsete lraes for lnntlating specific functions. The routing 
poltron 04 the message signifies this discrete type of 
output and the h-blt command information identifies the 
partlci~iar one G'F the possible 255 discrete commands. 
Tlie comnza.nd ciistr~bution unit also has the capability 
of b a n g  pogsarnmed by the routing and command 
nlessages to store up to 5 discrete commands for sequen- 
tral execut~om~ at a later time and to store the time delay 
bt tween sequence enable and sequence execution, and 

between each command of the sequence. This feature 
permits the command to be sent and verified by telem- 
etry before execution and will be particularly useful 
when the communication round-trip time is great. In  
addition, the command distribution unit will provide a 
sequence of commands that will be activated at preset 
intervals by a sequencer which will be initiated auto- 
matically by separation of the spacecraft from the launch 
vehicle. 

For redundancy, two decoders are provided for selec- 
tive operation by an address in the transmitted command 
message. Redundant paths are provided throughout the 
logic of the command distribution unit. The discrete 
outputs are wired to prevent single-part failures from 
activating other outputs. 

The spacecraft is capable of receiving continuous 
strings of commands by receiving one or more zeros 
between each adjacent command. Thus, it is possible 
to reduce the command word lengths to 19 bits for all 
except the first command. 

IV. Pioneer F/G Scientific investigations 

Eleven of the scientific investigations that will be 
conducted by the Pioneer F/G program utilize spe- 
cialized scientific instruments on the spacecraft. How- 
ever, two investigations use only Earth-based equipment 
and the S-band communication signal between the space- 
craft and the stations of the DSN. 

Table 2 shows a listing of the scientific objectives of 
the thirteen scientific investigations. 
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Table 1. Pioneer F and G command word 
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Bit numbers 

1-4 
5 

6, 7 

8-1 0 
11-18 

1 9-22 

Decoder addresses are 01 or 10 only. 

Parity bits are generated as follows: 

P1 = R1 f Rz f R3 -I- Ci  f Cz f C3 + C4 

Pz = R1 f Rz + R3 + CI f C6 f C? f C8 

P3 = R1 + Rz f Cz + Ca + Cs f C6 f C7 

Pq = R1 $ R3 + Cz f C4 f CS f C6 + C8 

Bits 

0 0 0 0 
1 

A1 

A2 

RI Rz R3 
CI Cz c3 c4 

c5 c6 c7 c8 

PI Pz p3 p4 

Function 

Preamble 

Sync 
Decoder address 

Routing address 

Command message 

Parity checks 



Table 2. Pioneer F and G experiments 

lnslrument or function 

(principal investigator) 
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Fig. 1. Pioneers F and G data-handling subsystem 

T S TELEMETRY STORE 
C O M  

REAL TIME WITP 

EDM SIGNAL END OF MEMORY SIGNAL MEMORY 

STANDBY 

REAL-TIME DATA MODES I .  __1 

Fig. 2. Pioneers F and G spacecraft data system modes 
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Fig. 3. Pioneers F and 6 telemetry format A 
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Fig. 4. Pioneers F and 6 convolutional coder 
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Fig. 5. Pioneers F and G command subsystem 
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Helios Mission Support 

P. S. Goodwin 
Mission Support Office 

Project Nelios, named after the ancient Greek Goddess of the Sun, is a joint 
space venture being undertaken by the Federal Republic of West Germany and 
the United States of America. Two unmanned scientific satellites zoill be placed 
into heliocentric orbits: the first during mid-1974, and the second in late 1975. 
The hidory of this Project, its mission objectives, and a general description of the 
spacema# were given in previous articles. This article initiates a more detailed 
description of the spacecraft's radio subsystem in  order that the reader may more 
thoroughly understand the interrelationships between spacecraft design and t h  
pknned capabilities of the Deep Space Network (DSN). Specifically, this article 
provides a functional description of the Nelios Telemetry System. 

I ,  introduction 

This is the third of a series of articles pertaining to 
Project Neiiz'os The first two articles (Refs. 1 and 2) pro- 
-~ided an owewicw of the Project organization, the space- 
czaiFt physical configuration and radio system design, the 
spacecraft trajeetro~y to within 0.25 AU of the Sun, and 
the support requirements placed upon the Deep Space 
Network. Thls article will treat some of the significant 
h~ghlights r e p o d d  during the Fourth Nelios Joint Work- 
nng Group Meeting (held at the Goddard Space Flight 
Cerater April 28 through May 4, 1971) and will initiate a 
sc:ies of dctasled descriptions of the spacecraft radio sys- 
tean and its laterface with the Deep Space Network. 

II, Significant Develcepmenls at  the Fourth Nelios 
Joint Working Group Meeting 

A, cemplete description of the proceedings of the Fourth 
Helios joint 8,krJo-king Group Meeting are contained in its 

minutes (Ref. 3). However, it is appropriate to highlight 
some of the more significant developments resulting from 
this meeting-particularly with respect to the interface 
between the Nelios spacecraft and the Deep Space Net- 
work. 

A. Welios Spacecraft Radio System Design Review 

The Nelios Project Office provided the various working 
subgroups with the first comprehensive description of the 
contemplated spacecraft radio system design and, in turn, 
requested that the working group membership respond 
with a technical critique. I t  was the general reaction of 
the TDS Subgroup (see Fig. 1, p. 20, Ref. 1) that the Proj- 
ect Office had made considerable progress in developing 
the spacecraft: radio system design since the Third Nelios 
Joint Working Group Meeting. Particularly notable was 
the maturity of the design as depicted in the level of detail 
and the thoroughness with which it was presented. While 
few, if any, major difficulties were detected in the tech- 
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nical review, several features were disclosed which will 
be of interest to the reader. 

I. Block diagram changes. Two design changes were 
introduced which will slightly modify the block diagram 
depicted in Fig. 3, p. 24, Ref. 1. It is suggested that the 
reader pencil the following changes into his copy: First, 
the two solid-state 1-watt amplifiers have been replaced 
by one 0.5-watt, low-power amplifier which will still have 
a capability of being coupled directly to the diplexer/ 
antenna system. This single 0.5-watt amplifier will pro- 
vide the spacecraft low-power mode. Second, the 20-watt 
Traveling-Wave-Tube (TWT) amplifiers have been re- 
placed by a combination 10/20-watt TWT amplifier to 
provide either the medium-power or high-power mode of 
transmission from the spacecraft to the Earth. The con- 
nection between the combination medium/high-power 
TWT amplifiers and the diplexer/antenna system remains 
as shown in Fig. 3 of Ref. 1. 

2. Two-way, mn-coherent mode. The second significant 
design change in the spacecraft radio system relates to 
the two-way, non-coherent mode of operation of the tran- 
sponder. In previous flight projects supported by the DSN, 
the establishment of an uplink to the spacecraft has caused 
an automatic switching of the transponder from a one-way 
(non-coherent) mode into a two-way coherent mode, while 
the loss of an uplink would cause the automatic reversa1 
of the process. While the latter feature is incorporated into 
the present Helios transponder design, the establishment 
or re-establishment of the uplink does not automatically 
create a coherent mode-rather, a command must be sent 
to the spacecraft to cause it to change from the two-way, 
non-coherent mode into a two-way coherent mode, as 
depicted in Fig. 1 of this article. This was done for oper- 
ational considerations since, during the Step I and Step I1 
maneuvers (see previous articles, Refs. 1 and 2), there is 
a reasonably high probability of momentary uplink and/or 
downlink dropouts due to antenna pattern nulls. To avoid 
sudden jumps in downlink frequency caused by repetitive 
switching between the voltage-controlled oscillator (VCO) 
and the onboard very stable oscillator (VSO), the tran- 
sponder is maintained in the two-way, non-coherent mode 
during maneuvers and other critical events such as boom 
deployment, etc. While the foregoing feature is advan- 
tageous insofar as the mission operations design is con- 
cerned, it does present a new and novel acquisition 
procedure to the Deep Space Network. A preliminary 
concept of the new DSN acquisition technique is shown 
in Fig. 2; however, the time associated with the major steps 
is only an initial estimate which, hopefully, will fore- 
shorten with further study and experience with this new 
situation. The time from spacecraft rise to the establish- 

ment of two-way, non-coherent operation (shaded dia- 
mond of Fig. 2) is dependent upon flight conditions and r s  
apt to be the greatest for the initial DSN acquisition where 
the tracking rates and other uncertainties are the\. greatest, 
and a minimum later on when the trajectory and hcnce 
station predicts are well known. Howcve-, it will always 
take several telemetry frames to establish frame syn- 
chronization in the DSS Sequential Decoder 

The minimum time between two-way, aon-eohererit 
operation and two-way coherent operatioia (shaded circle 
in Fig. 2) is a function of three independelit factors: (I) the 
two-way light time for the signal to rcael.1 $ 1 ~  ipacecsaft 
and return, (2) the time required for the spacecraft bit 
synchronizer to lock-up to the command idle stream prior 
to initiating actual commands (which is still rmdergoing 
study by the Project Office), and (3) the time it takes to 
re-establish downlink lock at the DSS after Ioss of the 
spacecraft's non-coherent signal. 

3. Command system. While the details of the IIeh~:s 
spacecraft command system will be treated in the next 
article, it is significant to note that with the present design 
concept it is necessary to enter an idle strsam of 001% into 
the spacecraft command bit synchronizer for several 
minutes prior to transmitting the cornn~and sync word 
and command instruction into the spacecraft This laas 
several operational implications : 

(1) The initial DSN acquisition during the Near-Earth 
Phase must take this time delay in~to account. 

(2) This time delay will also be a factor during hand- 
overs between DSSs during the cruise phase of the 
mission. 

(3) During routine tracking operations, it may be neces- 
sary for each DSS to continuously transmit the 061 
idle stream to the spacecraft in order to ensure rapid 
command access should the need arise. 

(4) Any inadvertent interruption of ithe taplink will! 
necessitate the re-establishment of bit syn:cbroniza- 
tion aboard the spacecraft. Inadvertent rspIiak drop- 
outs could be caused by a DSS hransmrtter overload 
trip or an unexpectedly deep null i n  the spacecraft 
antenna pattern. Known loss of uplink wi%: occt-r 
daring solar occultations where re-establishment c ~ P  
the command bit synchronization may be fr~rrhcr 
delayed due to solar corona effects. 

The foregoing factors do not impair the basic eom- 
patibility between the Nelios spacecraft and the Beep 
Space Network; however, they must be considered !n 
designing the mission sequence. 
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B, Telecomrnunicat im MiBestone Schedule 

Another slgni8cant Fourth Nelios Joint Working Group 
kleeting item was the distribution of the Working Sched- 
ule for the Sp~ceeraft Telecommunications Subsystem. 
This 1s slaorn n m Fig. 3. Even though HeMos-A is scheduled 
~ G P  launch in mid-1974, it is noted that Spacecraft Tele- 
commumcat~ons Subsystem hardware activity commences 
early in 1972 One of the first activities will be com- 
patibn'irty tests between the Engineering Model of the 
spacecrahladio system and the Deep Space Network, 
conducted :PC JPL's CTA 21 facility. This test, which will 
span rapproxlrnately two weeks, will establish the basic 
cor~patibihty between the spacecraft radio subsystem 
hardware and the DSN. It is scheduled for this early date 
m order to allow time to make design changes in the 
s~aeecraft hardware shouId any significant incompati- 
bllities be deteded during these first compatibility tests. 
Following this, the Prototype Model spacecraft will be 
cowstaucted Thie Prototype Model will be a complete 
spacecraft In every detail, including the use of Aight- 
qr~afified components. Because of this, the Prototype 
S~aceeraft is scheduled to be shipped to California where 
s t  will undergo match-mate tests with the launch vehicle 
at San D~ego, and thence undergo environmental and 
compatiblBitgi test mg and calibration at the Jet Propulsion 
Laboratory, using operational software in the SFOF com- 
puters The prototype tests are scheduled for the fall of 
1973 The Flight Spacecraft are not scheduled to be proc- 
essed through JPL, but rather to be shipped directly from 
Germany to Cape Kennedy. As a consequence, com- 
patlbilitgr tes;tmg and spacecraft calibration for the Flight 
Spacecraft wwlll be conducted at Cape Kennedy using 
DSS 71 Since Cape Kennedy does not have environmental 
test iacllities comparable to JPL, it will not be possible 
to condt~ct all of the tests performed on the Prototype 
Spacecraft, however, all hardware and software compati- 
bility tests performed on the prototype will be repeated 
r2sing the Flight Spacecraft under the ambient conditions 
cxisting at the Cape. Considering budget and schedule 
constraints, this appears to be a reasonable compromise. 

C. NearsEarth Phase Study Group Meeting 

Fdlowing the Fourth Nelios Joint Working Group 
3AIeeting, the second and final meeting of the Near-Earth 
Phase Study Croup was conducted at the Goddard Space 
Flight Center during May 5-7, 1971. The principa1 objec- 
tive of this latter meeting was to establish whether or not a 
viable near-Earth sequence of events could be established 
which would permit the activation of selected science in- 
strtiments aboard the spacecraft in time to make magneto- 
pause measurements in the region from 13 Earth radii to 
iunar distnnce To accomplish this, the Study Group 

selected one typical trajectory (i.e., a 60-degree launch 
azimuth using a Titan/Centaur launch vehicle) and the 
latest available information generated by the Study Group 
membership together with information received during 
the Fourth Nelios Joint Working Group Meeting. The 
Study Group succeeded in generating such a sequence of 
events for the selected Near-Earth Phase Mission Profile, 
and the results of this effort are presented in Ref. 4. In- 
cluded in the list of constraints used by the Study Group 
was the acquisition procedure described above in Sec- 
tion 11-A-2. This constraint, together with the need for 
the Mission Operations Team to carefully monitor and 
possibly send over-ride commands to the spacecraft during 
boom deployment, delayed the planned initiation of the 
two-way, coherent transponder mode of operation until 
spacecraft separation plus 70 minutes. This, in turn, will 
delay somewhat the DSN's ability to generate an early 
spacecraft trajectory for the purpose of computing station 
predicts and for use by the Mission Operations Team dur- 
ing the Step I1 manuever. The full impact of such a 
delayed start in the two-way, coherent mode of operation 
is still under study by the DSN; however, the situation is 
not considered serious provided ETR radar metric data 
are available from the C-band transponder aboard the 
TE-364-4 third stage. The results of the DSN study will 
be published when they become available. 

Ill. Welios Spacecraft Telemetry Subsystem 

A detaiIed description of the entire Nelios TeIemetry 
Subsystem is too involved for treatment in a single article, 
so it will be presented in logical or associated segments in 
several future articles. The present discussion is intended 
to acquaint the reader with the functional structure of 
the Helios Telemetry System and its major interfaces with 
other portions of the spacecraft. This description, together 
with a similar one covering the Spacecraft Command Sub- 
system in the next issue, should then permit a meaningful 
discussion of the various Nelios telecommunications modes 
and their performances analyses. 

A. General 

The Helios spacecraft employs one telemetry channel to 
transmit both science and engineering data back to Earth. 
Both data types are convolutionally encoded1 and modu- 
lated onto a single 32,768-Hz telemetry subcarrier, which, 
in turn, is phase-modulated onto the S-band downlink 
carrier. The combined science and engineering informa- 
tion data rate may be varied from 8 bps to 4096 bps,2 in 

1An uncoded mode is available for use during the Near-Earth Phase. 
?At the present time, the DSN is limited to 2048 bps convolutionally 
coded telemetry processing in real time. 
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steps of a factor of two. The onboard science require- 
ments dictate that the telemetry bit error rate (BER) not 
exceed 10-5 with a maximum frame deletion rate of 
To accomplish this, the telemetry is convolutionally en- 
coded at rate using a Massey code with a constraint 
length of 32. 

In addition to the foregoing real-time requirements, 
there is a mission requirement to be able to store telemetry 
onboard the spacecraft during blackout periods caused by 
solar occultation and/or during periods of particularly 
high solar activity. The latter is known as the Shock mode 
of operation which may be employed whenever it is desir- 
able to obtain spacecraft science data with a higher time 
resolution than that permitted by the information bit rate 
being telemetered to Earth in real time at that particular 
moment. Under these circumstances, the Shock data (only) 
from the onboard science experiments are routed to the 
5 X l0"bit core memory at a 4- to 16-kbps rate for stor- 
age, with provision for a later playback at a bit rate 
compatible with the telecomrnunications signal margins 
available at the time. 

B. Functional Block Diagrarn 

The method employed by the Helios spacecraft to meet 
the foregoing real-time and non-real-time telemetry re- 
quirements is depicted in Fig. 4. The real-time science and 
engineering data (lower lefthand corner) may be in either 
digital or analog form. The first step is, therefore, to digi- 
tally encode it in a manner that will permit further pro- 
cessing. The data is then fed to the Distribution Unit 
which formats it according to the telemetry mode selected, 
thence it is fed to the Convolutional Encoder. The output 
of the Convolutional Encoder, which is a symbol stream 
running at twice the rate of the original information bit 
stream, is then modulated onto the 32,768-Hz telemetry 
subcarrier (lower righthand corner of Fig. 4), which, in 
turn, is routed to the S-band phase modulator for trans- 
mission to Earth. The timing and synchronization of all 
of these operations is controlled by a single crystal oscil- 
lator within the telemetry control unit. This crystal oscil- 
lator also generates the 32,768-Hz telemetry subcarrier 
frequency. Because of this, all bit rates (or symbol rates) 
in the Nelios Telemetry System are coherent with the 
telemetry subcarrier frequency. This coherent relation- 
ship, while advantageous from a spacecraft radio system 
design viewpoint, may produce interference when the 
data are processed through the Subcarrier Demodulator 
Assembly (SDA) at the DSS. Therefore, this will be one 
of the areas receiving particular attention when the Helios 
Engineering Model telecommunications subsystem under- 
goes compatibility tests in CTA 21 in early 1972. 

Science and engineering blackout data enter tJre Helic-s 
Telemetry System in much the same manner as real-hmi: 
data except, in this case, the Distribution U ~ i t  rotates the 
data to Core Storage instead of to the Con~olut ion~i:  
Encoder. This change in routing is actii~atcd by the Modc 
Registers when so instructed by ground eornrna~ad. Fd- 
lowing the blackout period, another ground command car 
be sent which causes the Mode Registers to retrieve thr 
science and/or engineering data from Stcrage by reh~ra- 

nesentr ing it to the Distribution Unit, which, in turn, P" 
it to the Convolutional Encoder for proeess~ng to Earth 
in a manner similar to that for real-time telemetry. 

Shock data, which is defined as a sudden change in soial- 
activity, can occur at  any time througl1011t the spaceerafc'r 
heliocentric orbit. When the presence of a shock is de- 

, z catZen tected by the science instruments, a Shock Idert'fi 
Pulse is sent to the "Encoder Control Unit," which, in tujrn, 
enables the parallel entry of shock data into :lie Telemetry 
System. Like real-time data, the shock data is first digitally 
encoded but at a much higher rate (4 $G 16 kbps). The 
digitally encoded shock data is sent by the Distribution 
Unit into Core Storage. As previously imp'lied, this can be 
done in parallel with the spacecraft sending seal-time 
telemetry data to Earth. The shock data so accermulated 
in Corc Storage may or may not be recalked for playback 
to Earth-depending upon the partici~lar circr~rnsfances 
involved. If the shock data has not been rcealled for phy- 
back to Earth, the data will continue to  aec~~rne~late untJ  
the 5 X 105-bit core memory is full. At dmic: time. the entry 
of further shock data may be inhibited tinless the shock- 
front magnitude exceeds that of the data already in stor- 
age. In the latter case, the new data woulrl over-write the 
old data in storage-thereby establishing a new thres31oid 
for entry of further shock data into storage The system 
can, therefore, be made self-adjusting so that only the 
most significant shock data is retained in storage batwreev 
memory readouts. By monitoring the le>el of solar activity. 
in the real-time science telemetry sbearn, the Nelios Mic- 
sion Operations Team can make real-time decisions on 
the frequency with which they need to eoanrnand a replay 
of shock data from storage. 

C. Nelios Telernetry Formats 

As mentioned previously, all Helios telemetry data, 
whether they be science, engineering, b8:ielo:rt. or: si~iack 
data, are digitally encoded and routed to thc Distrihutien 
Unit. The Distribution Unit has seven ~mades of operation 
These seven distribution modes may be eoavenient!y 
grouped into five functional categories as depicted rn the 
lefthand column of Table 1. Within any ~ n c .  distriberticn 
mode, one of several telemetry formati is L~vailable for 
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selection in accordance with the second column of Table 1. 
fn addition, each telemetry format has a range of informa- 
tion bit rates avajjable in steps of a factor of two accord- 
ing to the listing provided in the third column of Table 1. 
Tlac- selection of a particular data mode, telemetry format, 
and bit rate for real-time transmission is done by ground 
command. Similar statements may be made for the Stor- 
age modes shown in Columns 4 and 5 of Table 1. With 
this in mind, it is appropriate to discuss the five functional 
distribution modes. 

I .  Distribtrtz'on mode 0: real-time telemetry without 
memory read-in. This mode will usually be used when 
format B (high rate) or format 5 (very high rate) has been 
selected. It may be used during certain prelaunch tests, 
before experiment turn-on after launch, or when ascertain- 
ing the spacecraft's state of health after blackout-before 
all the blackout data that are in the memory have been 
tp-ansmitted "oak to Earth. However, it can be used at 
other times, and with any of the formats 1 through 5. 

2, Distribution modes 1, 2 and 3: real-time telemetry 
tvith memory read-in. Scientific and engineering data, or 
engineering data alone, are combined in a selected format 
and sent to zhe RF subsystem for real-time transmission 
to Earth. At the same time, shock data are formatted and 
stored in the spacecraft core memory. 

There are thrce real-time science formats3 which can 
tie selected. eaclh associated with a different range of bit 
rates These are the High, Normal and Reduced Rate 
Formats (Nos 1, 2, and 3). Also, it is possible to use the 
engineering format (No. 4) and transmit to Earth only 
snglneering data 

Srrnsa'atancous~y the shock data are formatted (No. 6) 
a ~ d  fed as a selia'i bit stream to the memory. The read-in 
xddress at the enernory can be continually cycled, so that 
shock data may be held in storage for a fixed amount of 
tlnme and then ovcr-written by new data. 

3, Distribtttion mode 4: real-time telemetry with mem- 
ory read-in. This Is a special case associated with Sub- 
rection C-2, above, wherein engineering-only data are 
transmitted to Earth and simultaneously read in to stor- 
age-both atia rate of 128 bps. Principal applications of 
this mode occur during the launch and initial DSN acqui- 
sition phases of the mission, and again during the Step I 
3rd Step II spacecraft maneuvers, i.e., times during which 

'$These science formats also contain essential engineering data 
needed for proper conduct of the mission. 

there is a reasonable probability of telemetry dropouts due 
to either lack of near-Earth station coverage or spacecraft 
antenna pattern nulls. 

4. Distribution mode 5: blackout. The blackout mode 
is used whenever the spacecraft is occulted by the Sun. 
Both scientific and engineering data are formatted using 
format 3, and fed to the Core Memory for storage. The 
bit rate of the encoder is set very low, such that the 
memory will be efficiently used during the expected dura- 
tion of the blackout. When the memory becomes full, the 
read-in process will be automatically stopped so that there 
will be no erasure or over-writing of the memory in this 
mode. This is in contrast to the shock mode memory which 
will permit an over-writing of the data. 

5. Distribution mode 7: memory read-out. This mode 
is used whenever it is desired to read out science, engineer- 
ing, shock, or blackout data that have been previously 
stored aboard the spacecraft. In this mode, the contents 
of the bulk memory are read out and transmitted to Earth 
without the addition of any real-time science or engineer- 
ing data. Since the Core Memory data had been stored 
in digital form, it is unnecessary to use the Data Encoder, 
so the Core Memory data are fed directly to the Distri- 
bution Unit for processing to Earth. The read-out of the 
Core Memory is non-destructive, and after the memory 
has been completely read out, there is an automatic change 
of mode to the real-time telemetry without memory read-in 
mode. Thus, as little time as possible is spent in the 
memory read-out mode-however, if the transmission of 
the memory contents is unsatisfactory for any reason, the 
data are still available in memory for a second attempt. 
In addition, the memory read-out mode may be inter- 
rupted at any time by ground command without loss of 
the stored information. This latter feature was incorpo- 
rated to allow the immediate return to the real-time 
telemetry mode in case of a suspected problem aboard the 
spacecraft, or to permit periodic sampling of real-time 
engineering data when the memory read-out process 
would consume considerable time due to very low bit 
rates. 

D. Data Encoding System 

A detailed description of the Nelios telemetry data 
encoding and formatting system, including the bit-by-bit 
allocations within the 1152-bit Helios telemetry frame for 
each of the six formats, will be left to future articles. Of 
present importance to the reader is the fact that Welios 
has two separate encoding functions within the Telemetry 
System. The first is the Data Encoder that translates the 
raw science or engineering data into a digital structure 
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that is suitable for further processing within the telemetry 
subsystem. The second is the Convolutional Encoder that 
processes the data onIy after it has been formatted for 
transmission to Earth. Since confusion may otherwise 
result, it is important to keep in mind the foregoing 
adjectives since they will be used in the future articles. 

IV. Conclusion 
This article has presented several significant highlights 

resulting from the Fourth Nelios Joint %%'orking G~OUI: 
Meeting and its subsequent second meeting of the Helios 
Near-Earth Phase Study Group. I t  has also provided the 
reader with a functional description of the Helios Spnce- 
craft Telemetry Subsystem. It is intended that the next 
article will treat the Nelios Spacecraft Cnrnmand System, 
Thus, this and the next article will providc a basis fcr 
discussing the mechanism and performance of the numier- 
ous uplink and downlink modes of opera"iion of the space- 
craft radio system in a subsequent article. 
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Table 1. Helios telemetry: modes of operation 

D a b  conditioning for real-time transmission Data conditioning for onboard storage 
Distribution mode IDMI 

Format FM Bit rate BM, bps Format FM Bit rate BM, bps 

DM 0 FM 1 High rate 512-2048 

Real iime without memory read-in FM 2 Normal rate 64-512 
FM 3 Reduced rate 8-64 
FM 4 Engineering 8-4096 
FM 5 Very high rate - 4096 

DM 1, 2,3 FM 1 High rate 51 2-2048 4096 
Real time with memory read-in FM 2 Normal rate 64-51 2 

FM 6 Shock 8192 
FM 3 Reduced rate 8-64 

16384 
FM 4 Engineering 8-4096 

DM 4 I FM 4 Engineering 
Real t ime with memory read-in I 128 FM 4 Engineering 

FM 3 Reduced rate 
8 

(interrupted) - 
FM 3 Reduced rate 8-4096 

Memor)r read-out FM 4 Engineering 8-4096 

- FM 6 Shock 8-4096 
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Fig. 1. Simplified diagram of Helios spacecraft transponder coherency mode contsoii 
(only one channel shown) 
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SPACECRAFT TELEMETRY AVAllABLE 
DOWNLINK (NON-COHERENT) 

COMMAND 

I 
SUBCARRIER 
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I 

DRIVE SPACECRAFT 
AVAl IABLE 
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I 
UPLINK 

SEQUENCE 4 

COHERENT DOWNLINK - 
SEQUENCE 

ROUND-TRIP LIGHT TIME 
IN-LOCK TIME 

DSS DSS 
REACQUIRES SEQUENTIAL 
TELEMETRY DECODER 
SUBCARRIER IN-LOCK 

Fig. 2. DSN acquisition sequence for Helios 



I I 
JPL 

EM COMP TEST (CTA 21) 
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Fig. 3. Project Nelios telecommunication subsystem: major milestones, April 1971 
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Fig. 4. Functional block diagram of Nelios spacecraft telemetry subsystem 
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Mariner Mars 1971 Mission Support 

R. P. Laeser 
Mission Support Off ice 

All requirements for Deep Space Network (DSN) capabilities needed to support 
Mariner Mars 1971 Mars orbital operations have been compiled and reiterated 
with the implementing organizations. Trade-ofs between schedzlle and capability 
have been made in s m  instances. This article describes the resulting planned 
configuration, by network system. 

In Teehnacal! Report 32-1526, Vol. 111, the DSN con- training for the orbital period. 
iFigwa"ton for sup;port of the Mariner Mars 1971 launch 
and crulse was described. That configuration was signifi- 
cantly dlffel ent from the one originally planned because 
ot the reahtles (if implementation scheduling. Similar 
problems have iwced a decrease in available DSN capa- 
bil-ibaes for support of Mariner Mars 1971 Mars orbit 
oFeratlons The resulting configurations, by network sys- 
tems, are deser bed in the following tables and figures. 
T t e  method of presentation is the same as in the previous 
arUcIe Tabk B and Figs. 1 and 2 apply to the telemetry 
system, Table 2 and Fig. 3 apply to the command system; 
Table 3 and F ~ g s  4 and 5 apply to the tracking system; 
Table 4 and Fzg 15 apply to the monitor system; Table 5 
and Fig 7 :o tEe operations control system; Table 6 and 
Fig 6 to the s~rnrl'latlon system; and Table 7 to intersystem 
eapabairtles Tire slinulation system will be used to support 

For each capability listed in a table, a figure reference 
is given to the corresponding element in the cross- 
referenced figure; in some cases the block on a figure is 
numbered and figure reference 2-(1) is interpreted as 
Fig. 2, Block (1). 

The major change that was made between the original 
plan and the plan described here is that all high-rate 
telemetry processing and all master data record (MDR) 
and experiment data record (EDR) processing was elimi- 
nated from the 360/75. A plan to interface the Project- 
supplied mission and test computer(s) (MTC) to the CCF 
high-speed data lines will be implemented to accomplish 
these functions. 
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Table 1. Telemetry system 

Planned orbital operations capabilities 

4. DSlF 

1. Hardware ability to demodulate, synchronize and 
decode all MM'71 data 

2. TCP telemetry software 

a. Acquire synchronized 50 bps through 16.2-kbps 
telemetry for SSA/BDA 

b. Format 50 bps through 2 kbps data and output 
over HSDL 

c. Format selected 50 bps science and output 
via TTY 

d. At  DSS 14, format 1-16 kbps dato and output 
over WBDL 

e. Record all received data on o digital ODR 

3. ODR validation program to operate on TCP 

4. Playback specified portions of ODR at HSDL rate 

5. Analog record receiver and SDA outputs 

6. Playback analog SDA recording with ground 
received time 

7. Hordware/software must simultaneously provide: 

a. Command, engineering telemetry (8% or 33'/3, 
and science telemetry (50 bps, 1 kbps, or 2 kbps) 
using one 920 computer 

b. 1,2, 4, 8, or 16 kbps telemetry using second 
920 computer (DSS 14 only) 

B. GCF 

1. 50-kbps WBDL from DSS 14 to SFOF 

C. SFOF 

1. 360/75 Telemetry software for engineering 
(8% or 33%) data 

a. Automatic stream selection 

b. Place real-time data on SDR 

c. Place ODR replay data on SDR (at HSDL rate) 

d. SDR/MDR summary display 

e. Fix discrepancies 

(1) Display formats 

(2) Special processing-derived channels 

2. 360/75 Telemetry software for 50 bps science data 

a. Automatic stream selection 

b. Place real-time data on SDR 

c. Place ODR replay dato an SDR (at HSDL rate) 

d. SDR/MDR summary display 

e. Decammufate 

f. Display TTY character printer formats 

g. Display 1443 formats 

h. Display DTV formats 

3. 360/75 Telemetry software for all low rate telemetry 

a. SDR recovery after failure 

b. SDR write to tape 

c. Summary processor (statistical) 

d. Recall from SDR for display 

e. TAG formats for 1443 (2) 

f. TAG DTV formats (2) 

g. TAG formats far character printers (2) 

h. DSN monitor data in  telemetry displays 

i. Telemetry-monitor interface 

i. Continue ground channel processing in  absence o. 
telemetry data 

eference 

1-DSIF 

1 -TCP 

'1 -TCP 

1 -TCP 

1 -TCP 

I-ODR 

1 -TCP 

1 -TCP 

1-DSIF 

1-DSIF 

1-DSIF 

1-DSIF 

1 -WBDL 

2-(2) 

246) 
1-360 

246) 

245) 

2-(4) 

242) 

246) 
1-360 

2-16] 

243) 

2-15] 

245) 

245) 

1-360 

1-360 

1-360 

246) 

2-(5) 

245) 

2-(5) 
1-360 

1-360 

1-360 

Table 2. Command system 

Planned orbital operations capabilities 

A. DSlF 

1. Fix TCP software discrepancies known at Ia~rnei~, 
including alarms, stack recall 

2. Playback to SFOF selected portions of ODR from BCP 

I B. GCF 

1. 360/75 command software 

a. Display alarms consistent with A.l 

b. Generate and validate command SDR 

c. Place ODR replay data on SDR 

d. Generate command MDR providing merge of 
playback, card, or tape data 

e. Recovery of SDR and other key command 
information after failure 

f. Command/monitor interface 

g. Modify DTV stack recall display 

h. Block DTV format of commands entered and for 
each: transmit time, verify stotus, enable status, 
canfirm/abort results 

i. Display o f  "spacecraft event time" and '"earth 
received time" in  confirm/abort display - 
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Table 3. Tracking system 

I. Range doto and ?O sarnple/sec doppler (DTS) to 
SFOF via HSDL from DSS 14 

tal operations capabilities 

2. 20 psec infer-slation time synchronization 

Reference 

3. Acquire open loop receiver data (Occultation 
Experiment Support) at DSS 14,41, and 62 
a n d  analog record 

4. 9igitize open loop data in  real time at DSS 14 

5 D~grfise ar C I A  2'1, analog recordings of open loop 
aata maiied f, oral DSS 41 and 62 

1. Hardware 

a. 360/75-8 108 eiectrical interface 

2. 360175 softwore 

a. Tmnsfer SDR :o 1108 via electrical interface 

b Recovery of 508 after failure 
c ,  hlDR [archive) generation and validation 

d.  Project tape (or equivalent disk) certification 

e. Accept spacecraft ephemeris from 1108 via 
electrica! interface 

f .  1108 spacecraft ephemeris tape conversions on 
opesatlonai 360/75 

g. Add antenna limits to predicts 

n. View periods without full predicts run 

i .  Reduce predict wall clock run time 

(1) loaded system, 3 DSS, 24 h, 
Moss arbit-30 min. 

129 Some conditions-15 min. 

i. OccvPtoiian pledids 
k. Pseudo-residual alarms and tolerance setting 
I. Pseudo-assiduo1 @ factor selection 

rn. Weal-time acccauntabilify and outage alarms 

n. Tracking Alarms Processor (TAP) DTV display 

o. Generatc SDW dile of tracking data charged 
paitirie and troposphere calibration factors 
(MEDIA) 

p. Fix discrepancies 

(13 Comm Pracessor/360 tracking software 
'"channel" data transfer problem 

(2) Predict track syn. freq. logic, including display 

(3) Ada "Sign" to printout of TRAG records 
and DRVID 

(4) Add spacecraft frequencies to @ factor 
check %ape 

q Process high sneed metric data from DTS 
(1) b s ~ t  1/13 logic 

(23 Display of dafa and alarm blocks 

(3) All other processing same as TTY data 

r Compute timing polynomials in background 
mode ("LATO) 

s. Tracking data selection for transmission to Project 

t. Lighbtime interface to other systems/programs 

u. Add pseudo-residual quality index to SDR 

v. Locked file in  predicts to allow controlled changes 
of colastants -- 

A-DTS 

- Table 4. Monitor system 

1. 360/75 SFOF monitor software 

a. Acquire and display status/configuration of 360/75 
computer, input/oufput devices, and interfaces 
with 1108 and communications processor 

b. Accept status data from SFOF telemetry and 
command soffware 

2. 360/75 DSN monitor soffware 

a. Accept and display data from SFOF monitor 

b. Assemble monitor criteria data and use to generate 
alarms (including new requirements) 

Table 5. Operations control system 

1. Display felemetry/RF predicts an line printer as 
received via high speed from SFOF 

2. Generate antenna pointing system drive tape from 
tracking predicts via high speed or TTY 

1. 360/75 Operations control software 

a. Sequence of Events Generation (SEG) program, 
real time, meeting negotiated requirements of 
SRD DSW-2-3040 

b. 1443 page print of output routed traffic 

c. Repair output router floating point 
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Table 6. Simulation system 

3. Perform automatic signol attenuation on carrier 

1. High speed doto between Simulotion Center and 
DSS 12, 14,41,51,62, and SFOF 

2. Widebond data between Simulotion Center and 
DSS 14, CTA 21 and SK)F 

C. Simulation center (SIMCEN) 

1. 6050 software 

b. Accept high rate science data from digital 

c. Format and distribute b. to DSS 14 and CTA 21 
via wideband, simultaneous with HSDL 
telemetry activity 

d. Format and distribute b. to SFOF via wideband, 
simultaneous with HSDL telemetry, command, 
tracking, and monitor activity 

f. Format and distribute engineering ond 50 bps 
science via HSDL 

D. SFOF 

1. Generate on 360/75 time-ordered $ factor tapes for 
tracking simulation input 

Table 7. Intersystem 

Planned orbital operations capabilities 

A. DSlF 

1. One 920 computer must perform the following 
processing simultaneously: 

a. Telemetry: one 2.025 kbps plus one 33% 
(including T N  engineering) 

or one 50 bps plus one 33% (including TTY 
engineering and science) 

b. Commond: maximum activity for one spacecaaft 

c. Other: DIS interface, AGC and SNR converrioras, 
lock stotus handling 

B. GCF 

1. One 4.8 kbps HSDL must carry a maximum road 
consisting of: 

a. Telemetry: one 2.025 kbps plus 33% bps 
engineering 

b. Command: traffic representative of Iwa corqircrnd 
transmissions per minute 

c. Monitor: 14 blocks per minute 

C. SFOF 

1. Perform the following processing simultaneously 
(refer to each system for details): 

a. Telemetry: real-time processing of any legal 
combination of M M  '71 dota (one live and one 
simulated spacecraft) 

b. Command: real-time processing (one spocacraft) 

c. Tracking: real-time processing, including pieuda- 
residuals, plus predicts (one live and one 
simulated spacecraft). Includes high speed 
tracking dota from DTS 

d. Monitor: al l  real-time processing 

e. Operations Control: output routing of pnredictz, 
sequence or schedule 

f. Other large (analysis) programs, including 
MDRIEDR, COMGEN, SEG, SPOP, SCISIM, AMPS, 
LIBSET, OCCULTATION, SCILIB, UVS DISPLAY, 
IRR DISPLAY 

-.=-- 
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DSlF I GCF I SFOF 
I I 

4 ;  
T O D I S  I 

Fig. 1. Telemetry system 

Fig. 2. Telemetry inside the 360 computer 
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DSlF I 
I GCF ! SFOF 
I 
I I 
I I 

MANUAL ENTRY I I 
I 

LOCAL DISPLAY 
COMMAND, CONFIGURATION, 
STANDARDS AND L I M I T S  

Fig. 3. Command system 

DSlF 
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I 

I 
RANGE 

I 
I I 

DOPPLER I 
I 

I 
REPLACES 920 AND 1 

T D H A T D S S 1 4  1 
ONLY I 

I I 

Fig. 4. Tracking system 
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ACCOUNTABILITY /ALARMS 

t 
TRACKING TO 1108 

DATA (VIA TAPE OR 
ELEC. INTERFACE) 

DISPLAY 

Fig. 5. Tracking inside the 360 computer 
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DSIF I 
I 
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STATUS FROM I 
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I 
I I 

LOCAl 
AND 

PREDICTS 

(3) 

.ALARMS 
STATUS 

4 
SPACECRAFT EPHEMERIS FROM 1108 

(VIA TAPE OR 
ELEC. INTERFACE) 

GCF I SFOF 
I 
I 
I 
I 2260 

I 1443 
I 
I FRB 

Fig. 6. Moni to r  system 
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Fig. 7. Operations control system 
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Fig. 8. Simulation system 
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Viking Mission Support 

D. J .  Mudgway 
Mission Support Office 

Previous issues of the Deep Space Network (DSN)  Space Program Summary 
and the  DSN Progress Report devoted attention t o  management and organiza- 
tion, Deep Space Network configurations for telemetry, command, and tracking, 
and, more recently, to  the  influence of the DSN in  the design of the Viking 
mission orbiters and landers. Beginning with this issue of the DSN Progress 
Report, attention will be focused on reporting Viking-related activity in  certain 
specific areas, as the DSN interface organization progresses from the planning 
through operational phases of the Viking missions. This article takes u p  the 
question of DSN support for Viking navigation and traces progress since the 
latter part of 1970 through the present time. 

I ,  InB6roduction II. Background 

In Refs. P, 2, and 3, Tracking and Data System (TDS) 
plans for support of Viking were described with particular 
reference to management and organization, technical 
documentatioq and DSN configurations for telemetry, 
cornmaand, and tracking. Following the redirection of the 
Project from the 1973 to the 1975 opportunity, attention 
was devoted to aci1ieving a better understanding of the 
influence of DSPJ capabilities and constraints on the 
design of the Viking 1975 Mission. 

Since the decision was made by the Project to use the 
Type I1 trajectory described in Ref. 4, a great deal of 
attention has been given by the Project and the DSN to 
properly identifying requirements and capabilities re- 
spectively for radio metric data needed to accomplish 
the Viking navigation function. 

The basic radio metric data provided by the DSN to 
the Viking Project consist of the following items: 

in  Refs. 4, 5. and 6, these questions were addressed (1) ~ ~ ~ ~ l ~ ~ .  
in the areas of Viking trajectories, Viking Orbiters and 
Landers, and telecommunications including telemetry, (2) Range. 
command, and tracking. This and subsequent articles 
will describe significant Viking-related activity as the (3) Timing. 

DSN interface organization progresses through the plan- 
mlng, implementation, testing, and operational stages of These basic data are supplemented with additional in- 
the mission. formation which permits the prime data to be evaluated 

40 JPL TECHNICAL REPORT 32-1526, VOL. IV 



prior to their use in the Flight Project's orbit determina- ing period, this amounts to 0.00007 meters/secaa?d 
tion and navigation processes. The supplementary data (rms). 
include the following items: 

(2) Oscillator frequency instability in thc Frequeraey 
(1) Specifications on station parameters, such as ac- and Timing Subsystem (FTS), which c~ntributtis 

curacy and stability of frequency, timing, phase 0.00075 meters/second (rms) over a 60-scco~sd 
delay, group delay, etc. period. This assumes a stability of 5 parts in 9012 

in the FTS oscillators. 
(2) Deep Space Station (DSS) status. 

(3) Calibration data for interplanetary medium effects. When added RSS-wise and converted to a 3-sigeria 
value, the value of 2.1 mm/s given in Table I is obtain@& 

(4). Identification of data type, by station and space- 
craft. 

Because the quality of the radio metric data provided 
by the DSN directly influences the realization of the 
navigation goals, the Viking Project places great empha- 
sis on the identification of all uncertainties in the data 
and the reduction of all error sources to the absolute 
minimum. 

While the DSN supports a continuing program aimed 
at achieving objectives such as these for all flight 
projects, the exact details of the navigation support pro- 
vided by the DSN for any particular project depends on 
its specific requirements. 

III. Navigation Requirements 

The Viking requirements for navigation-related data 
were first presented to the DSN in Ref. 7, following an 
extensive review with the Viking Project Office in Jan- 
uary 1971 at the Langley Research Center. 

Table 1 compares the mission requirements on system 
design (MRSD) as given in Ref. 7 with the DSN capa- 
bility as presented at that time. The DSN capabilities 
given in the table are based on the material appearing 
in Ref. 8 and are consistent with DSN planning for the 
Viking era as reflected in Ref. 9. 

The doppler phase stability is also a function of two 
DSS parameters : 

(1) Variation in electrical path length through the R F  
system, having a value of 0.5 meters over 12 hours. 

(2) Stability of the DSS translnitter frequency 
(5 X 10-12) over one round-trip light time (RTET). 
For RTLT of 2400 seconds, this is equival- pnt to 
1.8 meters. 

The RSS addition of these two contribratioias gives tlte 

3-sigma value of 5.5 meters/l2 hours grven in Table 1, 

The two remaining doppler quantities of leaferest, i :: , 
offset and rate, arise from estimates of the wmst pirs- 
sible case Viking trajectories where the earth/spaeccesft 
radial velocity might reach irr 17 km/s with accele~ ations 
as high as 2.7 m/s? Given adequate ss*gnal margins In 
the receiver RF tracking loops, this presents no problcna 
to the Deep Space Instrumentation IFaelIlty (DSIY-'). 
except that the dopplcr offset could elms into an adio,~z- 
ing channel as explained in Ref. 5. 

B. Ranging 

In considering planetary ranging at all 64-meter sia- 
tions for support of Viking, the folowizrg crror 
acteristics must be taken into accoune 

Several of the parameters are of special significance (1) Nigh-frequency noise, which asists ~n the rang~ng 
to the navigation function and are discussed below. receiver, depends on both "cc rabo of ralzgulg 

power to noise power and on the trme b c t w e ~ ~ ~  
independent samples. Both of these parametcxrs 

A. Doppler are under the control of the fliglak- project A 
Noise in the doppler data arises from two principal typical value for P,/N, = +4 dB 1~1th a sample 

sources within the DSSs: time of 250 seconds gives an uncertainty in each 
independent range sample of 3 meters (mmsj A 

(1) High-frequency noise in the Receiver, Exciter, set of curves relating these variables has been 
Transmitter Subsystems. Over a 60-second averag- developed and is included in Ref 10 
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(2) Further errors in the range measurement result 
from the accumulated effect of several other fac- 
tors : 

(a) Instability of the ranging modulation group 
delay ina passing through the RF system con- 
tributes about 2 meters uncertainty over a 12- 
hour period. 

(bj Absolute frequency error of 1 X 10-l1 over 1000 
seconds is equivalent to an error of 1.5 meters. 

(c) A timing measurement error of 30 microsec- 
onds causes a further error of 1 meter for an 
earth/spacecraft radial velocity of 30 km/s. 

(d) The zero-delay device used to calibrate the 
station ranging system contains an uncertainty 
of 2.5 meters. 

The 3-sigma valve of the RSS total of these uncertainties 
psod~aced the 12-meter value for range delay given in 
Table I. 

The overall uizcertainty of the ranging system measure- 
n-ents is obtained by including the noise contribution 
~11th the delay uncertainties and taking the RSS total. 
This approach gives a value of approximately 7 meters 
(ac~s) which has been adopted as the current DSN 
standard for ranging uncertainty. 

TSlc remaining ranging-related items are concerned 
with the acquisition time of the standard operational 
DSN planetary ranging system (Tau) relative to that of 
the developmental ranging system (Mu). 

The figures given in the table reflect the Project's 
earlier interest :n the Mu system where the acquisition 
t ime was given by 

No T,, , (Mu) = 74 - = 240 seconds 
P, 

N,, = noise power in the ranging receiver 

P, = ranging power in the ranging receiver 

By comparison, the standard DSN operational plan- 
ehry ranging system (Tau) under the same conditions 
had an acquisition time given by 

No T,,:, (Tau:) = 4550 ---- = 14800 seconds 
p, 

All other parameters in both systems remain the same. 

More recent developments in this area are discussed 
in Section IV. 

C. Differenced Ranging Versus Integrated Doppler 

The difference between S-band doppler phase delay 
and S-band ranging group delay is of prime importance 
in calibrating out the effect of charged particles in the 
ionosphere and interplanetary medium on the doppler 
data. This technique takes advantage of the fact that 
charged particles affect range increments obtained from 
the accumulated doppler count and those obtained from 
differencing range measurements by nearly equal but 
opposite amounts. The doppler phase velocity is ad- 
vanced while the ranging group velocity is retarded. 
The Differenced Ranging Versus Integrated Doppler 
(DRVID) technique is described in Ref. 11. 

It is obvious that the stability of the difference be- 
tween the phase and group delays has a direct influence 
on the quality of the calibration data obtained from 
DRVID. 

The DSN value for this parameter expressed in terms 
of the uncorrelated drift over a 12-hour period is esti- 
mated to be 10 nanoseconds or 1.5 meters. 

In the operational planetary ranging system planned 
for Viking, the DRVID data will be available as soon 
as the clock or highest frequency component of the 
range code has been acquired by the ground receivers. 
This will take 1 to 10% of the time required for the full 
code acquisition, which in turn depends on signal-to- 
noise considerations as described above. The minimum 
acquisition time of about 80 seconds applies in both 
cases. The ranging acquisition sequence for the Tau 
system is shown in Fig. 1. It would appear, therefore, 
that there should be no difficulty in satisfying the 
Project's requirements for DRVID data within 15 min- 
utes of receipt of two-way doppler under reasonable 
signal-to-noise conditions. 

D. Timing 

In the Viking time period, the DSN expects to have 
the lunar time sync system in operational use throughout 
the 64-meter network. This will provide 20-microsecond 
(one sigma) timing synchronization between 64-meter 
stations and between National Bureau of Standards (NBS) 
and the Goldstone master clock. The Viking timing 
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requirements given in Table 1 can easily be met by this 
capability. 

E. Equivalent Station Locations 

The Project requires a tracking system model for 
which the equivalent station location errors will not 
exceed the following values : 

Equivalent station radius error r, = 4.5 meters 

Equivalent station longitude error r h  = 9.0 meters 

Since these equivalent station location errors are the 
result of combining many parameters into a specific 
model of the Project's choosing, the DSN is responsible 
only for providing the parameters listed in Table 1, 
either by means of a specification or a magnetic tape 
containing the desired calibration data. The DSN will, 
however, assist the Project in developing an error model 
suitable to its needs. 

IV. Recent Progress 

Since the original discussions on the navigation 
requirements, a considerable refinement in both the 
Project's statement of requirements and the DSN state- 
ment of capabilities has taken place. The progress in this 
area is reflected mainly in the sections of the SIRD 
(Ref. 8) dealing with radio metric requirements. 

Requirements for S- and X-band performance data 
have been added as an adjunct to the radio science 
experiments as well as to provide an alternative to the 
DRVID technique for charged-particle calibration. 

The need for rapid ranging acquisition on the Landea, 
discussed in Ref. 6, has been restated in terms of a single 
uplink rather than dual simultaneous uplnnks Thrs 
allows the use of a single high-power (100 kW or greatel) 
uplink which provides sufficient rangmg power at the 
Lander or Orbiter to achieve the acqursltron tlme dessred 
with the standard DSN operational planetary rangin: 
system (Tau). In constraining Viking f l 1  ght operatnons trs 
a single uplink during ranging periods when rapd 
acquisition is required, this solution 1s not entlrely sar- 
isfactory, but it is acceptable for short periods when thc 
single uplink constraint can be tolerated 

V. Conclusion 

With the publication of the SPRD, the statement of 
Project navigation requirements is virtually complete. 
However, much remains to be done to h l l y  understand, 
identify, and separate the TDS and Orbiter or Lander 
contributions to total system errors. This work is neces- 
sary in order to allow the DSN response to the SBRD, 
that is, the NASA Support Plan, to be prepared by the 
end of this year in accordance with the VikingiTDS 
schedule. 

It is quite likely that the continuing DSN process of 
refining its navigation-related capabilities could result 
in the availability of radio metric data of significantly 
improved quality by the time of the Viking Mission. 
Care is being taken to ensure that the mission design 
is such that advantage can be taken oiF these improve- 
ments, should they eventuate, to enhance the mission 
navigation process. 
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Table 1. Viking metric data qualitya 
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Parameter 

Angle error (peak value) 

Angle resolution 

Doppler noise 

Doppler phase delay stability 

Doppler offset 

Doppler rate 

Ranging group delay 

Ranging high-frequency noise 

Ranging acquisition time 

Ranging ambiguity 

DRVID 

Phose/group delay 

Acquisition time 

Timing 

Master clock to NBS 

Interstation time sync 

Equivalent station locations 

(u~sI UA) 

DSS locations (UR~, ah) 

Polar motion (ux, a,) 

Predicted earth rotation 

(UTI) 

Charged particles (DRVID) 

Tropospheric refraction 

Electrical path length 

Frequency instability 

=3-sigma values unless stated 

MRSD 
requirements 

0.06 deg 

0.002 deg 

2.1 mm/s 

6 m/12 h 

2 2 6 2  kHz 

41 Hz/s 

15 m 

15 m 

30 min 

>3000 km 

4.5 m/12 h 

15 min 

1 ms 

150 p s  

4.5 m, 9.0 m 

- 
- 
- 

- 
- 
- 
- 

otherwise. 

DSN 
capabilities 

0.06 deg 

0.002 deg 

2.1 mm/s 

5.5 m/12 h 

k 2 0 7  kHz 

>50 Hz/s 

12 m 

3 m (rms) 

<4 min 

150,000 km 

4.5 m/12 h 

15 min 

60 ps 

60 ps 

- 

0.5 m, 1 .O m 

0.7 m, 0.7 m 

4.0 ms 

1.0 m/12 h 

0.5 m/12 h 

0.5 m/12 h 

5 X 10-I2 



ACQUIRE RANGE CLOCK - DRVID AVAILABLE 

RANGE MODULATION " O N "  TRANSMIT FULL CODE 

1 RF TRANSMITTER " O N "  

RANGE ACQUISITION TlME tR = 4550 N d P R  (TAU) (MINIMUM 80 s )  

DRVID ACQUISITION TlME tD = 0.1 x tR 

Fig. 1. Operational planetary ranging acquisition sequence 
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Radio Science Support 
K.  W. Linnes 

Mission Support Office 

Since 1967, radio scientists have used the Deep Space Network ( D S N )  26- 
and 64-meter antenna stations to investigate pulsars, to study the efects of solar 
corona on radio signals, and to observe radio emissions of X-ray sources. Ven. 
long baseline interferometry (VLBI)  techniques have also been used for high- 
resolution studies of quasars. Several VLBI  observations that were accomplished 
during the reporting period are summarized. 

I. lntroducfion was recently approved, and performed on Mzy 30 and 

The 26- and 64-meter antenna stations of the DSN 
have been used for several years to support radio science 
experiments. NASA, JPL, and university scientists have 
used key DSN facilities whose particular and unique 
capabilities were required for the performance of the 
experiments. In order to formalize the method of select- 
ing experiments and experimenters, a Radio Astronomy 
Experiment Selection (RAES) Panel was formed in 1969. 
Notice of availability of these facilities was placed in 
professional journals to inform the scientific community 
that they were available for limited use by qualified 
radio scientists (Ref. 1). No charge is made for use of 
the standard DSN facilities and equipment; special 
equipment, however, must be provided by the experi- 
menters. A summary of all experiments conducted 
through April 1971 was reported in Ref. 2. 

II. Radio Science Operations 

A very long baseline interferometry (VLBI) experi- 
ment indicated in the previous report (Ref. 2, page 51) 

June 25, 1971. The experiment was fol the purpose uf 

high-resolution studies of extra-galactic sources at 3 ern 
and involved simultaneous observations tising the 22- 
meter antenna at the Crimean AstrophysicaB Observa- 
tory (CAO), the 43-meter antenna at the Na"i-iona'k Radio 
Astronomy Observatory (NRAO) in Greenbank, Wcst 
Virginia, and the DSN 64-meter antenna station ~t 
Goldstone, California. The USSR expi>+ ,r A-nenters were 
from CAO and also the Institute for Cosrn~e Research, 
the U.S. experimenters are from NRAO, CornelVJ~i-  
versity, and Caltech. The observati~r~s were conducted 
satisfactorily and the magnetic tapes f-om the varrols 
observatories were taken to NRAO for processing 
At Goldstone, experimental equipment in the 8-GHz 
range was used with a system temperature of about 
30 K. At all stations, wideband recordrag termxaafs, 
designated Mark 11, were supplied by the NRAO, Tirniaag 
synchronization between stations was aehieted by 
NRAO personnel flying a rubidium freq~aency standard 
from the U.S. station to the CAO via Copenhagen and 
Leningrad. 
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Results of the X-band VLBI (8 GHz) measurements 
i:-,~Sle in Fcbruasy 1971 by M. Cohen of Caltech, 
K K e b l ~ r n l ~ ~ n n  md B. Clark of NRAO, and D. Jauncey 
or Cornell U n i ~  ersity were submitted for publication in 
J - I B ~  (Ref 3) .  Tnese measurements confirm the milli- 
second-of-arc structure of 3C279 reported by Shapiro 
fioin hrs measurements in connection with his general 
I el,a:ivity exper] mcnt (Ref. 4). 

In June, Shiap~ro repeated his measurements using the 
G01d4itol~e 64-meter station and the MIT Haystack 
ansenna used earher. The data have been returned to 
3iJT for processing. Further measurements will have to 
P11 dcierred until the fall of 1971 because the X-band 
faed cone is being removed from the 64-meter antenna 

for several months as part of some upgrading and recon- 
figuration activities. 

An observation at S-band at medium bandwidth 
between the 64-meter antenna at Goldstone and the 
26-meter antenna at Woomera, Australia, was made in 
a continuing series of observations by Australian and 
Caltech experimenters (Ref. 2). 

III. RAES Panel Activities 

The RAES Panel approved the repetition of the 
Goldstone-Haystack observations at X-band. No other 
new proposals were received during this reporting period. 
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Application of Differenced Tracking Data Types to the 

Zero Declination and Process Noise Problems 

K. H. Rourke and V. J. Ondrasik 
Trocking and O r b i t  Determination Section 

A preliminary analysis of the information content inherent in differenced dopple~ 
and diferenced range data [Quasi-VLBI (very long baseline interferometry)] is 
made to illzlstrate why these data types may be superior to conventional data types, 
when the spacecraft is at a low declination or is subject to unmodelable accelera- 
tions. This simple analysis, based upon a 3 parameter model of the range and 
range-rate observables, shows that in  certain circumstances the diferenced data 
types can be expected to improve the accuracy of the orbit determination solution. 
Some hardware and calibration requirements which will insure that the data will 
be of sufficient quality are briefly discussed. 

I. lnlroducfion tation indicates that the differenced data techniques 

This article considers the use of differenced simulta- 
neous or near simultaneous tracking data from two widely 
separated tracking stations as a countermeasure for two 
particularly troublesome problems that occur in deter- 
mining the orbit of an interplanetary spacecraft, namely, 
the zero declination and process noise problems. The 
process noise problem refers to the difficulties encountered 
in determining the orbit of a spacecraft that is subject to 
random non-gravitational acceleration uncertainties. The 
acceleration uncertainties, although often negligible in 
their direct effect on the physical orbit of a spacecraft, can 
severely limit the capability of actually solving for the 
orbit on the basis of conventional tracking data types. The 
zero declination problem is a more familiar difficulty, i.e., 
obtaining accurate short arc solutions with zero declina- 
tion, declination insensitive doppler data. The problem is 
particularly acute when the spacecraft random accelera- 
tions degrade longer arc solutions. The following presen- 

promise significant improvements in orblit determination 
performance, particulal-ly in cases for which the zero 
declination or process noise problems are a limiting factor-. 
The degree of improvement is, however, contingent on 
projected, although not overly optimistic, tracking instns- 
mentation and system calibration capabilities. 

Presently only two-way doppler and three-viay dvppler 
are simultaneously available at separate tracking stahoas. 
This discussion broadens the selection in co~lsidrring 
simultaneous two-way and three-way range and nearly 
simultaneous two-way range measurements, one before 
and one after an interstation handover. Three-way range 
has never been used as an explicit data type. yet ~t 1s 
equivalent to station-to-station timing, techniques thict 
have been used for lunar spacecraft tracking. There sho11Bd 
be no difficulty in implementing the thee-way ranging 
with the planetary instrumentation (see Ref I). This pre- 
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$.minary aai?a';ysiis treats the simultaneous data in differ- 
enced lorm, i e , two-way minus three-way doppler, 
-IJIO-WCI~ mrntas three-way range, and two-way range 
ininus near crmultaneous two-way range. This approach 
need only be zn artifice for revealing the advantages of 
tj-e simtaltaneou~, tracking data in circumventing the 
process noise and zero declination problems. Although 
cxplirlt differencing may prove to be a satisfactory mode 
of ~nacorporatmg the simultaneous data, a more efficient 
optimal" use oi the data entails a direct combination of 

both data types wrtll a suitably designed orbit determina- 
t-on Slterr. 

The differenzed data types, two-way minus three-way 
doppler and two-way minus three-way range are analo- 
gous to the VLBI (very long baseline interferometery) 
rlata types, tringe rate, and time delay, respectively, and 
hence ale ismetimes referred to as quasi-VLBI data. 
:Two-way rnm~is two-way range contains the same infor- 
mation as Lime delay VLBI, yet has different error char- 
~cte~-nitic> as explained later.) Williams in Ref. 2 discusses 
the c1:arac:enstics of VLBI tracking, primarily with re- 
g'ird to geogEysical parameter determinations and he 
pornti out that in spite of the remarkable precision avail- 
ab3.3 to %'LBI tcchniques their direct application to space- 
craft orhrt dstcmmination is limited by the same tracking 
platiorrn and propagation media uncertainties affecting 
the conventlol~al tracking data. The direct use of actual 
VLBl rneasr rei?aerats for spacecraft navigation is in addi- 
rion Ilyndered by the rather ~pecial data processing 
iequlremeiass 2ssociated with interferometery. The con- 
ventional tr,ieksng data VLBI analogs, however, provide 
rhe special VLBI characteristics discussed in this article 
~vitll the conventronal tracking data acquisition ease and 
~dcq~aatc  measurement precision (with respect to ex- 
pected nakigatro-a requirements and calibration accura- 
iles) These ~omlnents are not intended to minimize the 
pronilie of VLBI in aiding Earth-based interplanetary 
navigation skalcc, although VLBI may be inconvenient for 
d:~eci spacecraft tracking, it is expected to be valuable 
r i i  traclclnmg pla:folm calibration. 

The discussion of differenced tracking data proceeds in 
ilae following wi t la  an analysis of two-way minus three- 

cloppler a, a means for circumventing the process 
noise  problem^ The treatment serves principally as a moti- 
\ration fop. tile use of the simultaneous two-way and three- 
way data crizd as an identification of associated major error 
sources. The acxt segment of the discussion considers 
differenced range data types for use in alleviating the zero 
declination problem, and delineates the major expected 
m2"S SOUp'C@S 

I!. Differenced Doppler 

Differenced simultaneous doppler (two-way doppler 
minus three-way doppler) promises to be less sensitive to 
short-term spacecraft random accelerations than conven- 
tional two-way doppler. This effect is easily motivated 
with the familiar Hamilton/Melbourne range rate repre- 
sentation of doppler residuals (see Ref. 3): 

A; = a + bsinot + ccosot -I- n(t)  

with 

a = A? (t) 

b = - r , ~  sin SAS ( t)  

C = - r , ~  COS SAa  (t) 

where A;, AS, and A a  are instantaneous corrections to the 
distant spacecraft's geocentric range rate, declination, 
and right ascension over the duration of the pass. Param- 
eters r,, o, and 6 are station radius from the spin axis, 
Earth rotation rate, and spacecraft nominal declination, 
respectively. The time t = 0 corresponds to nominal me- 
ridian crossing to allow simpler expressions for b and c. 
The function n(t) represents a data noise process. This 
representation implies that the information available from 
a single pass of doppler data can be expressed in terms 
of estimates of the spacecraft's geocentric range rate, 
declination, and right ascension. The difficulties arising 
from random spacecraft acceleration can be visualized 
as follows: accelerations affect the data most strongly 
through the a-term, short-term acceleration variations will 
introduce short-term velocity variation, and these com- 
ponents then introduce errors into the b and c deter- 
minations, thereby corrupting the right ascension and 
declination solutions. 

Consider for example a moderate spacecraft random 
acceleration of 5 X 10-l1 km/s2. (Acceleration uncertain- 
ties can be expected to range from the 10-l2 km/s2 affect- 
ing ballistic spacecraft to the km/shffecting a 
thrusting solar electric spacecraft.) The worst possible 
1-day degradation in b and c is produced by a radial 
acceleration of the form 

a, + (5 X 10-11) cos (wt + cp) 

inducing an effective station location error of magnitude 

5 X 10-l1 
10 meters 

o2 
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Thus, relatively small acceleration uncertainties can con- 
ceivably cause significant spacecraft position measure- 
ments. 

Consider now topocentric range rate observed from two 
separated tracking stations 

A;, (t) = A; (t) + b, sin wt + c1 cos w t  + n, 

Ad2 (t) = A; (t) + b, sin ~t + c2 cos wt + n, 

The parameters b,, b,, c,, c, are linear expressions in the 
Aa and A8 corrections, their explicit form depending on 
the particular time reference used in the above representa- 
tions. Two-way doppler residuals obtained at station 1 
can be expressed as 2 A;,. Three-way doppler residuals 
available at station 3 are of the form A;, + A;, - C ~ f / f  

where the Caf / f  term arises from the frequency standard 
discrepancy, Af between stations 1 and 2. The difference 
of two-way doppler from station 1 and 3-way doppler 
from station 2 is represented as 

A;, - A;, 4- CAf/f = 

CAf/f + (b, - b2) sin wt + (cl - c2) cos ot 

(1) 

over the overlap $, A ot -L $I2. The geocentric range rate 
terms subtract out and are replaced by a "velocity bias" 
CAf/f arising from the relative station to station fre- 
quency standard bias A f / f  (6 = speed of light). Herein 
lies the motivation for differenced doppler data: in the 
presence of large unmodelable random acceleration, the 
differenced doppler allows separation of A8 and deter- 
mination, through b, - b, and c, - c,, from a cornpted 
A; determination. The technique is hindered, however, by 
the introduction of a velocity bias uncertainty in the place 
of the geocentric range rate uncertainty. Clearly, the 
differenced doppler data can be effective in circumventing 
process noise effects only as long as the uncertainties 
arising from frequency standard instability are signifi- 
cantly less than the process noise uncertainties expected 
in the conventional doppler data. 

The differenced doppler data is formally identical to 
VLBI fringe rate data (with respect to the above repre- 
sentation), hence the term quasi-VLBI. This correspon- 
dence includes the velocity bias term that arises from the 
tracking station frequency standard biases. The only 
essential difference between the differenced doppler and 
fringe rate VLBI (in the case of spacecraft tracking) lies 
in the different data resolution capabilities inherent to 
the two techniques. The geometric relationships charac- 
teristic of either fringe rate VLBI or differenced doppler 

can be visualized as shown in Fig. 1, where T,* and 6 artr e 
equatorial projections of the two tracking station ra&iIs 
vectors. Associated with those data types is the pro~ecfed 
"base line" Ts, - 'J,,. The differenced data e m  be vaekiied 
as conventional doppler (minus the geocentric effects) 
observed from a "pseudo-station" located at 3?i (El - 7, ) 
during the overlap of stations 1 and 2. 

The short overlap durations and the offset tracking eon- 
figurations associated with the geometries of widely sep- 
arated tracking stations can diminish the precision of 
the A8 and ~a determinations. In contrast to the usual 
Hamilton/Melbourne analysis, determinations of the 
parameters b = b, - b, and c = C, - cL as \57eB1 as ~8 and 
Aa cannot generally be considered as independent, com- 
plicating a detailed error analysis such as provided by 
Ref. 3. In any case 

a% i- a: = (sin" 6; + cos2 8 a$) 

depends onIy on the pass width and the data noise where 
o;, af, a:, a$ are the variances of the a, b, Aa, and a8 
determinations based on the data in Eq. (I.) (assurni~g 
a particular data noise variance oi). r, is the baseline pro- - 
jection length IFs',, - rSq 1 .  Estimates that are suficient for 
the purposes of this dis-cussion can then Ibe obtained fro71 

sin" ~8 A (a; + a:)/i.bw2 

The a and 8 variances, therefore, have bounds .;hat depend 
on the overlap width $I, - and the projected baseline 
length r,. These quantities vary considerably with tke 
particular tracking station pair. Table 1 presents the base- 
line and projected baseline (obtained from Ref 2) Zcngrh 
and overlap variations for a selection of DSN tacking 
station pairs. The overlap varies approximately Iincariy 
with spacecraft nominal declination for pairs in the same 
northern or southern hemisphere. The strength of a given 
station pair increases with the available overlap width, 
yet large overlap widths go with short baseline projec- 
tions, e.g., station pair 51-61, which tend to diminish the 
strength of the station pair. The a and 8 variances also 
depend on the spacecraft nominal dcclinatian, with de- 
clination solutions becoming degenerate near 6 = 0 in 
analogy to conventional doppler. 

Figure 2 presents curves of (o$ + u ; ) ' L / / W  (scaled <i~ 

effective station location errors) as functions of overlL-8,.p 
half-width and a priori velocity bias uncertainty The 
values are based on 1 mm/s data taken a t  l-minute ineer- 
vals. The a pl.iori velocity bias uncertainty as well as the 
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overlap width are seen to strongly affect the precision of 
the a and b, and accordingly the Acr and A6 determina- 
tions, The effect of good a priori velocity bias information 
is particularly dramatic for the short overlap widths 
that are available from typical station pairs. For in- 
stance, an a psaori velocity bias certainty of 0.1 mm/s 
/lJ/f < 3 X 10 ' ) aBPows 3-meter effective station location 
elror deternalndtions of. Acu and A8 for a nominal 30-deg 
half pass width. This dependence on velocity bias a priori 
implies that long-term frequency standard stability is a 
critical factor affecting the capability of the differenced 
data in determining the spacecraft's right ascension and 
declhaGon 

Short-term frequency instabilities, particularly diurnal 
variatiofis, produce n 8  and Aor errors in the same way 
short-term acceleration variations affect two-way doppler. 
Figure 3 shows the relation between short-term frequency 
stability and rss b and c accuracy (assuming otherwise 
perfect b and c determinations). The domains of two 
avail"a43le frequency standards (hydrogen and Rubidium) 
are aho indicated (see Ref. 4). Rubidium associated ac- 
curacies are on tQle order of 30 meters in effective station 
location whereas the hydrogen accuracies are bounded by 
3 meters. (Hydrogen maser stability of 5 X 10-I? is con- 
servative.) Three-meter accuracies are compatible with 
the performance requirements of modern interplanetary 
navigation "~vhile 30-meter accuracies are not. This and 
the above comments regarding long-term stabilities imply 
that the easeful application of two-way/three-way doppler 
tracking requires hydrogen frequency standards at each 
tracking station. 

The preceding analysis is not intended to imply that 
the sole use of two-way minus three-way doppler or, 
equivalently, fringe rate VLBI is an efficient use of the 
data received at both stations from the spacecraft. The 
diEereneed data is egeciive in allowing separation of topo- 
centric and geocentric tracking information-even in the 
case of a spac6:craft experiencing large random accelera- 
tions. Ultimately, maximum information is extracted if 
concurrent two-way and three-way data are processed 
together with a suitably designed orbit determination 
filter that takes advantage of the known random accelera- 
tion cfiaracterist~cs. The differenced data provides, never- 

mation available from only a single tracking pass, i.e., the 
data available over periods of less than one day. Orbit 
determination solutions require data over several days 
and, although short-term accuracies do determine ultimate 
orbit determination performance, the correspondence 
between short-term and longer-term accuracy is by no 
means a simple one. This is particularly true in the case 
of acceleration uncertainties since they directly affect the 
spacecraft's position and velocity. The topic of longer are 
orbit determination is presented in the next article1 of this 
volume. 

I l l .  Differenced R a n g e  

The two-way minus three-way doppler is analogous 
to fringe rate or narrow band VLBI. A time delay or wide- 
band VLBI analogue can be implemented by differencing 
range measurements taken at  separate tracking stations. 

As mentioned previously, two modes are considered for 
differenced range time delay measurement, namely, two- 
way range minus simultaneous three-way range and two- 
way minus near simultaneous two-way range. The 
two-way minus two-way technique is motivated by the 
diffculties encountered in obtaining sufficiently precise 
tracking station clock synchronization for acceptable 
three-way range accuracies. Three-way synchronization 
errors are directly involved in the signal arrival measure- 
ment so that a timing error at produces a range difference 
error of C a t ,  i.e., at a rate of 300 meters/microsecond. Two- 
way minus two-way station synchronization, however, 
introduces an error into the measurement epoch specifics- 
tion producing range difference errors ;At, where ; is the 
spacecraft's range rate, thus resulting in only ~ 1 0 - m m  
errors per microsecond timing error. Since best synchro- 
nization accuracies to date (see Ref. 1) are in the 5-micro- 
second range, the use of the simultaneous differenced 
range requires advanced methods (e.g., stellar source 
VLBI or extraction from the tracking data). The timing 
bias can be expected to drift at 13 meters/day for oscil- 
lator stabilities at 5 X 10-I: implying that the timing bias 
calibrations or solutions will require frequent updating. 
It is unclear if two-way minus three-way range is superior 
to differenced doppler in the case that timing bias is 
extracted from the spacecraft tracking data. 

- 
theless, an adequate conceptualization for preliminary The measurement geometry associated with either the 
analysis as .ivell as a straightforward first approximation pseudo or "real" wide-band VLBI is illustrated in Fig. 4. 
to an "optimal" treatment of concurrent two-way and 
tlaree-way doppler data. 

londrasik, V. J., and Rourke, K. H., "An Analytical Study of the 
Advantages Which Differenced Tracking Data May Offer for 

The scope of this article's treatment of differenced Ameliorating the Effects of Unknolvn Spacecraft Accelemtions" 
doppler data is t'he influence of process noise on the infor- (this volume). 
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The signal time delay, baseline length and signal source Differenced range measurement errors can be placed in 
direction are seen to be related as follows: the following general categories: 

D 
7 = - COS 4 C 

(1) General baseline errors, including geocentric sea- 
tion location errors, polar motion, and UT1 errors. 

(2) Transmission media errors, including ionosphere 
The time delay expression can be related in equatorial and space plasma charged-particle effects and 
coordinates as tropospheric refraction errors. 

1 (3) General instrumentation errors, including those of 
7 = c [z, sin 6 + r, cos S cos (a - a,)] signal arrival time measurement, local clock syn- 

chronization and rate stability, spacecraft txan- 

where z,, rg, and are baseline z height, equatorial sponder delay, and ground delay-. 

projection length, and right ascension at the time of the 
delay measurement. Since the delay measurement allows The influence of baseline errors on the differenced range 

short arc solutions of equatorial angles, differenced range time delay measurement can be presented in terms of the 
following differential expression of differenced range: 

data exhibits the same advantages of insensitivity to pro- - . - 
cess noise as does differenced doppler. In contrast to dif- ap, - ap, = CAT 
ferenced doppler, however, the time delay permits zero = ZB cos S - TB sin 6 cos (a - no) a8 
declination, declination solutions, since near zero declina- 
tion - r, cos S sin (a - aB) (A@ - a m B )  + sin SAzii 

+ cos 6 cos ( f f  - aB) ATB 
CAT + ZB COS 8 A8 

where AZ,, Ar,, and A ~ R  are corrections to the baseline 
so that general time delay errors, C A ~ ,  produce declina- parameters =I< ,  TB and Aan. The baseline errors Br, and 

tion errors rsAffrz are less than 3 meters on the basis of station rs 
and h accuracies of 1.5 and 3 meters, respectively (see 

1 CAT Ref. 5). The sin SAZB error is a maximum of 8.5 meters at 
AS+-- 

cos 6 sR 8 = 23.S0 assuming individual station ,: height accuracies - - 
of 15 meters. The z, errors can be improved on the basis 

Short arc On the basis of d o ~ ~ l e r  data (con- of differenced range determinations Note 
ventional or differenced) are on the other hand degraded that declination determinations at declination 
by errors of the form insensitive to 5, errors. 

1 Ars 
As+- - 

tan 6 r, 

where Ar, and Ar,, in the case of the differenced data, are 
assumed to be the limiting error sources (see Ref. 3). 
Figure 5 displays these relationships in terms of position 
errors at lQS km for varying nominal declinations and CAT 
error levels. Typical values are assigned to ZB, re, and Ar,: 
7000 km (Goldstone, Canberra), 5000 km, and 1.5 meters, 
respectively. The figure makes clear the potential of dif- 
ferenced range measurements for alleviating the zero 
declination problem-assuming that CAT errors can be 
restricted to the sub-10-meter domain. Such an assump- 
tion, however, cannot be taken lightly. The conventional 
application of range measurements regards 10-meter ac- 
curacy as entirely adequate (provided that stabilities 
pennit DRVID calibrations, see Ref. 5). Differenced range 
quasi-VLBI finds 10-meter range measurement marginal 
with 1-meter measurement system accuracies an attractive 
goal. 

The influence of baseline errors on diEerenced range 
orbit determination accuracy is in any case essentially 
equivalent to the influence of station location errors on 
conventional tracking data orbit deteaminatnon-i accuracy 
(except that the differenced data exhibits ria singularity 
at zero declination). The crucial accuracies ageeting the 
feasibility of effective differenced range measurements lie 
in the media and instrumentation crrov categories Ade- 
quate estimates of these accuracies are di6cuYt to obtain 
at this time, since, as mentioned previously, meeer-level 
ranging accuracies have heretofore been considered 
unnecessary. Thus, current specifications are expected to 
be overly pessimistic with regard to diffcrenccd rangc 
applications. Table 2 presents media eaEibsation axre$ 
instrumentation accuracies for both slmltltaneous and 
near simultaneous techniques. In light of the uncertainty 
regarding the actual possible accuracies. sca~eual valcaes 
are quoted for each error source, including expected pres- 
ent capability and upper and lower values for projected 
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f u h r e  capab~lity. The future quotations include earliest 
availability dltes. The projected accuracies are illustrated 
i~ Fig. 6, Specific references are cited where possible. 
(The future accuracy capabilities are drawn from Ref. 9 
atlaat addresses several specific quasi-VLBI configurations.) 
These values indicate that meaningful demonstrations of 
dkffereneed range techniques can be conducted at present 
and that the future goan of l-meter level differenced range 
meas~irernents is indeed a plausible one. The promise of 
differenced rangh: techniques will become more clear with 
more detaded araalysis and experimental verification of 
range instrument capabilities in the 3-meter domain, and 
sub-meter charged particle and troposphere calibration 
capability 

Ibf, Concluding Remarks 

This article presents reasons why data taken simul- 
taneousjly or nearly simultaneously from widely separated 
stations is a partial solution to the zero declination and 
process noise problems. This analysis should not, how- 
eves, be eorieeived of as proving the value of the differ- 
enced data. To be able to state with assurance that the 

differenced data will substantially improve spacecraft 
navigation, it will be necessary to undertake a thorough 
accuracy study using analysis tools which are a direct 
analogue of operational software. Such a study is cur- - - 

rently underway and will be reported on in the future. 
The faith which one may put in the results of this study 
will be highly dependent on the quality of the information 
which describes the performance of the frequency stan- 
dards, ranging machines, and calibration procedures. 
Ultimately, credible information regarding measurement 
system performance can only be obtained by an analysis 
of actual radio tracking measurements taken from an in- 
terplanetary spacecraft. Presently plans are underway for 
acquiring this data during the  mariner IX  mission. 
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Table 1. Differenced tracking data parameters 

for principal DSN station pairs 

Table 2. Differenced range measurement errors 

burg) 

DSSs 42-51 
(Can berro- 
Johannes- 
burg) 

DSSs 42-51 
(Canberra- 
Madrid) 

DSSs 51-61 
(Johannes- 
burg- 
Madrid) 

Present capability, m 

Simul- 
taneous 

9589 

12515 

7524 

Near 
simul- 

taneous 

Charged 
particles 

906 

7790 

6884 

Troposphere 

Signal arrival 
time/giound 
delay 

Clack sync 

9546 

9795 

3038 

Clock role 
at 4 AW 

Transponder 
delay in- 
stability 

Present 
configuration 

28.7 

26.8 

148.1 

Faradoy rotation 

88.7 

26.8 

148.1 

Constant model 

Moriner Mars 
1971 plan- 
etary systems 

Rb standard 
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Fig. 1. Differenced data geometry 

Fig. 2. Precision of b and c parameters as a function 
of overlap halfwidth and a a prior; 
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INDIVIDUAL STATION FREQUENCY STANDARD STABILITY (STANDARD DEVIATION) 

Fig. 3. Effective station location error due to worst 
case frequency standard drift 
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Fig. 5. Doppler and differenced range declination 
determination error 
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Fig. 4. Signal time delay 
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Fig. 6. Future configuration differenced range error sources 
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An Analytical Study of the Advantages Which Differenced Tracking 

Data May Offer for Ameliorating the Effects of 

Unknown Spacecraft Accelerations 

V.  J. Ondrasik and K. H. Rourke 
Tracking and Orbit Determination Section 

Using the six parameter representation of the range-rate observable, arguments 
are presented to show why diferenced data may more efectively diminish the 
8 e c t s  of unmodelable spacecraft accelerations than the conventional tracking 
data. For a Viking spacecraft experiencing unknou;n constant accelerations, the 
orbit determination solution using diferenced data may  be two orders of magni- 
tude better than the solution obtained from conventional tracking data. 

I, introduction the orbit determination process, the range rate observable 
will be represented by an analytical model involving six 

In the previous article,l some preliminary analysis was parameters. 
performed to examine the advantages of using data taken 
simultaneously, or nearly simultaneously, from two widely 
separated tracking stations. In particular, it was shown 11. The Six Parameter Model 
that the deleterious effect of unmodeled accelerations on 
the estimate of the spacecraft state may be substantially 
reduced by differencing the data obtained in this manner. 
To further illustrate the reasons why differenced data 
may be superior to conventional data, and, in addition, 
to obtain some idea of the degree of this superiority, 

As explained in Ref. 1, this six parameter model is 
developed by first expanding the range-rate obser\~ab!e, 
in terms of the ratio between the geocentric distances of 
the observing station and spacecraft, to olbtain the fo3lo\v- 
ing equation: 

conventional and differenced data were separately used 
to compute estimates of the position and velocity of a = ; - 2, i cos 6 + r, (4 - k) eos 8 (+ - a)  

Viking spacecraft subject to unmodeled constant accel- + r, sin 6 cos (+ - 0) 
erations. Since the primary purpose of undertaking this (1) 

investigation is to gain an increased understanding of where 

IRourke, K. H., and Ondrasik, V. J., "Application of Differenced T = spacecraft geocentric range 
Tracking Data Types to the Zero Declination and Process Noise 
Problem" ( this volume). 6 = spacecraft declination 

JPL TECHNICAL REPORT 32-1526, VOL. I V  



a = spaeecsaf sight ascension a = jo - z, (s', cos So) 

r ,  = station's distance off the Earth's spin axis 

z ,  = station's distance above the Earth's equator 

4 = staticrds right ascension 

b = r, (Bo - Go) cos So 

c = r, So sin 80 

d = Ygo + ro (& + A$ cos2 ao) 

i 2 ,  sin So  + k2, cosZ So sin So 

To .. 
The six parameter model results from assuming that the + 2 - cos So - So, cos 80 

To 
time-varying quantities involved in Eq. (1) may be repre- . . scntcd by the fs'ilowing first-order expansions in time: - 8, 6, sin 6, + 2 -  TO a, . cos So - Go 

To 

- io 6, cos So + ;$ cos3 8, + if cos 6,, 

To . .. 
- 2 -So sin So + Sgo sin So 

To 

(P = 4" + it (2) 
X < cos S cos 6, cos (a - a,) + sin S sin 6, > 

where a, denotes that the quantity a is evaluated at t = 0. 
Substituting Eq. ( 2 )  into Eq. (1) yields 

6 ( t)  = a i s i n  (+,, - a. + i t )  + c cos (4, - a,, + i t )  

-I- dt + et sin (qio - a. + Ot) 

+ ft COS (4" - a0 + it) 

where 

a =  r,,-zs8,,cosSo 
0 e 

b = T, (6 - ail) cos So 

c = r ,  a 0  sin 8,) . . + x ,  (8; sin 6, - 8, cos So) 

X < sin S cos 6, cos (a - a,) - cos S sin 6, > 

cos 8 sin (a - a,) 
(3) 

rp = {r2 + r: - 2rr ,  [cos~cosS,cos(cc - a,) 

+ sin 6 sin S,])w 

re = distance from Earth to Sun 

6, = declination of the Sun 

a, = right ascension of the Sun 

&i = 5 ,  [ - (0 - 2G0) 6 0  sin So - G sin S] p = gravitational constant of the Sun 

.. (5) 
f = i, - (i - i,) a. cos S, + i: cos 80 + so sin So] 

8 = 0.729 X 5 0-had/s (4) Any error analysis based upon this model proceeds by 

** 
treating the coefficients a-f as data points which describe . . 

Si-i~cc i,,, a,,, and g,, are not independent of r,, so, r,, a,, the range-rate observable. However, these "data" points 
and G, , the expressions in Eq. (4) for the coefficients a-f are not independent, and in fact may be highly correlated. 
are not suitable for analysis. However, as shown in Ref. 1, The correlations and appropriate weights associated with 
the selationshsps between these quantities may be found, these coefficients may be expressed by the following 
and restrlt in the following equations: information matrix: 
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$ sin $ cos $ d+ 

where 

$2 j $2 sin t j  d$ 
P 

U; = variance of the white noise associated with the 
range-rate measurements 

The effect of including range data in the solution may 
be represented by supplying a priori information to the 
information matrix as shown below: 

N = number of range-rate data points where 

indicates that the integral extends over the full 
Ax, = solution vector for the spacecraft state result- tracking interval, but has a non-zero contribution ing from the use of range rate and range daka 

only when data is being taken 

In using the six coefficients a-f as data points, the esti- 
mation filter accepts residuals in a-f, which have been 

A, = [AT JnA + J ,  (ap)l-I 

generated in some manner, and modifies the six elements 

[ 
5; (ap) 1 0 

of the spacecraft state such that the residuals in ( t )  are 
J? (ap) = - - - - - - - - - - -  - 

minimized. If the residuals in a-f are generated by an 0 1 0  
error sourcc (e.g., unmodeled non-gravitational accelera- 
tions), there will be a resulting error in the spacecraft U,  (ap) = a priori standard deviationb of the geocentne 
state. Using the classical least-squares technique, this range 
solution procedure may be written as (10) 

where 

ax; = solution vector for the spacecraft 
state resulting from the use of range- 
rate data only 

aa = a vector representing changes in the 
coefficients a-f which have been 
generated in some manner 

A; = (AT JaA)-I = state covariance resulting from the 
use of range-rate data only 

I l l .  Specification of Tracking Patterns and 
Trajectory Information 

The possible advantages inherent in the diflerenecd 
range-rate data will be illustrated by comp:ssing (1) the 
covariances, and (2) the solution error prodrseed by con- 
stant unknown accelerations, when these quantities are 
computed separately, using the differenced data and the 
conventional range-rate data. The particular example 
that will be chosen involves the Viking trajectory de- 
scribed in Table 1 and the use of tracking patterns shown 
in Fig. 1. These tracking passes are essentially horizon to 
horizon and since the epoch has been chosen to occur at 
the meridian crossing of DSS 14, only the DSS P4 tracking 
pattern will be symmetric. 
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The standard deviation of the coefficients a-f, for data 
arcs containing pass 1, passes 1-3, passes 1-5, and passes 
I-% 0% Fig. 1 are easily calculated from Eq. (7) and are 
shown in Fig 2. En this figure the standard deviations 
rcsiadtnng from the symmetric passes of DSS 14 are labeled 
wath (SYM) and those resulting from the non-symmetric 
passes which w1P1 be used for the differenced data are 
labeled by (NON-SYM). I t  should be noted that when 
more than one pass of data is used the standard deviations 
ri sultsng horn the symmetric passes (which will be used 
with "ie ~ 0 1 3 ~ ~ ~ n t ~ o 1 a a l  data) are approximately an order of 
magnltwde 1owc.r than those resulting from the use of 
nora-symrnetr c pqsses (which will be used with the differ- 
encca data) 

[V. Spacecraft S"d'ate Standard Deviations and 
Errors Resulting From the Use of 
Conven%lcnal Dala 

If the components of the unknown, constant, non- 
gravltationai acceleration are expressed in the TO, a,,, a. 

cooralln~ate sybtem, lt is easily seen from Eq. (4) that these 
accelerations produce errors in the coefficients describing 
the conventional range rate of an amount given below: 

NIS .. 
ad  = ak, - - cos 8, aka 

T.9 .. 
- cos 8, ak, 

T 

where 

6- 

ak7,6 . = components of the unknown, constant, non- 
gravitational accelerations 

The errors in tlhe coeificients, a-f, produced by a con- 
stant non-gravitational acceleration of amount 10-13m/s' 
in all threc conmponcnts are shown in Table 2. 

The errors in :he estimate of the spacecraft state and 
the associated computed standard deviations may now be 
aab"i-~mc-d by using Eqs. (7) and ( 8 )  for conventional range- 
rase data D ~ ! : J  and by using Eqs. (9) and (10) for the 
convent:onal range-rate data supplemented by a range 
po 1 ~ 8  The, neii It? arc shown in Figs. 3 and 4, where the 

quantities resulting from the use of conventional range- 
rate data only and conventional range-rate data plus a 
range point are labeled by (;) and (;, r,), respectively. To 
avoid numerical difficulties the solutions involving range 
data were performed by starting with the n priori infor- 
mation listed in Table 3. 

One of the most notable features of Fig. 3 is that the 
errors generated by the range-rate data only solutions 
are constant, while the errors generated by the range-rate 
data supplemented by a range point depend upon the 
data arc. The doppler only solutions are constant because 
the six data points and six solve-for parameters are related 
in such a manner that allows the residuals to be reduced 
to zero. However, when the range is deleted from the 
solution, there are only five solve-for parameters and the 
residuals cannot be set to zero, only minimized. This 
minimization is dependent upon the correlations, which 
are a function of time, and hence the solution will be a 
function of time. A further examination of Fig. 3 shows 
that an unknown acceleration will produce errors pri- 
marily in the range estimate, if range-rate data only is 
used and in the estimates of the declination and right 
ascension rates if a range measurement is also used. These 
results may be easily explained. From Eq. (10) it is appar- 
ent that unknown accelerations in the radial direction are 
about four orders of magnitude more important than 
accelerations perpendicular to the radial direction. The 
solution filter will account for this spurious radial accel- 
eration by adjusting the gravitational, and centrifugal 
accelerations. Since the range enters most strongly into 
the range-rate observable through the gravitational accel- 
eration, if it is available for estimation, almost all of the 
error will emerge in this quantity. A very good approxi- 
mation to a range error produced by a constant aceel- 
eration may often be obtained by using the following 
equation: 

where 
.. 

~k = constant acceleration error 

ad/ar =: rn/C (2  - 3 sin +) + ( i z  cos2 8 + g 2 )  (Ref. 1) 

+ = Earth-spacecraft-Sun angle 

ives an For the example under consideration, Eq. (12) g' 
approximation to the range error of 50.8 km, which is very 
close to the result shown in Fig. 3. If the range has been 
essentially deleted from the solution by the a priori infor- 
mation, the radial acceleration will be absorbed in the 
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centrifugal acceleration term, because any change in the 
gravitational acceleration would now require changes 
in S and cr which are well determined by the b and c coef- 
ficients. An error in the centrifugal accelerations will mani- 
fest it?elf as errors in A and 9. Simple equations for a; 
and AS comparable to .the Ar equation above cannot be 
written down because 6 and G are also strongly involved 
in the e and f coefficients. Although the errors in the 8 and 
cr directions are less than a kilometer, they are included 
because the results scale directly with the magnitude 
of ,the accelerations and for those typical of solar electric 
spacecraft the errors could be three orders of magnitude 
larger than those shown in Fig. 3. 

V. The Six Parameter Model for Differenced Data 

The six parameter model representing the differenced 
range-rate data may be obtained by first using Eq. (3) 
to express separately the topocentric range rate from two 
stations as shown below: 

F1 (t) = a, + b, sin ( i t)  + C, cos (kt) + dl t 

+ e, t sin ( i t)  + f, t cos (kt) 

b, (t) = a, + b, sin (A,, + i t )  + ca cos (Aa1 + i t )  

+ d, t + e,  t sin (A, + i t )  + f, t cos (Anl + kt) 

where 

A,,= h, - A, 

t = O occurs at meridian crossing of station 1 

Clearly the differenced range rate, V;, may be repre- 
sented by the difference between these two equations as 
shown below: 

0; = ad + basin (i t)  + C ~ C O S  ( i t)  + ddt 

+ eat sin ( i t)  + fat cos ( i t)  (13) 

where 

ad = - (z,, - zY2) 5 cos s 
bd = b, - (b, cos h,, - C~ sin A,,) 

cd = C, - (c, cos A2, + b, sin A,,) .. 
dd = (zs  - z,,) (Sg sin So - So cos 6 0 )  

6 ;  sin 6, 4- &f cos 6, sin 6, 

ed = el - (e, cos A,, - f, sin A,,] 

f d  = fl - (f, cos AP1 + e, sin A,,) (141 

The ad and dd terms have been written exclicidy to show 
that the geocentric range rate and accelerations have 
cancelled out and no longer appear in the coe&cients. 
The covariance and solutions using differenced range-rate 
data only and differenced range-rate data supplemented 
by a range point may be obtained by using Eqs. (7)-(lQ) 
with the a-f coefficients replaced by the ad-fd eoe6cients 
of Eq. (14). As was pointed out in the P ~ C V ~ O U S  article 
(Footnote I), the differencing procederre mtrod~~ees prab- 
lems associated with the frequency standard. However, 
for the sake of clarity, these oscillator-ind~acd p3roblems 
will be ignored. 

VI. Spacecraft State Variances and Errors Resulting 
From the Use of Differenced Data 

The unknown constant non-gravitational accelerations 
of 1 0 - 3 ~ m / s ~ o n s i d e r e d  previously will1 produce errors 
in the ad-fd coefficients of the amount shown in Table 2. 
It is readily apparent from this table that the error in dd ss 
now of the same size as the errors ir; the ed and fd 

coefficients. 

The formal covariance, and errors in spacecraft state 
due to unknown constant accelerations, may now be com- 
puted for the data arcs shown in Fig. 1, and are illustrated 
in Figs. 3 and 4. In these figures, the quantities which 
result from the use of differenced range-rate data only are 
labeled by (DIFF ;) and those which result from the use 
of differenced range-rate supplemented! by a range point 
are labeled by (DIFF ;, r,). An examination of Fig. 3 
shows that, as was the case for conv~~ntional data, the 
2cceleration errors are absorbed by either the range or 
8 and A. 

VII. Comparison Between the Conventional and 
Differenced Data Results 

To obtain a clear comparison between the spacecraft 
states standard deviations and errors generated by the 
two data types under consideration, each quantity in 
Fig. 3 or 4 computed from differenced data was divided 
by the same quantity computcd from conventiolaaB data. 
The results of following this procedure for the standard 
deviations and errors computed from fivc passe7 arc 
shown in Table 4. 

Bearing in mind the assumptions upon which this 
analysis has been based, an examination of Table 4 and 
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Figs. 3 and 4 lends to the following tentative conclusions 
regarding the usc of conventional and differenced range- 
rate data to obtain a spacecraft state solution in the 
presence of ~rnknovm constant accelerations: 

(1) The digereneed data cannot determine the range 
or range rate, 

(2) The formal standard deviations for 6, a, $, and 
are generally slightly better using the conventional 
data if more than one pass of data is used. 

(3) For solatlons invo'lving range-rate data only, un- 
known colstant accelerations produce errors in the 
spacecraft state which are generally about the same 
size, irrespective of whether conventional or dif- 
ferenced data is used. 

(4) If a range point is included in the data set, errors 
in 8, a, 8, and & produced by unknown constant 
acce9erations of equal magnitude in three orthog- 
onal dxrections, are at least 100 times smaller if 
differenced range-rate data is used rather than the 
conven~ional range-rate data. 

Th, fact that the differenced data cannot estimate the 
geocentric range or range rate is not surprising because 
the portions of the range-rate observable which is most 
eEecti.de in determining these quantities have been in- 
tentionally eliminated in the differencing process. This 
is not a sesinsls matter because the range and range rate 
can be determiraed from the conventional data. 

The main advantage of differenced range-rate data 
over conventional range-rate data is that state estimates 
obtained from the differenced data are not degraded 
nearly as much by unmodeled radial accelerations as 
estimates obtained from conventional range-rate data as 
was mentioned above. It is this feature that raises the 

promise that using differenced doppler data may be at 
least a partial solution to the process noise problem. 

Before leaving this section it should be mentioned once 
more that the analysis performed here is representative 
of a real physical situation only to the degree that the 
six parameter model is representative of the range-rate 
observable and that the unknown accelerations are 
constant. 

VIII. Summary and Discussion 

The purpose of the analysis carried out in the previous 
sections was motivated by the desire to increase our under- 
standing of how the differencing techniques ameliorates 
the effect of unmodelable accelerations, and also to obtain 
some idea of how effective these techniques may be. By 
making use of the six parameter representation of the 
range-rate observable, it was shown, once again, that the 
unmodeled accelerations which severely degrade the solu- 
tion are those occurring in the radial direction. It appears 
that the effect of these accelerations can be substantially 
reduced by differencing the data taken simultaneously 
from two tracking stations. For the Viking trajectory, 
which was used as an example, the unmodeled constant 
accelerations degraded the conventional data solution 
two orders of magnitude more than the differenced data 
solution. 

Although the analysis presented in this article indicates 
that differenced data may be very useful in diminishing 
the effects of unmodelable accelerations, before any real 
confidence may be acquired in this technique it will be 
necessary to perform an uncompromised accuracy analy- 
sis study. Such a study is currently underway and will be 
reported on in the near future. 
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Table 1. Viking trajectory information Table 3. A priori information for the  spacecraft state 

0.8854 X 10 km 

0.2278 X lo-' rad/s 

0.8896 X lo-' rad/s 

1976 Jan 22 3h 33"' 

Spacecraft coordinate 

10-I kkm 

1 W3 red 

1 O-"rad 

80-2km/s  

10-'3 rad/s 

10-ID rad/s 

Table 4. Comparisons of standard deviations and errors 

obtained by using conventional and differenced range- 

Table 2. Errors in a-f produced by a constant rate data 

acceleration 
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DIFFERENCED 
4 2 1 - - 3 5 - - - 7 - 

DSS 14 6 4 2 1 - - 3 5 - - - 7 - - 
I 1 1 I I I 1 

-3  -2 -1 0 1 2 3 

TIME t, days 

Fig. 1. Tracking patterns and pass numbers 

NUMBER OF TRACKING PASSES 

Fig. 2. Standard deviations of a -+ f 
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NUMBER OF TRACKING PASSES 

Fig. 3. Spacecraft state errors produced by unmodeled ionstant accelerations of 10-l2 km/s2 
when  conventional and  differenced data are used 
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NUMBER OF TRACKING PASSES 

Fig. 4. Spacecraft state standard deviations a n d  errors resulting frorn the use 
of conventional and  differenced data 
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An Examination of the Effects of Station Longitude Errors 

on Doppler Plus Range and Doppler Only Orbit 

Determination Solutions With an Emphasis 

on a Viking Mission Trajectory 

V .  J. Ondrasik and N. A. Mottinger 

Tracking and  Orb i t  Determination Section 

During the early Viking Mission accuracy analysis studies, it was discovered 
that station location errors may degrade the navigation more for doppler plus 
range solutions than for doppler only solutions. An explanation of this seemingly 
curious occurrence is given. 

I. introduction 

Early in the Viking Mission accuracy analysis studies, a 
set of statistics describing the effect of station location 
errors on navigational accuracies were obtained which 
at first glance were hard to believe. These statistics, which 
were generated by a weighted least-squares batch solu- 
tion filter operating on data supplied by the Viking trajec- 
tory and tracking station described in Table 1, are shown 
in Fig. 1 and involve the behavior of the semimajor axis 
(SMAA) of the error ellipse in the B-plane (described 
in Fig. 2) when various amounts of data were included in 
the solution. The standard deviation of SMAA given in 
Fig. 1 were computed by the Double Precision Orbit De- 
termination Program (DPODP, Mod 5.2) consider option 
(Ref. 1). These consider standard deviations reflect the 
influence that both data noise and constant errors in 
particular parameters may have on the orbit determina- 
tion solution. 

The interesting feature of Fig. 1 is that, although 

initially the doppler plus range solution i s  supenor to the 
doppler only solution, as more data is inclc;ded the situ- 
ation is reversed. This degradation of the soluhan by the 
addition of more information was very eeerious and 
required more of an explanation thaw iuit ctatrng that it 
is a manifestation of an improperly rnode;eci filter. 

I!. Verification of the DPODP Consider Option 

When the results given in Fig. 4 were Erst aeqn~red, 
one possible explanation was that the DPODP consider 
option was not working properly. A verification of thc 
consider option for one parameter, p. may be obtarnrd 
by first using the procedure outlined in Table 2 to deter- 
mine the effect that a constant error in p may have on 
the solution. 

Figure 3 contains errors in B * R obtained by fdiowins 
the above procedure for a station Iongimde error The 
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For the Viking trajectory of Table 2, this representa- 
tion retains its usefulness for data arcs of a few days in 
length. 

As briefly described in the previous article1 and more 
fully in Ref. 2, an error analysis using Eq. ( 2 )  proceeds by 
using the 6 coefficients a+ f as correlated data points 
which described the information contained in the range- 
rate observable. These data points may then be used to 
obtain solutions and the associated covariances. In par- 
ticular, an error in the station longitude will produce 
eriors in the c, e, and f cocfficients, wl~ich will be treated 
as 'Ibefore-the-fit" residuals. The solution filter will then 
generate compensating errors in the spacecraft state to 
minimize the "after-the-fit" residuals in a least-squares 
sense. The results of following this procedure are also 
includcd in Fig. 4 for data arcs of two and four days and 
are in fairly good agreement with the DPODP values. 

The physical process behind the results illustrated in 
Fig. 4 may be understood by examining Eq. (2 ) .  As men- 
tioned previously, a longitude error will produce errors 
in the c, e, and f coefficients. Since the longitude and right 
ascension enter into these coeEicients in the same way, 
the solution filter will want to makc a compensating error 
in the right ascension. However, this change in the right 
ascension will produce a change in the d, or acceleration 
coefficient of Eq. ( 2 ) ,  since the gravitation acceleration is 
a function of the spacecraft right ascension. This change 
in d must be accounted for by errors in the remaining 
components of the spacecraft state. For a doppler only 
solution, the error will appear in the range because the 
range occurs only in the (1 coefficient and therefore a 
change in the range affects this coefficient only. The range 
error, which will compensate for the change in d pro- 
duced by the right ascension error, is given by the follow- 
ing equation: 

'Ondrasik, V. J., and Ronrke, K. H., "An Analytical Study of the 
Advantages Which Differenced Tracking Data May Offer for 
Ameliorating the Effects of Unknown Spacecraft Accelerations" 
(this volume). 

Using the numerical values associated \~it!i thc Vtkcaiz 
trajectory of Table 1 yields the result shown rn Eq (Z) 
This value is almost identical to the range eraoa foe~nd ?y 
extrapolating the stable DPODP solertlorls of Fig 4 

When the doppler data is supplemei-tcd by a range 
point, the range is essentially deleted fro111 the. soi"~~tror~ 
and cannot be used to cancel tlae error r i l  the aceeEcration 
coefficient produced by the right ascension error Since 
the declination is strongly determined by the b coeBeieni, 
the acceleration coefficient error wiH be compensiitcd for 
by errors in 6 and di. I t  is not possible to obtain a ~ i m p i ~  
equation analogous to Eq. (3) to express these VCIOC~QT 
errors because k and di are also contaiacd ie? the e an6 f 
coefficients. 

V. Summary 

The preceding section has shown that i'o~ fairly sho-B- 
data arcs a station longitude error will produce av CI 101 
in the spacecraft's right ascension. This: s~ght  asccn~s~caa~ 
error will in turn generate an error in the spac ccrafi'c; gco- 
centric acceleration. To minimize the effccti of i t l ~ i ~  acci'l- 
eration error, compensating errors \?ill1 be made m d-rc 
range for doppler only solutions, and m and I\ for clop- 
pler plus range solutions. If these er ras  ,ire ruaappcd ox ee 
a sufficiently long period of time, the eloclt;~ errors of 
the doppler plus range solution may ;xsstr.ne a grc%arcbr 
importance than the position errors olC the doppIcr oniY 
solution. It  is for this reason that stat1011 Eoeatroe~ erscrs 
may degrade doppler and range colutioa.; more thm 
doppler only solutions when an impropenly xnodeied solti- 
tion filter is used. This is the set of cractnms"cal?eci whrih 
lead to the seemingly strange Viking accsitaiy dnalyql~ 
results illustrated in Fig. 1. 
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Table 1. Description of the Viking trajectory 

Table 2. Procedure for determining the errors in  the 
solution produced b y  a constant error in  a particular 
parameter 

Geocentric coordinaten 

r = range 

6 = declination 

a: = right ascension 

r = range rate 

6 = declination rate 

6 = right ascension rote 

r, = station distance off the spin axis 

X = station longitude 

Value 

0.885 X 108km 

20.3 deg 

58.1 deg 

15.3 km/s 

0.245 X rad/s 

0.890 X rad/s 

5.20 X lo3 km 

243 deg 
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"Epoch 1976 Jan 21. 

Encounter 1976 July 14. 

Step 

1 

2 

3 

4 

Operation 

Simulate the observed data using a particular value of the 
parameter, PO. 

Calculate the computed data using another value of the 
parameter, p, = po + Ap. 

Form the (observed-computed) residuals. 

Obtain the solution, with p not included in the solution set. 



STATION LOCATION ERRORS 

Ar, = 1.5 m 

A A = 3 m  

DATA NOISE 

u(D0PPLER) = 1 rnm/s FOR 1-min SAMPLES i 

DOPPLER 
PLUS RANGE 

0 I I I I 
0 I0  20 30 40 

DAYS OF DATA 

Fig. 1. Consider SMAA for doppler and doppler 
plus range solutions 

SO = UNIT VECTOR ALONG 
HYPERBOLIC PATH OUTGOING ASYMPTOTE 

PLANE PERPENDICULAR 
TO INCOMING 
ASYMPTOTE 

- ERROR ELLIPSE 

TRAJECTORY PLANE 

Fig. 2. B-plane and error ellipse 

STATION LOCATION ERROR 

AA=3 m 

DATA NOISE 

u(D0PPLER) = 1 mm/s FOR 1 -min SAMPLES - 
u(RANGE) = 100 rn 

uBmR (CONSIDER) 

9 

DAYS OF DATA 

Fig. 3. Errors in B R produced by a station longitude 
error of 3 meters 
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0 10 20 30 0 10 20 30 

DAYS OF DATA 

Fig. 4. Spherical spacecraft state errors produced by a station longitude error of 3 onerieirs 
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Digital Period Detector Oscilloscope Trigger 

W. A. Lushbaugh 
Communications Systems Research Section 

Due t o  the increased complexity of new digital equipment, there has arisen a 
need for more sophisticated test equipment. This article describes a piece of 
equipment for obtaining an optimum trigger for an oscilloscope. This equipment 
accepts a periodic digital sequence and its associated clock, and outputs a single 
pulse once per period. This output is intended to be used as the external trigger 
for an oscilloscope. A digital readout of the numerical value of the period is also 
provided to enable determination of the correct trigger to be used for a multitrace 
display. 

1, introduction ware as possible. Obviously an easy method of finding 
the period of a sequence is to store a number of bits of 

'Due to the increased complexity of new digital equip- 
the sequence larger than the greatest expected period 

ment, there has arisen a need for more sophisticated test and do a simple correlation on these bits until the mini- 
equipment. The digital period detector oscilloscope trig- 

mum period is found. However, since it was decided that 
gelr (DIPDOT) is a piece of test equipment which accepts 

the device would not be useful unless it could determine 
,a periodic digital sequence and its associated clock, de- 

periods of at least several thousand bits, the mass memory 
rives the period of this sequence, and outputs a single 

approach was abandoned and a serial scheme adopted. 
pulse once pel- period. A digital readout of the number of The serial version uses a minimum of sequence memory 
clock pralses in the period appears on the front panel. 

(actually only one bit) but instead, observes the sequence The output pulse is intended to be used as the external 
over many of its periods to extract the necessary 

trigger input to an oscilloscope, thereby enabling the dis- information. 
play of sequences for which no other sync is available and 
Lbich will not self-trigger. The digital readout can be 
used to check that the external trigger being supplied to 
a multi-trace display has the correct period necessary to 
properly display all traces in their true phase relationship. 
Use of the DIPDOT to detect the period of the longest 
len,& sequence of a multi-trace display will also ensure 
the maximum brightness possible for such a display. 

ll ,  Design Aims 

It .was desired to have the DIPDOT use as little hard- 

Ill. The Algorithm 

A sequence f (n) ,  n = 1, 2, . . . , has period P if 

f ( n )  = f ( n + P )  

for all n and P is the smallest such number for which this 
equation is satisfied. To ensure that the P found by the 
DIPDOT is indeed the smallest such value, the first 
hypothesis H is one, i.e., it is first assumed that all the 
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bits of the sequence are equal. This assumption is heId Proof: If P = ab and N = ac with (b, c) = I notice that 
and every bit of the sequence examined until a difference the relations 
is observed. At this point the hypothesis is set to 2 and 
the sequence is searched for an adjacent 1-0 combination 
of bits. 

p.L-'a.C"(r. 
After the 1-0 is found every (non-overlapping) pair of 

bits following is examined for agreement with 1-0. This are included in the above. 
mode of operation will continue until a disagreement is 
found, at which time H is set to 3, the device waits for Define f ,  (m) = f ( am  + a,) and note that j, has a period 
an adjacent 1-0 and then checks every pair of bits spaced dividing b ,  is . ,  f ,  ( m  + Xb) = f ,  (m) nclw 
three units from the 1  for the 1-0 agreement. Iteration 
continues in this manner until an H is found such that P 

f , (kc )=f , (O)  O L k L - - - 1 = 1 7 - 1  
a 1-0 combination is found M times spaced H apart, a 
where M is the largest period expected. The search up to 
this point will be referred to as Mode I. since 

The 1-0 window was chosen because every sequence f l  ( kc )  = f (kca + a,) = f (a,) = it (0) 
of period greater than 1 has such a combination and 
because many digital sequences encountered in practice observe { k c )  E { O , l ,  . . . , b - 1) mod b because if 

have a low density of ones or zeros leading to a low kl=# kz 
number of transitions. Thus the DIPDOT locks onto k , ~  - k , ~  rf. ab 
a significant point in low density sequences (i.e., the 
probability of passing a large number of tests when N because (b, c)  = 1  and ~ k ,  - k, 1 < b 
is not correct is low) while in more random sequences 
nothing is lost since all two-bit windows would have .'. f ,  is constant for 1 6  0 L a  
approximately the same density. 

By definition a, = P - 1  (mod a)  so that if y = z (mod a) 
The job of finding the correct period is not completed any such y can be expressed as y .= y,a t a, for some a, 

when an M is found such that M consecutive tests show and = x,a + a, 
no errors. However it is certain that N and P, the actual 
period, have a common factor. Thus the N-2 bits between .'. f (Y) = f r  ( Y I )  = f t  ( ~ 1 )  j ( 2 )  
the 1-0 windows must be checked for agreement. This 
second part of the algorithm, which will be referred to which means that the period of f divides a, i e. 
as Mode 11, uses a time-saving method developed by 
Dr. E. Rodemich and is described below: PIA* b = 1- PIN 

1V. Rodenrich Verification Method V. Consequences of Theorem 

THEOREM. If a periodic sequence f (n),  n = 1, 2, . . . , The first set of tests for a given 1bypoi:hesi.s H is given by 
has period P < M and it satisfies the following set of 
relations: f ( k N ) = f ( O )  O L k B 4 - l  

M which amounts to the Mode I algoritlzni dcscsibed abn Je 
f ( k H + a , ) = f ( a , ) ,  O L k L - - 1  

1 The Rodemich Theorem now says to move over 1 bii 13 
the sequence, i.e., starting at a? = (A4 - P)  H 4 1 m d  

P=1,2 , .  . . , N  verify that 

with a, = 0 and 

then P I N .  
i.e., only do half as many tests as were done the first 
time. After this move over one bit and do i%/3-1 tests, 
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then M/4-1 etc. Thus the total number of observed bits M / 2  h 

ec verify &at P 1 N is T ~ ~ ~ =  ( M  - l)xxk= P y i n ~  
h = l  P=l 

I 1  

and for M = 104 as in the final design Tbfax could be  on 

1 1  the order of 101%clock periods of the sequence. 

B nt  due to ikc !bray in which the hypotheses are formed, 
i ;3 , starting at f1 = I and incrementing by one each time 
any test fads, ihc first H found is actually P. Thus 

wb"I~,cE is the 'lowest value found to date for this quantity. 

VB, Caiculation Time in Mode I 

The calculatioin tnme for N to go from 1 to P in mode I 
e m  be signmrficant The time is not only a function of P 
b ~ t t  of the structure of the particular sequence. A lower 
b ~ a r d  for tile Bzngth of time can be calculated for se- 
q.ten-e with only one 1-0 transition. In this case all 
hypotheses except the correct one fail the first test in the 
sczes. Smce the dl-vice then waits for the 1-0 transition 
(or P time units) to test the next hypothesis this minimum 
hze i s  approximate8y (P - 1)"nits. Actually a pseudo- 
ra-~dom sequence with a probability of 1/4 of finding a 
9-3 wmdow -is slightly faster and has a Mode I com- 
pixtation $mile of approximately 

VII. Hardware 

Figure 1 shows a block diagram of the DIPDOT. There 
is a hypothesis register and two countdown circuits which 
deliver pulses at a rate determined by the number held 
in the hypothesis register. Two countdown circuits were 
used so that one of them may be held fixed during 
Mode 11 to provide a useful sync to the scope earlier 
than if only one device were used. This second countdown 
circuit is not completely extraneous because it is the phase 
difference between its output and the output of the first 
countdown circuit that enables the + P  feature of the 
Rodemich method. During Mode I, the two countdown 
networks are held in the same phase, and the + P  flip-flop 
sets on CD1 = 1 and resets on CD2 = 0; i.e., one time 
unit later so that only one clock pulse gets to the M 
counter every N clock periods. In Mode 11, which is 
entered when the M counter reaches full scale for the first 
time, one clock pulse is deleted from the CD1 circuit, and 
a new one-bit sample of the sequence is taken at this 
new phase. The t P  flip-flop now is set for 2 clock pulses 
every N times, causing the M counter to count twice as 
fast as it did in Mode I. After M/2 observations have 
been made, the M counter reaches full-scale, causing CD1 
to shift over another unit in the sequence, a new sample 
to be taken and the el flip-flop to stay up three time 
periods every time CD2 reaches 1. In general then, M / l  
samples are taken at the lth iteration, in accordance with 
the above theorem. 

The woist-cast icqilence is not known, but the follow- 
ing example takes ,?artieularly long. When the CD1 and CD2 outputs finally get back to 

their original phase, it means that all the prescribed tests 

Consider th3 sequence are finished and that the hypothesis has been verified. The 
completion of this verification is communicated to the 
operator of the device by the shutting off of the decimal 
point in front of each digit of the digital readout. 

ancl J (kf - 2) - :. I e., A. Start Sequence 

Since the DIPDOT never reduces the number in the ' ' ' (M - 4, (M - ) ( - ) ( I  - hypothesis register, a start button is provided to restart 
+ 0 1 0 3 ~ 1  . 0 1 1 1 the search. The start button produces the following se- 

quence of events: all registers are reset to zero, then a 
T- 
~ V C P . ~  eves7 3~yli3riiesi~ for this sequence will look good single pulse is supplied to the hypothesis register to 

and co~icewably pass most of the series of tests. Thus the advance its count to 1, and sequence clock is supplied 
wpze: Sotarad 0x1 the total acquisition time is given by only to the M counter. The system then checks to see if 
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the sequence actually does have period 1, i.e., that all 
bits are equal. If two digerent bits are found (i.e., an 
adjacent 1-0 combination) the start sequence is over and 
operation, described in the foregoing as Mode I, starts. 
If the sequence does have all bits equal, this start mode 
will never be terminated, but after M consecutive equal 
bits have been observed, the decimal points on the dis- 
play will go out, signifying that the period has been 
verified. 

It should be noted at this point that the machine actu- 
ally never stops checking the input sequence and that, 
if it has verified period 1 and at some later time the period 
changes, the device will automatically find the new period 
if it is less than M. 

B. Return to Mode I 

Actually many sequences can pass all the tests of 
Mode I with a wrong hypothesis. This results in the 
discovery of an error in Mode I1 which entails a slightly 
different sequence of events to occur than if this hap- 
pened in Mode I. Actually it is very much like the start 
sequence in that all the registers except the hypothesis 
register have to be reset. This realigns the CD1 and CD2 
circuits to their original phase and puts the system back 
into Mode I. 

VIII. improved Methods of Period Detection 

It is obvious that the method used for period detection 
can be improved at the cost of system complexity. If each 
test, described above, tested N consecutive bits of the 
sequence, the search time in Mode I would obviously be 
less than at present (especially if the N-bits examined were 
constrained to have at least one 1-0 combination), and 
the time to verify (Mode 11) the hypothesis would be 
divided by at least N. The major drawback to such a 
design is that all periods less than N would become spe- 
cial cases in the logic design of the device. 

Other improvements can easily be thought of, e.g., 
checking the parity of the number of ones in the hypoth- 
esized period as well as looking at the bits every H time 
units. Every approach of this type examined to date seems 
only to enable some new sequence to be found that would 
cause the calculation time in Mode I to remain excessive. 

IX. The Prime Method 

A completely different approach to the problem would 
utilize a property of prime numbers. An easily proved 
theorem is the following: 

THEOREM. If M is a prime number > P then the set 

{ k h l ) = { O , 1 , 2 ,  . . . , P - I )  

modP, k = 0,1,2, . . . P - 1.  

Proof. Suppose k,M = k,M mod P, i.e., 

k,M = alp + B, 
k,M = a,P + B,  

then 

P (a, - ffp) = A4 (k, - k 2 )  

and since P + M and I k, - k2 I < P, this ilrspiies 

This theorem implies that the set of equations 

reduce mod P for any P < M to the set of relations 

so that if H is the lowest number i:I-iat satisfies thrs 
set of relations we have by definitioin H = P for the 
sequence in question. This theorem implies :hat a period 
detector could be built that takes a new sample of 
an input sequence, e.g., every 10,007 (tbc smallest prime 
greater than lo4) time units, verifies that f (IO,OO7 * k) =- 
f (10,0007*k + H) for k = 1, 2, . . . , ll(i,007 and if all 
tests are satisfied, the period is verifiecl. The time to 
verify a given hypothesis is seen to be app roxirnately 

which is independent of the period and1 a smaller "cirmrsi: 

than the present design if P > 1382. For periods in tho, 
range of lo4 the prime machine approaches 9.2 times 
(i.e., In lo4) the speed of the prcsent des ig~ .  
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X. Conclusions 

The DIPDOT was designed in support of the Viterbj 
Decoder project (Ref. 1) and was used extensively in the 
Zclbugging stage of that project. Since the decoder uses 
10-bit serial arithmetic, many small period data sequence 
i.j.~puts would lead to arithmetic register periods of 1024 
nodes (10240 h i - s )  or some multiple thereof. By looking 
at the sign bit oi these circulating numbers (using a word 
marker as c lod )  the DIPDOT was able to obtain sync 
to display cx:serneIy long bit streams. At one point in the 
riebngging, it appeared that the decoder had a hardware 
~ a l h n c t i o n ,  but by obtaining the proper sync on a bit 

stream, it was found that an oversight in the design had 
permitted the machine, when first turned on, to enter 
and hang up in an undesired, incorrect mode of operation. 

In summary, when a digital machine is misperfonning, 
some part or parts of it are not operating with their de- 
signed periods, and a device such as the DIPDOT is 
essential in order to give a proper oscilloscope display 
of what is happening. Figures 2 and 3 are photographs 
of the DIPDOT assembly. Figure 2 is the original pro- 
totype which was later modified for box mounting with 
integral power supply. 
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OUT 

Fig. 1. DIPDOT block diagram 

Fig. 2. DIPDOT prototype assembly 
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Fig. 3. DIPDOT assembly with box aii~bsunting and 
integral power supply 



Generation of the Ford Sequence of Length 2",n Large 

H. Fredricksen 
Communicafions Systems Research Section 

This article presents three algorithms for forming the Ford sequence of length 
2" and compares the storage requirements for each of the three. These sequences 
are used in checkout of digital communications equipment. 

1, Introduction gree n. But since there are 22"-'-n deBruijn sequences of - * 

length 2", we see the "linear" deBruijn sequences form a Shift register sequences have had application in code 
vanishingly small fraction of all deBruijn sequences. Also gcneratiola, prescribed period sequence generation for 
to find a primitive polynomial of high degree is not neces- countciown circuits, and PN shift register sequences have 

been used for recovering signals from noise in deep space sarily an easy task. 

tr;insrnissions. 
Unfortunately, to generate a nonlinear deBruijn se- 

A special sequence period for a shift register of n stages quence is not generally easy either. There is an algorithm, 

is the deBrlaijn sequence of length 2". In the deBruijn which we attribute to Ford (Ref. 1) which yields a non- 
linear deBruijn sequence. In Ref. 2 the Ford algorithm is sequence all 2'"possible n-tuples occur once as n succes- 

sive bits of the cyelic shift of the sequence of length 2". investigated and the positions of the truth table for its 

These sequences have been used in forming comma-free generation are determined. The algorithms for the Ford 
sequence generation are given below. codes of higher index, as random bit generators when all - - 

2" possible subsequences of length n are required, and as 
a test sequence to map through all 2% states of a Viterbi 
convolutional decoder. 

The method most often used to find a deBruijn sequence 
of length 2" is to find a primitive polynomial of degree n 
ovcr GF[B]. When the primitive polynomial is wired 
in" o shift register, a sequence of length 2% - 1 is formed, 
if care is taken to avoid the all-zero cycle of length 1. An 
extra logical expression is then required to "add  the zero 
sequence into the PN sequence to form the deBruijn 
sequence of length 2". 

There are (b (2" - l ) / n  primitive polynomials of de- 

However, to form thc Ford sequence using Ford's orig- 
inal algorithm or the algorithm for the truth table 
requires 2" bits of storage in the first case, or (n  - 1) 
X (Z (n) - 1) bits of storage in the second, where Z (n) - 1 
is the number of positions which are equal to 1 in the 
truth table generation and Z (n) is given by 

1 
Z (n) = - 2 4 ( d )  2f1/d 

n ,/,, 
We give a new algorithm below which yields the Ford 
sequence and requires no storage beyond two holding 
registers of length n bits. The algorithm is valid even for 
very large n. 
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I I .  Algorithms for Generation of Ford Sequence 

Ford's Algorithm. Let xo = x, = . . . = x,-, = 0. The 
x,+l,th bit is a 1 if the n-tuple xrc+,xk+z . . . xk+,-, 1 has 
not occurred previously in the sequence, otherwise it 
is a 0. 

Proof of Ford's AEgorkthm. The process must terminate 
at 1000 . . . 0 for if it terminates at yo, y,, . . . , yn-, =# 
10 . - . 0, then yo . . - y,-, must have occurred at least 
twice in the sequence, which is not permitted. Also every 
n-tuple must be on the sequence for if z,, . - . z,-I is not 
on the sequence then neither is one of its possible suc- 
cessors, in particular z,  . . . 5,-, 0. Continuing we see 
z2 . . . z,-~ 0 0 is not on the sequence, and finally we 
find that 100 . . . 0 is not on the sequence. 

We now present the algorithm which determines the 
truth table for the Ford sequence. 

Algorithm I 

(1) Form the pure cycle decomposition of the deBruijn 
graph, i.e., choose all cycles of length 1, 1 In. 

(2) For each cycle (excepting (O)), find the maximum 
element, m; = 2?$k;, k ;  odd, r i  L 0. 

(3) ai = (ki - 1)/2. 

Algorithm 1 yields Z(n) - 1 positions ai which are the 
positions which are 1 in the truth table, where Z (n) is the 
number of cycles of length 1, 11 n. 

Verification of Algorithm 1 is given in Ref. 2. Ford's 
algorithm requires the whole sequence be saved for the 
generation and Algorithm 1 requires the saving of the 
positions 0, y,, . . . , y,-, which will take the 1 successor 
Yl, . . . , Yn-1, 1. 

We now give an algorithm to produce the Ford se- 
quence for large n. The algorithm is similar to Algorithm 1. 

Algorithm 2 will produce the next n-tuple of the Ford 
sequence from the current n-tuple. 

Algorithm 2 

(1) Po = (0, 0, 0, . . . , 0), the starting n-tuple of all 
zeros. (From pi = (bl, b2, . . . , b,), we produce 
PZ+l (b?, b:, . . . , b,+d). 

(2) Form p: = (b,, b,, . . . , b,, I). 

(3) Consider all cyclic shifts of /i?: to find the rnaxim~m 
element Mi on the cycle 

(4) If b , = b , =  - . . =bi- ,=O,  then 

Pi+l = (b37 b3, . . . , bn>zl )  

otherwise Pi+l = (bn, . . . , b,, bl). 

Proof 

Algorithm 2 follows easily from Algorithm P. If 

b z = b 3 =  . . . = & .  'L-l = O  

then the maximum element on one of the pure cycles in 
Algorithm 1 is 

and 

7'-i+l 
1 + 2 b,-j+, 2j = ki of Algorithm 1 

j=1 

n- i 

Z b,-j+, 2j = mi of Algorithm I 
i = o  

Algorithm 2 requires saving only the present state P i  and 
the current largest value of the shift of the vector P;:. 
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Weights in the Third-Order Reed-Muller Codes 

H. van Tilborg 
Communications Systems Research Section 

In order to obtain performance superior to that of the (32,6) first-order Reed- 
LMul"ler Code used on Mariner Mars 1969 and 1971 spacecrujt, bandwidth lirnita- 
tions make it necessary to consider Reed-Muller codes of higher orders. In this 
paper, we investigate the weights which can actually occur in the third-order 
Reed-Muller codes of lengths 256 and 512. For length 256, we succeed in finding 
the exact set of integers which occur as weights. For Eength 512, we do the same, 
except that we cannot decide whether 140 and 372 occur as weights or not. We 
show, however, that there are no words of weight 132 or 380, a result which adurn- 
&crates an impodant new theorem on Reed-Mulkr codes. 

I, introduction The weight enumerator for the third-order RM codes, 

Reed-Mul'Wer (RhA) codes are among the most useful 
binary block codes. For instance, the first-order RM code 
of length 32 1s the celebrated (32,6) biorthogonal code 
wvllic81 was used on iMariners Mars '69 and '71. In order to 
obtciin periormance superior to that of the (32,6) code, 
one would like to use a longer RM code. Unfortunately, 
the I~andwidth iteq~iirements of longer first-order RM 
codes ale. ~ ~ 9 ~ 8 7  as to render them useless for NASA mis- 
sions However, higher order RM codes require less band- 
wd th  at a fixed length than the first order codes, and so it 
becomes important to investigate the feasibility of imple- 
meriting these codes. 

- 
however, remains unknown, although for lengths 128 or 
less it can be obtained by various ad hoc techniques. In 
this paper we investigate the weight enumerator for the 
third-order RM code of lengths 256 and 512, with the 
preliminary goal being to identify those weights which 
actually occur in these codes. For length 256, our result 
is that all weights which are not eliminated by known 
theorems can actually occur. For 512, however, we dis- 
cover that, although no previous theorem suggests it, 
no words of weights 132 or 380 occur; this adumbrates 
an important new theorem on RM codes. Finally, weights 
140 and 372 remain undecided; i.e., we can neither show 
that they do not occur nor exhibit words of that we igh1  

45 a first step rn this direction, researchers have begun 
to snvc-strgate thc weight spectrum of these codes. The 
weight spectnm of the first-order RM code is trivial: II. Summary of Known Results 

except for :Lrc all-zero word and the all-one word, all RM(r;Bm) denotes the rth order RM code of length 2nL. 
word-, Aaje: we~gllt half the block length. Recently, The following theorems are known: 
thioe;gi the work of Kasami, Berlekamp, and Sloane, the 
completz weighhenumerator for the second-order RM TWEQREM 1 (Ref. 1). The minimum distance d in RM (r;Zm) 
eodc-s has been obtamed. is 2"-'. 
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TIEEOREM 2 (Ref. 2). If THEOREM 5 (McEliece, Ref. 1). 

is the weight enumerator of RM (r;2") then 

TNEOREM 3 (McEliece, from Ref. 1). For the same weight 
enumerator, 

By the definition of RM (r;2") (Ref. 1) each code vector 
corresponds with an rth degree polynomial in m vari- 
ables over GF (2), and the weight of this vector is the 
number of times that this polynomial has value 1. 

So instead of studying the vectors we can study the 
polynomials. In this paper we need both points of view. 
We denote by If 1 ,, the number of times that f ,  as a func- 
tion of m variables, is 1. 

Example. Let f be an rth degree polynomial in m vari- 
ables (over GF (2)); then Theorem 1 says 

-1 

and Theorem 3 says I f  1, is divisible by 2 

THEOREM 4 (T. Kasami and N. Tokura from Ref. 3). If f 
is an rth degree polynomial of m variables, r L 2  and 
0 < I f  1, < 2m-r+1 (0 < I f 1 ,, < 2d), then f is transformable 
by any uppropriate afine transformation of the variables 
into one of the following forms: 

. . . (4a) ~1x2 . . . xr-, (x,-,+, X, + x,,, . . . x,,,.) 
where m l r  + p r & ! L k 3 ,  Or 

(4b) X I  . . . ~ r - 3  ( ~ r - l ~ r  + X I + ~ X ~ + ?  + . . . + ~r+2~-3~r+2~-2) 
where m - r + 2 l 2 p 1 2  

and in both cases 

(4c) I f  1 ,,, -. 2m-r+1 - 2"-r+l-P 

= 2d - 2d.2-p 

Remark. I f 1 ,,, is invariant under affine transformation 
so that this theorem characterizes the codewords with 
weight < 2d. 

lSince this paper was written it has been possible to show that no 
words of weight 140 or 372 occur, either. In addition, the weight 
enumerator for the third-order code of length 256 has been found. 

where 

I g 1 = the number of terms in the poiynomial g 

v ( g )  = the number of variables not i ~ z u o l x d  in g 

g C f means all terms of g are term": of f 

As an immediate consequence of Theorem 5 we find 

These relations will be useful in the next paragraph. 

Ill. Tables 

We start our work with some tables. M7e wish to know 
whether there are more gaps in the weight enumerator 
than those given by Theorems 1 through 4 We have for- 
mulated Tables 1 and 2 for RM (3 ;P)  and RM (3;z9). 
By Theorem 2 we are only interested in weights up to 
2""=, and because we are looking for gaps, we o d y  need 
to find code words of a certain weight to see that these 
is no gap. 

We did not succeed in finding a codeword of weight 132 
or 140. We are therefore left with only the possible gaps 
A13? = 0 or AldO = 0. In the next section we wiE1 show that 
A,,, = 0. 

For a while we believed that if one adids to a codeword 
c E RM (3;2"$) an appropriate codeword d E RM (2;2m), the 
weight of c + d would be less than twice the minimum 
distance in RM (3;2"') so that Theorem 4 would be appli- 
cable. However, by counting the number of codewords in 
the second- and third-order RM codes and the number of 
equivalence classes of the codewords @if weights less &an 
2d, it can be shown that this cannot be true for rn = 9. 
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Conclusion. (b) is impossible. 

Let J (x,, , %<I) = p ( ~ 1 ,  . . . , ~ s )  f xg q (xl ,  . . , xs); 
t'ien j f p ,  = # p l ,  4- l p  + q ] , .  

LEMMA 1. If f (x,, . . , xg) = p (x l ,  . . . , xs) + x9 q (x l ,  . . . , x8) 
and 1 p 1 > j p + q 1 then there is f' (x,, . . . , x,) = 
p 7 j / ~ i j  , ~ ~ ) + ~ ~ q ' ( x , ; . . , x ~ ) t r ; i t h  Ipr I s<Ip '+q ' l8 ,  
p P i h  = lp q / ? ,  / p y +  q ' J g  = Ip1,andtherefore I f / ,  = 
l ? ! ~  

Froof. Take p' (xi, . . . , xs) = p (x,, . . . , xs)  + q (x,, . . . , xs) 
and q"(xi, . . . ,x,) = q  (xl ,  . . ,xs) .  Q.E.D. 

If f (x,, . , x9) I= p (x,  . . . , xs) + ~9 q (21, . . . , xs) 
is ;a third-degree poByniornial then p ( x ,  . . . , x,) is of third 
degree and q ( x  , . . , x,) of second degree. By Lemma 1 
WG need only look for a polynomial p (x,, . - - , ~ s )  of 
third degree and a polynomial q (x,, . . - , x,) of second 
degree with the property 1 p 1 ,  + I p + q 1 ,  = 132 and 

1 p 1, L 1 p + q 1 .. The occurring weights in the third order 
RM code of lergth 2s are 0,32,48,56,64,68,72, . . . , so by 
Lemma 1 we ornay have to consider l p  1 a = 0,32,48,56,64. 
This proves Lemma 2. 

LEMMA 2, If $(:SI,  . . . , xs)=p(xI,  . . . , x8)+x9 q(xl ,  . . . , xg) 
hczs weight 132, then we may assume 

\XJe now consider these possibilities separately. 

] p 1, = 0 implies p 0, so we want 1 q 1 = 132 but q is 
second degrcch, and 132 does not occur in RM (2;zs) .  (See 
Theorem 3.) 50 la) is impossible. 

(b) j 1 P 1 -. j P + q 1 ,) = (32,100) 

By Theorem 4 1s p transformable to x,x,x,. So the ques- 
two IS, is thcre a second polynomial q  (x , ,  . . . , x,) with 

930th terms are weights in RM (2;2') and by Theorem 3 
divisible by 8 ,  buit 100 is not divisible by 8. 

Theorem 4 shows that p is equivalent to x, (x,x, + x,x,). 
By the same reasoning as in (b), 

f I X 2 X 3  + x4xB 

+ q (1, X?, . . . , xs) 17 

and is therefore divisible by 8, but 84 is not divisible by 8. 
Thus (c) is impossible. 

Theorem 4 gives that p is equivalent to x, (x,x, + x,x, 
+ x,x,) or to x,x,x, i- x,x,x,. x, (x,x, + x,x, + x,x,) can be 

excluded in the same way as (c) because 76 is not divisible 
by 8. So we want to find a second degree polynomial 
q (xl ,  . . . , xu) with 1 x1x2x, + x,x,r, + q  (x,, . . . , xs) I = 76. 
This turns out to be impossible. 

( d l )  Suppose x7x, is a term in q  (x,, . . . , x,), so 

q ( X I ,  . . . , x,) = p (x1, . . + , x,) + x7a (x,, . - . , x,) 

p is second degree, a and b first degree. Consider the 
affine transformation x: = x, + b (x,, . . . , x,) xi = xs 
+ a ( x l ,  . . . ,x ,)x: = xi , i  = 1, . . . , 6  which does not 
affect x,x,x:~ + x,x,x,. This transformation reduces our 
problem to: can I x,x,x, + x,x,x, + py (x,, . . . , x,) + x7xs 1 be 
76? Equation ( 1 )  gives us that this form is 64 + Ix,x,x, 
+x4xSxs + p' (xl ,  - . . , x,) 1 , and Theorem 1 gives that this 
last part is 0 or ' 16; so it is never 76. 

(d2)  Suppose now that xixs is not a term in q  ( x I ,  . . . , x,), 
SO q (xl ,  . . . , xs) = p ( x l ,  . . . , xG) + x,a (x, ,  . . . , x G )  

+ xEb (x,. . . . , x,). p is second degree; a and b first de- 
gree. If a = 0 then JxIx2x3 + X ~ X ~ X G  + p (x,, . . . , x F )  

+ x,b(x, ,  . . .  , x ~ ) I ~ = ~ ~ x ~ x ~ x ~  + X L X ~ X , ,  + p ( x 1 , .  . . , X C )  
+ x,b (x,, . . . , x , )  I and so by Theorem 3 is divisible by 8; 
but 76 is not divisible by 8. 

So a + 0 and also b $ 0 .  If n = 1 then I x,x,x, + x,~,x,; 
+ p (x,, . . . , xs) + X ,  + xSb (x,, . . . , x ~ )  I s  = g7 and not 
76. So a + 1, and also b $ 1. So both a and b are affinely 
equivalent to x,, not necessarily simultaneously. 

Therefore, x,x2x, + x,x,x, + q  (x,, . - - , x,) has to be 
equivalent to either: ( 1 )  k (x,, . . . , x,) + xlxi + x,x, if 
a = b, or ( 2 )  k ( x , ,  . . . , x,) + xlxi + x g S  if a # b, where 
k (x,, . . . , xG) is of third degree. In ( 1 )  apply xR = xs + x;, 
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xi = xi, i f  8 and then we are in a previous case. In (2)  
I k (x,, . . . , x,) + X l X 7  + X,XS I , = 1 k (0, x,, . . . , xs) + x2xS 1 ,  
+ 1 k (1, x,, . . . , x6)  + x7 + x2xSI7 = Ik (0 ,x2 ,  . . . , xG)  

X?X8 ( + 64 and is therefore by Theorem 1 1 1 6  + 64 = 
80. Conclusion: (d) is also impossible. 

LEMMA 3. If I f  (x,, . . . , x,) 1, = 132 for f E RM (3;2,), 
then for any i, (1 f (xi = 0)  I I f  (xi = 1)  1 g )  =: (64,6%) or 
(6%,64). 

LEMMA 4. If f (x,, . . . , x,) E RM (3;2,) and 1 f 1 , = 132, 
!.. then (1 f (0, 0, x ,  . . . , x,) 1 7, I f  (0, 1, X S ,  . . . , ~ 9 )  17 ,  

I f p,o, x,, . . . , xs) 1 r, 1 J ( ] , I ,  x,, . . . , X J  1 4 = (32,32,32,36) 
or 32,32,36,32) or (32,36,32,32) or (36,32,32,32). 

Proof. Divide the word into the four parts corresponding 
to ( X I ,  x2) = (0,0) ( 0 , l )  ( L O )  ( 1 , l ) :  

x,: 0 1 0 1 
I I I I 

a l b l  c d I 

and let a, b ,  c, and d be the weights of these parts. Then 
from Lemma 3 

This gives four possible weight structures: 

By xi = x, + 1, (2)  is equivalent to (1); by x: = x, + 1, 
(3)  is equivalent to (1); by x: = x, + 1, x', = x2 +l, (4)  is 
equivalent to (1). So every codeword of weight 132 is in 
one of the forms (1)  (2) (3)  or (4) and is transformable into 
form (1) .  Under the transformation x: = x, + x,, x', = x,, (1)  
goes into the form 

and this form has to be equivalent with (1)  (2)  (3)  or (4). 
This is only possible if b = 32 or b = 34, but b = 34 is ex- 

cluded by Theorem 3. (Each part E RM (3;Z7;) for b = 32, 
(1)  is (32,32,32,36), (2)  is (32,32,36,32), (3) is (32,36,35,32): 
(4)  is (36,32,32,32). Q.E.D. 

LEMMA 5. Let f (x,, . . . , x,) be a third degree poEg- 
nomial which is not a second degree polynomhl of m 
uariables. Then f can be transformed by an approprheate 
a f ine  transformation into x,x,x, + x1 p :,(xi, . . gc9,&j 
+ x2 q (x,,, . . . , x,) + x3 r (x4, . . . , xm) t k jx4, . . . , x,) 
where p, q and r are polynomials of degree 2 and k of 
degree 3. 

Proof. w.1.o.g. f (x,, . . . , x,) = X I X , X S  -- x,x2a jx,, ,%,I 
f X I X S ~  ( ~ 4 ,  . . ' , ~ m )  + X,x?C ( ~ 4 ,  ' ' . , ~ n z )  $ (xi, , ~ m )  

+ x2q (x,, . . . , x,) + X3T ( ~ 4 ,  . . . , X V L )  + & (21, . 3&n) 

where a, b and c have degree 1, p,  q ,  and r have degree 2 
and k has degree 3. The substitution of 

cancels x,x,a (x,, . . . ,xeL), affects only p, q, and k, whrch 
remain of 2"" and 3rd degree. NOW the substitutio~a 
X)z = x2 + b (xs, . . . , x,) X: = x1 + c ( x ~ ,  , x,) pr017es 
the theorem. 

If f (x,, . . . , x,) is a third degree polynomial, we can 
divide it in the 8 parts where (x,, x2,x3) = (0,0,0) . . (I, 1,~) 
and each part corresponds with a code ~vorc"; in RM (3,2>). 
We use the symbols p, q, r and k for the po.Iynornia1 and 
the corresponding codeword. 

Form 1. x,x,x, + x,p (x,, . . - , x,) i- x2q (x,, . . . , x9) 
+ xar (x,, . . . , x,) + k (x,, . - . , x,) is of the form 

We will need this form constantly ~w the rest of tF,s 
proof. 

LEMMA 6. If there is a codeu;ord of zoezght 132 zn 
RM (3;2,) then when it is transformed zrtte Form 4, the 
weighf of the position 6 and 7 has to  be 36. Therefore (by 
Lemma 4)  the positions 0 and 1 , 2  and 3,4  and 5 all have 
=eight 32. 
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Proof, Lemma 4 gives that 6, 7 has weight 32 or 36, so 
assume 6, 7 has weight 32, and that 2, 3 has weight 32. 
2? 3 is an element in RM (3;2') like 0 ,  1 and 4, 5 and 6, 7. 
2 , 3 i s k ( x , ,  . . . , x , ) + q ( x , ,  . . . ,x ,)+x,r(x, ,  . . . ,xi,) 
and has weight 32. 6 ,7  is k (x,, . . . , x,) + q (x,, . . . , x9) 
+ p (x,, . . . , xo )  + x,r (xq, . . . , x,) + X ,  and has weight 32 
(by assumption). So we see that 6,7 = 2,3 + p (x,, . . . , xs) 
+ x.!. Now p ( x 4 ,  . . . , x,) + X ,  1 = 26 = 64, so we have 
added to 9,3 (weight 32) a word of weight 64 ( p  (x,, . . . , x,) 
4- x,) and we get 6,7, which also has weight 32. This is 
only possible if the positions of the ones of 2,3 are a subset 
of ,the positions of the ones of p (x,, . . . , x,) + x,. This is 
equivalent to p (x,, . . . , x,) + x, = 0 implies k (x,, . . . , x,) 
+- q (xl ,  . . . ,x,.) + xnr(x,, . . . , x,) = 0.  In general, if a 
and b are poPynornials over GF (2) and a = 0 implies 
b = 0, b - b a. So k + q + x,r = ( k  + q + x,r) ( p  + x,). 
Comparing the coefficients of x, gives 

This implies tlla t the positions 2,3 (of Lemma 5) have the 
form 

if r = 0, pr and (p + 1) I .  are both zero. If r = 1 then pr 
,all@: (p i- 1) r are complementary. So 2 ,3  has weight equal 
to the weightoof r .  But 2, 3 has weight 32, so 1 r 16  = 32. 

S~ppessition I. 0, 1 has weight 36, so that 4,5 has weight 32 
(Irke 2,3) If we now compare 4,5 with 6,7 (as we did 
above wltli 2 ,3  and 6,7), we find lc = qr + p. Together 
with Lemma 7 tl-ils gives r (p + q )  = p + q or 

LEMMA 8, T. -- 0 implies p + q = 0. 

h o w  we d ~ v ~ d e  positions 0 and 1 into the parts, where 
r = 0 and r -- 1 (remember that I r 1 ,  = 32); then O,1 looks 

LEMMA 9. k has weight 2 on the  positions where r = 0. 

Now we divide positions 6 and 7 into the parts where 
r = 0 and r = 1. Then 6,7 looks like (by Lemma 8 )  

b = d and a and c are complementary, and so together 
have weight 32. The total weight is 32, so b = d = 0. So 
position 6 = (a,  b) = (a,  0 )  and has weight 2 by Lemma 9. 
But position 6 is a codeword in RM (3;2'j) and by 
Theorem 1 weight 2 is impossible. Hence, O,1 must have 
weight 32. 

Supposition 2. 4 , s  has weight 36 and hence 0 , l  has 
weight 32. If we now compare O , 1  with 6,7 (the same way 
as done above with 4,5 and 6,7 and also with 2,3 and 6,7), 
we find k = ( p  + q )  r so r = 0 implies k = 0 and because 
k = pr + q (Lemma 7), r = 0 implies q = 0. If we now 
compare 4,5 with 6,7 the same way as at the end of A), 
we get the same contradiction. The only assun~ption made 
is that 6,7 has weight 32. The conclusion is that its weight 
is not 32 and by Lemma 3 its weight is 36. Q.E.D. 

LEMMA 10. If x,x2x7 + X ,  p ( x ~ ,  . . . , x,) + xrq ( x ; ,  . . . , xs) 
+ x,r (x, ,  . . . , x,) + k (x,, . . . , x,) has u:eigl~t 132, where 
p, q and r are of degree 2 and k of degree 3, tlren I p 1, = 
Iql6  = lr16 = 28. 

Proof. We have seen that O,1 in Form 1 has weight 32, so 
Ir + k l ,  + I k J ,  = 32 and Irl, - I k l f , L  Ir + kl. = 32 
- 1 k 1 so 1 r 16 = 32. 6, 7 in Form 1 has weight 36, 
so I r + 1 1 , - - I p + q + k l , L I r + p - t - q + k + 1 1 1 ; = 3 6  
- Ip + q + kI or ) r  + 11f,.L36, SO I r I G 1 2 8 .  SO 2 8 L  
I r l,L 32. But r E RM (2;2"), so Form 1 gives that I r 1 ,  is 
28 or 32. 

like 
Suppose I r 1 ,  = 32. If we look at positions 0 and 1, then 

0 1 1 
we see that 0 and 1 are complementary on the positions 

X 0 
where r = 1, so have weight 32 on these positions (32 posi- 

T 0 1 0 1 tions). Because the total weight is 32 (Lemma 6), n-e see 

I (r = 0) 'ii(l' 
I t I 

that r = 0 implies k = 0. 

u v ZL: X By the same reasoning on 2,3, r = 0 implies k + q = 0, 
and on 4,5 r = 0 implies k + p = 0. So we have r = 0 im- 

5, and x are complelnentary and so together have weight plies ( k  = 0) and (p = 0) and ( q  = 0). This gives for posi- 
32 The total welght is 36 (by assumption), so tions 6,7: 
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is position 6 )  so P = O or P '1 8 by Theorem 1. This is a con- Proof. I f  1 ,, = 132. Then by Lemma 4 j t an be written in 
tradiction, hence I r 1 = 28. By interchanging x, and x, or 

Q.E.D. 
the form Lemma 5, and by Lemma 10 /];,I - Iql = jrj = 

X? and x, we also get lpl = lql = 28. 28. Positions O,1 have weight 32, so j k + x r 1 - = 32. 

Hence the work k has two ones on the positions where k + (k + p) + (k + q ) ,  we know that 
r = 0. By a similar argument on 2 ,3  and 4,3 we see that 
the same holds for k + p and k + q. Because k + p + q = LEMMA 11. k + q has 6 6 ones an the? positions u:Jzc.re 

r = 0. 

Now we look again a t  6 ,7:  1 k + p + q + x, ( r  + 1) 1, = 36. 

So 2a + 36 = 36, or a = 0. That means that all the ones of So the only possibility for a codeword of weight 132 is 
k + p + q are on the positions where r  = 0. But by k = p + q, but then k = p + q and k = q - r and hence 
Lemma 11 this is a contradiction with Theorem 1 (k + p p = q = T, and that means k = p + q = 0 and that is rin- 

+ q E RM (3;2O)) unless k + p + q = 0. possible because then 32 = Ik + x,rj- = i x  r l -  = Irl,  = 
28. Q E D  
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Table 1. EM (3;2S) 

This table shows that there are no gaps in RM (3;28) 
other than the ones already known. 
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Table 2. RM (3;29) 

Comment I l ~ e i g h t  w I Words of  this weight I Comment I 

/ 96 / XI ( ~ 2 x 3  $- xixaf I by (4b); see w = 48 in  RM (3;2') 1 

192 

196 

XIX?X~ + ~ 4 ~ 5 x 0  + ~1x4 + e RM (3;2'); see w = 100 1 200 1 ~1x8 in  Table 1 I 1 11 2 1 xi ( i i i  + X I X ~  + JCCXI] 1 by (4b); see w = 56 in  RM (3;28) 
X~X.!XS f X I X ~ X B  by (4a); see w = 56 in RM (3;28) 

XIXZ 4- ~ 3 x 4  

~ 1 ~ 2 x 3  -b X~XSXE + XI + 
XlX4 + XIX8XU 

1 204 1 XI (XS~ f x4xo f XCXI) f Compore with w = 64 
XZx4X8 + XBX&U + X I  

E RM (2;2') 

Apply Eq. (2) on first four terms 

/ 135 X I  l x ix j  f ~ 1 x 6 )  4- XGXTXS e RM (3;2'); see w = 68 
I in Table 1 XI (~2x3 f ~4x5) + e RM (3;2'); see w = 108 

X@IX~ + XG in  Table 1 

1 112 1 xi ( ~ 2 x 3  i- ~ 1 x 6 )  + e RM (3;28); see w = 76 i n  
X ~ X ~ X S  f XIXC, I Table 1 

/ 448 1 ~ 1 ~ 2 x 2  f x a x n x o  + x~xsxo 
1 I 

1 228 I X I X ~  + X~XGC + ~1x4 + Compare with w = 72 in Table 1 
x~x f lu  + XI ond apply Eq. (3) 

compare with s = 112 in  this 
table and opply Eq. (2) 

-- 

168 ' xr JXLXB + XIXP.) -b e RM (3;27; see n = 84 in  Table 1 
/ X6x7Xfl 4 ><lx$ 

232 

i !72 i X ~ X S X J  f xqx5x.g + compare with w = 72 in  Table 1 
X I X ~  i- x ? x s n o  and apply Eq. (2) 

xixzxa xaa + 
xaxvxs + xo 

I 240 I xlxz + ~ 3 x 4  + xaxo + ~1x8 

XIXZ xsxa + XGX~XI + XG 

248 XIX?X~ f xnxsxo + XI + f RM (2;2'); see w = 124 
xn $. ~7x8 in Table 1 

252 XIX~X~ + xnxsxo + Apply Eq. (3) 
XIXBXD + XI + Xn + XI 

Compare with w = 80 in  Table 1 
and apply Eq. (3) 

f RM (2;28); see w = 110 in 
Table 1 

e RM (3;27); apply Eq. (3) 

= 2U-3 = 4, 2 = 4 

411 l: jxl, . * , xS)/ i  = k, then If (xl, - ' . ,xs)lU = 2k, so half of the wards in  this table are elements of RM (3;2') 
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Detection of  Failure Rate increases 

G. lorden 

Cal i fornia  Institute of Technology 

I .  Eisenberger 

Commonicotions Systems Research Section 

The problem of devising systematic policies for replacement of equipment mb- 
ject to wear-out involves the detection of increases in failure rates. Detection 
procedures are defined as stopping times N with respect to the observed sequence 
of random failures. The concepts of "quickness of detection" and "frequency. o/ 
false reactions" are made precise and a class of procedures is studied u;hiclz opti- 
mizes the former asymptotically as the latter is reduced to zero. Results of Monte 
Carlo experiments are given which show that efficient quickness of detection is 
attainable simultaneously for various levels of increase in failure rates. 

I. introduction 

The present formulation of the problem of detecting 
failure rate increases arose in the study of replacement 
policies for equipment which may possibly be subject to 
wear-out, under the assumption that little is known a 
priori about when the onset of wear-out is likely to occur, 
or even whether i t  will occur. The desired type of policy 
is a rule utilizing failure data themselves to determine 
that the failure rate has increased. When such determina- 
tion has occurred, some previously specified action is 
taken, e.g., investigation of causes or ordering of replace- 
ments. I t  is desired that this action be taken as soon as 
possible after a specified level of increase in the failure 
rate has occurred, and i t  is by no means necessary to 
estimate when that increase began. Thus, in mathematical 
terms, the kind of statistical procedure sought is a stop- 
ping time N for an observed sequence of random variables 

X,,X,,X,, . . . . That is, N is a random variable wstia 
possible values 1, 2, . . . , and co (i.e., never stops), srach 
that for every n = 1,2, . . . , the event (N = n) depends 
on X,, . . . , X, only. The X,'s are times beeween sucees- 
sive failures, and are assumed to be irrdependenf, ~71th 
exponential densities 

In order to define a simple criterion for quickncxs of 
reaction to increases in the failure rate, it is eonveni~nt 
to consider the following situation: For some 
m = 1 , 2 , .  - .  , 
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and 

Note that Eq, (2) specifies that the increase in failure 
rate from h to (I + 8) A occurs instantaneously after Xm-, 
is obsesved. Deno4te by P,, and Em probabilities and ex- 
pectations for ras = 1, 2, . . . , and denote the same by 
P( and E,  when h = A, = A2 = . . . . A reasonable mea- 
sure oi  quiclmess of detection of increases occurring at 
tjlne m is the smallest number Cm such that 

for ail. x,, . . . , x,_, such that N m. As a kind of ''worst 
care" criterion, define GN as the largest of the Cm7s, i.e., 

- 
.EON = sup C, 

m l l  
(3) 

The desire to have small ZN for 6 > 0 must, of course, 
be ba8;mced against the need to have a controlled fre- 
quency 09: "false reactions." In other words, when there 
is no increase in failure rate, then N should be large, hope- 
fully infinite. It is shown in Ref. 1, however, that in order 
to have E0A7 finite for some 6 > 0 it is necessary that N 
have finite expectation even under Po. An appropriate 
type  of restriction on false reactions, therefore, is 

vii~ere y is to be prescribed. 

The problem under investigation can now be formu- 
lared more precisely. Among all stopping times N satis- 
fying Eq. (4) Bar prescribed y,  determine one which mini- 
mjzes (or nearly minimizes) EN over a specified range, 
6, sL 6 -1 02 .  la Ref. 1, it is shown that as y -+ co the mini- 
mum possible EU7V (8 > 0 fixed) is asymptotic to 

where the denominator is the Kullback-Leibler informa- 
tion number when (1 + 6 )  h is true and the alternative is 
h. In that pager, it is also demonstrated that a "maximum 
Silcelihocbgi" procedure, fi, achieves the asymptotic mini- 
mum simultaneously for all 8 > 0. (The rate of approach 
to the asymptotic minimum depends on 6, however.) 
These procedures are defined for the present case of 
exponential distributions in Section 111 and computation- 
ally simpler modifications are introduced, along with 
Monte Garlo res~rlts. It is helpful to take up first the case 

of a single alternative 8 > 0, which will be done in Sec- 
tion I I .  Section I V  treats the case where h is unknown. 

II. Simple Alternative 

Motivated by the problem of control charts in quality 
control, E. S. Page (Ref. 2) proposed a general procedure 
for detecting a change from one density to another at an 
unknown location in a sequence of random variables. His 
procedure consists of repeated applications of a sequen- 
tial probability ratio test (SPRT) which in the present 
context is definable by the inequalities (for h e d  6 > 0) 

0 < n log (1 + 8) - 8 S, < log Y (8) 

where S, = XI 3- . . . + X,, y is chosen > 1, and it is 
assumed from this point on that h = 1 (which can always 
be achieved by scaling the X's). The procedure is to stop 
as soon as the right-hand inequality is violated, with the 
proviso that if the left-hand inequality is violated first all 
observations up to that point will be discarded and the 
procedure "recycled," with S1, S,, . - . , denoting cumu- 
lative sums of the new observations. 

The following equivalent formulation is convenient to 
apply: stop the first time that 

T, log (7) 

where To = 0 and for n = 1, 2, . . . , 

T, = max (0, Tn-I + log (1 + 8) - OX,) (8) 

It is illuminating also to view Page's procedure in an- 
other way. Stopping occurs when for some k 1 the last 
k observations, X,-r+l, . . . , X,, are "significant" in the 
sense of a one-sided SPRT, i.e., 

k log (1 + 8) - 8 (Xn-lc+l + . . . s f  X,) log 

Let a, 1 - p, respectively, denote the probabilities under 
Po, P, that the procedure stops before recycling. Then the 
expected number of cycles is evidently a-I, (1-p)-l, re- 
spectively. If N ,  denotes the number of observations 
required to violate either inequality, then by Wald's equa- 
tion (Ref. 3) for the expected value of the sum of a random 
number of independent and identically distributed vari- 
ables, the number N of observations taken by Page's pro- 
cedure satisfies 

and 
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Furthemore, 

since obviously EeN 1 EON.  And EN 4 EeN by the fol- 
lowing argument. Observing XI = x,, . . . , X,-, = x,-, 
determines that T,-, = t k 0  (depending on XI, - . . , x,-,). 
Since X,, X,,,, . . . , are independent of past X's, the 
sequence T,, T,,,, . . . , behaves just as TI, T,, . . - , 
would if one started with To = t 0. Since this last ob- 
viously would not make any succeeding T's smaller, it 
would not increase the time required to reach log y. This 
proves Eq. (11). 

Since crG y-I by the usual estimates of SPRT error 
probabilities (Ref. 4), evidently 

Furthermore (1 - P)-l  EeN, is asymptotic to log y divided 
by the information number, by virtue of the usual Wald 
formulas for expected sample sizes. Thus Page's pro- 
cedure does approach asymptotically the minimum E o ~  
(Expression 5).  

Using Eqs. (9) and (11) one can obtain good approxi- 
mations to EON and EON in terms of y from the approxi- 
mations of SPRT error probabilities and expected sample 
sizes for exponential densities given in Ref. 3. For the 
boundaries 0 and log y in Expression (6), these approxi- 
mations are as follows: 

where 

(log (1 -I- 0) - 8) EON, = or log (y (1 + 9)) - (1 - or) 8 

(13) 

The approximations (12)-(14) give approximateons to 
%N and EON by Eqs. (9) and (11). The accerraoy of these 
approximations is indicated by the following comparison 
(Table 1) with the values based on the exact BFormuPas in 
Ref. 5 (which entail considerably more calculation), 

III. Composite Alternative 

For the problem of minimizing EON over a range 
8, 4 6' 4 O n  subject to EON 1 y,  it is naimrall to consider 
simultaneous Page procedures. Performing Page's proce- 
dures simultaneously for all alternatives BE LO,, 02] results 
in stopping when for some k l l the last k observations 
satisfy 

max [k log (1 + 8) - 9 :X,,-,,+, 
e l L e f  e* 

This rule is computable since the indicated anaxim~am is 
attained either at B,, or O,, or at the rnaximum likelihood 
estimate, given by: = (Xn-k+l 4- . . . + Xnj k-I - 1" This 
is the procedure, N ,  which achieves "tie asymptotic mini- 
mum (Expression, 5 )  for every 0 E (6,. 02)> as shown in 
Ref. 1. In that paper the computation of this type of pro- 
cedure is discussed. 

The results of preliminary Monte Carlo experiments 
indicated that in the "small sample case," i.e., E,N -": 2000, 
when 0,/8, is not very l%ge, the improvement of E,JV for 
8 E [Q,, e3] achieved by N in comparisor: to Page's prwe- 
dure is already achieved to a large extent by the simpler 
rule which uses two simultaneous Page procedures, one 
for each of the alternatives O,, Q,. Accordingly, the foUov- - 
ing results are limited to this dual-Page procedure, N. 
Extensive Monte Carlo sampling was carried out w ~ t h  
8, = 0.5 and 8, = 0.8. Thus, the range of alternatives 
where efficient performance was most emphasized repre- 
sented 50% to 80% increases in failure ].ate. The values 
y 5 6 0  and y = 100 were chosen, resulting rn estimnates of 
EON equal to 508 and 936, respective%y The results are 
summarized in Table 2. (The tolerances given are - sample - 
variances.) Just as for a single Page procedure, EnN = 
E,% for 8 > 0. 

1 The value 8 = -0.1 is included in Table 2 to indicate 
- (1 + 8) (log (1 + o))2 2 how 3 perfoms if the true failure rate remains 10% less 

-- PO than the nominal value. In both cases = 60, 100, t i e  logy + 
+ o)lOg(l + - + frequency of false reactions is about one-third as large as 

(14) when the failure rate equals the nominal value. 
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Note that the eficiency of 5 is about 96% and 98%, 
~espectively, for a/ = 60, 100, and 6 between 0.5 and 0.8 
?he e6cierrcy estimate of 100.1% resulting from sampling 
crsos). For 4 outside the chosen interval [0.5, 0.81, the 
c$ciesacy falls off gradually but is still quite high behveen 
0 4 and 1.0, particularly for the smaller y. 

Comparison of the results for y = 60 and 100 indicates 
that a much larger E,R is obtainable for a relatively small 
Increase in E e p s .  An increase of about 15% in E , ~ S  be- 
tween the two rases yields nearly a doubling of E,G. 

For fixed y,  there is a convenient rule of thumb that 
ia~rly well vpmximates E,R over the indicated range; 
s~mmely, EON is iraversely proportional to 6 (or, equiva- 
Jently'y, the percent increase in the failure rate). Tabjle 3 
i-idicates the accuracy of the approximation 6EsN = 
ronst,ewt in the case of the Monte Carlo results of Table 2. 
The rule 01 thumb exhibits a similar degree of accuracy 
1'1 approximating the E,N (from Eqs. 10 and 14) of a Page 
procedure for 0 with y chosen (depending on 6) to achieve 
a prescribed E,,N (from Eqs. 9 and 13). 

Havang chosen 8,, 0, for a dual-Page procedure, the 
problem naturally arises of how to select y to achieve a 
presersbed E ,N (The corresponding problem for a single- 
Page procedt1re 1s solvable by successive approximations 
ilsnng Eqi 9 a r d  13.) Unfortunately, it se-ems to be very 
d~%cuilir 850 derive approximations for EON in terms of y. 

Bounds are obtainable, however, from the following 
simple eonsaderat~ons. In the case y = 60, for example, the 
P'sge procedures for 0 ,  = 0.5 and O2 = 0.8 have frequen- 
cies of false: reaction, 1/E,,N, equal to 1/588 and 1/1026, 
sespec-i-lvely, brezyding to Eqs. (9) and (13). Evidently, the 
dual procedure ,% has frequency of false reaction at least 
l/588 and at most 8/1026 + 1/588 = 1/374. Thus, 374 < 
,E "l, < 588. Uote that the Monte Carlo result of 508 is in 
fact closer to the upper bound, which is also true in the 
case -y = 900 

It rs not very cilifhcult to estimate E,Z by Monte Carlo 
nnethods accurately enough to choose y, once the range 
has been na~rwiiied by using the bounds just described. 
Sanee the values of Efi increase rather slowly compared 
to E,E as y a, wade larger, there is little harm in choosing 
y conservatwelj 

The single- 2nd dual-Page proced_ures, N and K, and 
tlme maximum lrkelihood procedure N all have a pleasant 
property: when B = 0, the time to stop is approximately 
euponentlally dlsMbuted. To see this for N ,  note that the 
cycles defined 'by Expression (6) are a sequence of Ber- 

noulli trials, and stopping occurs upon the first failure to 
recycle (i.e., violation of the right-hand inequality). Thus, 
the number of cycles is geometrically distributed, and 
when y (and hence the number of cycles) is large, the 
number of observations also is nearly geometrical (ap- 
proximately exponential) in distribution. The same holds 
true for and fi, since recycling of the Page procedure 
for 0, entails (Ref. 1) recycling of the Page procedures for 
all 6 > 6,, i.e., the initial conditions are duplicated. The 
approximate exponential distribution gives a reasonable 
indication of the probabilities of "unlucky" early false 
reactions. 

IV. The Case of Unknown A 
By dealing with the sequence of ratios S,/S,, S,,/S,, . . . , 

one can obviously develop procedures whose performance 
does not depend on the scale factor, X. The sequence {S,) 
is a Poisson process (so long as the failure rate remains 
constant) and it is well known (Ref. 6) that the condi- 
tional distribution of S, given S,,,, = t is the same as the 
distribution of the largest of n independent variables uni- 
formly distributed on [0, t ] .  Thus, 

and hence 

1 

s,, 4 uEt 1 S,+l = t 

Since this last expression doesn't depend on t ,  evidently 
(S,/S,+,)" is uniformly distributed on (0, l )  and inde- 
pendent of S,+,. In fact, (Sn/S,,,)n is independent of 
S,l+,, . . . , S,, (jointly) for any m > n + 1, since the condi- 
tional distributions above are unchanged if the condition 
S,+, = t is augmented by specifying S,,, = tTLt2, . . . , Sm = 
t,,,. Therefore, (Sn/Snt1)" is evidently independent of 
(Sn+l/S,Lt2)1L+1, . . . , (SnL-l/S1,l.)m-l jointly. For fixed m, the 
last statement is true for all n < m - 1, and hence 

are mutually independent (for every m h  3). Thus, the 
random variables in the infinite sequence 
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are independent and (by the remark following Eq. 15) 
each is uniformly distributed on (0,l).  It  is easy to verify 
that if U is uniformly distributed on (0, I), then log U-I is 
exponentially distributed with mean 1. Thus, 

s., s3 s .I 
log &,210g -,3log-, s, s2 s3 

are independent and exponentially distributed with mean 
one, regardless of the true value of 1. The (single or dual) 
Page procedures of the preceding sections, when applied 
to the sequence (16), will therefore yield the same EON as 
before. 

Under what circumstances will the sequence (16) be 
independent and exponentially distributed with mean 
1/(1 + O ) ?  Obviously, it suffices that S,, S,, . . . have the 
same distribution as W:/l+e, W;/lCe, - . . , where {W,) is 
a Poisson process. This is the case if, for example, the Sn7s 
are the times of successive failures occurring in a family 
of repairable parts under the following assumptions. Their 
failure rate functions depend only on age (the effects of 
previous failures disappearing upon repair) and are Wei- 
bull with shape parameter a = 1/(1 + 8) and arbitrary 
scale parameters (not necessarily the same for all parts). 

The behavior of sequence (16) when the failure ratc 
changes abruptly at time m can be derer*bed approsl- 
mately by noting that 

Sn+, 
n log - = log s ,, 

where = S,/n. If the failure rate is ;i ior X,, - X n ,  
then changing it to (1 + 0) tbereaf  cr rnrrltiple,.~ 
X,,,,,, X,,,,,, . . . by 1/(1 + O), while x, *s largely un- 
affected so long as n - m < < m. For n > > m, howei/ea. 
the contribution of XI, . . . ,XI,, to z,, becomes slraall and 
n log (S,+,/S,J begins to approach an exponential distribra- 
tion with mean one again. If the failure rate changes after 
X, from a constant to a Weilbull failure rate fue~etion with 
CY = 1/(1 + 8) (keeping the same scale pal-alrmetes), then ~t 

is easy to see that for n > > rn the variables I r  Iog (S,,, /S I 

will be approximately independent esponeiltidl wit11 menn 
1/(1 + 6) .  

In summary, then, the application of the procedures 
studied in the preceding sections to the sequence (16) 
leaves E,]N unchanged and should result in eBcient dctec- 
tion whenever the failure rate increasi3s sharply and coal- 
tinues to increase in the form of a Weib1d.1 failure ratc 
function. 
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On the Blizard Decoding Algorithm 

1. R. Welch 
University o f  Southern California 

This article presents an analysis and modification of the new BEizard decoding 
algorithm, which promises to give performance superior to any known practical 
decoding algorithm on the deep space channel. 

I. Introduction The mi's are message bits, the T,'s are transmitted bits, 
and G is the generating matrix of the code. Finally, lee 

In Ref. 1, R. B. Blizard describes a new method for p (Z 10) and p (Z 11) be two probabilisy densities and 
decoding binary linear error correcting codes. The algo- 

Z,, . . . ,Zn be random variables whose joint density, 
rithm was presented ad hoc and the description was 

given m,, . . . , nzk, is 
sketchy. In an attempt to understand his process, I have 
developed a modification which has a partly logical, partly 
heuristic derivation as an approximation to the maximum 
likelihood estimator. The computational complexity of 
these algorithms is within the range of practicability, 
while for most codes it is impractical to implement the 
maximum likelihood estimate. 

The mathematical foundation, given here, reveals the 
assumptions needed to derive the algorithms. I t  is, how- 
ever, necessary that an investigation be carried out to 
determine the suitability of these algorithms for specific 
codes and channels. 

The Zi7s are the received symbols of a nnernsrylcss 
channel. 

The decoding problem is to determine functions 
A m, (Z,, . . . , 2,) which satisfy some pe~fcrrmance crE- 
terion. If all messages are equally likely and minimum 
probability of word error is desired, th,en tine estimator is 
the maximum likelihood estimator, (m;, . * . , 4) which 
satisfies 

P(Z,, . . . ,Z,lm;, . - . ,mE)= 
111. Preliminaries 

max P (Z,, . . . , Z, I mi, * . , m k )  (2) 
Let m,, - . . , r n k  be random variables which take on - n ~ , ,  . . . ,mk 

the values 0 and 1. Let G be a k by n matrix of 0's and 1's 
and define In practice this estimator is not easily computed (with the 

exception of Viterbi's dynamic progralnming algorithm 
TC for convolutional codes with small rnelnoryj so that ap- 

T 3  = 2 mLG,, mod 2, j = 1,2, . . . , n 
<=I 

proximations are required to minimize eqerdpmeot 
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I l l .  Derivation 00 the Algorithm using the 2;s. The goal is to achieve the maximum likeli- 
hood estimator. 

The algorithm begins with tentative probabilities as- 
signed to the m , '~  and attempts to repetitively improve 
these estimates by using the estimates as a priori prob- Let {Po : 8 = (8,, . . , BIG), 10; 1 L 1) be a parametric 
alsilities and repgaeing them by a posteriori probabilities family of probability functions defined as follows: 

w5eare T, is defined as before. There are other methods for parameterizing this family but the 8's are convenient since 
E, I(- I)"'.] = 6,. 

Observe that 

where (m:, - . . ,m:) is d e h e d  by Eq. (2) and 8; = (- 1)";. Therefore, 8" is a solution to the problem of finding that 8 
wflich a r~~~xim~zes  Po (Z,, . . . , Z,). Conversely, if the maximum likelihood estimate is unique, the solution to the para- 
metric rnaximizstion problem is unique and is at 6: = (- l)m:. 

Prom the probability model defined by 8, the a posteriori probabilities P, (mi I Z,, - - . ,Z,) and the a posteriori 
expectations 

e:(e,zl, . . . ,z,) = ~ , [ ( - 1 ) ~ ~ 1 ~ , ,  - . . ,z,] (5) 

can be computed. The substitution of 8' for 0 induces a transformation, a(0) defined by Eq. (5) on the parameter 
space. This transformation has been studied (Refs. 2 and 3) and is known that 

wlf l~ equality only if 8 = a (8). Further, 8 = a (0) only at stationary points of Pe (Z,, . . . ,Zn) (regarded as a func- 
tlcn of only 0) .  This fact suggests the following procedure: select some 8O and define recursively Bt  = a (Bt-I) for 
t - 1, 2, The function values Pet (Z,, . . . , Z,) increase and for almost all choices of 8O (i.e., except for a set of 
Lebesque meastlre O), the sequence will converge to a local maximum (Ref. 3). Hopefully, if 8O is in a neutral position, 
talc maximum point will have enough influence on the trajectory to be the point of convergence. 

Next, consider the formula for a (8). Algebraic manipulation of Eqs. (3) and (5) results in the equation 
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This formula is of little practical value since the work required to evaluate it grows exponentially with k However, :f 
we assume that P, (Z,, . . . , 2, ]mi = a) is well approximated by 

(that is, the Z's are conditionally independent given mi) ,  then the work is significantly reduced and Eq (6) becomes 

The jth factor can be written in terms of channel probabilities as 

Now 

so that 

where the products are over all P for which ggi  = 1. Labelling the last product in Eq. ( lo) ,  Pij, reduces Eq, (9) to 

provided g;j = 1. If gii = 0, the ratio is 1. Equation (8) can now be written 

where the product is over all i with gii = 1. 

With the exception of the factor (1  + d,)/(1 - 8,), sponds to Tj = m,. If there is only one value of j for -which 
Eq. (12) is equivalent to Blizard's transformation. This this is true, Eq. (12) reduces to 
additional factor has a conservative effect. If the prob- 
ability of rn, = O is close to one and the product in -- 1 + 0 :  - p(Z,10) 

- 0  p ( Z , / I )  
113) 

Eq. (12) is less than one, then the transformation with the 
( 1  f 0 ~ ) / ( 1  - 0 % )  factor lessens the probability a small which corresponds to B l i ~ a r d ' ~  i n i ~ a l  
amount. While the transformation without the factor 
switches the probability to less than one-half. The suitability of these algorithms &?ends upon t j i 7 0  

things. First, the assumption 

Blizard's initial probabilities can be obtained in a Po(Z1, . . . ,Z,lrn,=a)= 11 P,(Z,Em, = a )  
natural manner from Eq. (12) as follows. If all messages 3 

are assumed equally probable, the initial parameter should not do too much violence to the prolpability ~inodel 
60 = (0, . . . , 0).  In this case p,, = O unless the product And secondly, the product factor in Eq. (12) should have 
defining P,, is empty, in which case P,, = 1. This corre- a distribution which is not clustered toah near I! 
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Improved RF Cali bration Techniques: System 
Operating Noise Temperature Cali brations 

M .  S. Reid 
Communications Elements Research Section 

The system operating noise temperatures of the S-band research operational 
cone at DSS 13 (Venus Deep Space Station) and the polarization diversity S-band 
cone at DSS 14 (Mars DSS) are reported for the period February 1 through 
May 31,1971. 

The system operating noise temperature performance Measurement errors of each data pomt average are 
of the low noise research cones at the Goldstone Deep recorded under the appropriate number iel Table 1. The 
Space Communications Complex (GDSCC) is reported indicated errors are the standard deviation of the iizdm- 
for the period February 1 through May 31, 1971. The vidual measurements and of the rneai~s, respectively 
operating noise temperature calibrations were performed They do not include instrumentation s)ister~~atic errors. 
with the ambient termination technique (Ref. 1). The The averages were computed using only data with: 
cones on which this technique1 was used during this 
reporting period are: (1) Antenna at zenith. 

(I) S-band research operational (SRO) cone at DSS 13. (2) Clear weather. 

(2) Polarization diversity S-band (PDS) cone at 
DSS 14. 

The averaged operating noise temperature calibrations 
for the various cones, and other calibration data, are 
presented in Table 1. The calibration data were reduced 
with JPE computer program number 5841000, CTSSOB. 

lMost of the measurements were taken by JPL DSS 13 (Venus) and 
DSS 14 (Mars) personnel. 

(3) NO RF spur in the passband. 

(4) Probable error of computed operating noise tein- 
perature due to measurement dispersion less than 
0.1 K. 

Table 1 shows that the SRO cone was cperated on the 
ground at zenith. Eleven measurement sets were taken 
within 24 hours (May 18 and 19, 1971). The average 
system operating noise temperature was 13.9 K. whereas 
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 he average for the reporting period with the cone on 
the antenna at zenith, at the same frequency, was 17.0 K. 
Eight measurement sets were made at the ALSEP fre- 
quency (22713.5 MHz); the average system operating 
xioise temperature at this frequency was 18.8 K. Further- 
more, one data set was made at the ALSEP frequency 
with the maser connected to a standard-gain horn look- 
ing through a section of the antenna surface opened for 
this purpose. The antenna was at zenith and the system 
operating noisc temperature in this configuration was 
25.9 K. 

Figures 1, 2, and 3 are plots of the system operating 
noise temperatures of the SRO cone as a function of time 
in day numbers, at 2388, 2295, and 2278.5 MHz, respec- 
tively. Figure 4 is a plot of the system operating noise 
temperature of the SRO cone on the ground at 2388 
MHz. Similarly, Fig. 5 shows the data for the PDS cone 
at 2298 MHz, low noise path. 

In all the figures, data that satisfy the four conditions 
stated above are plotted as asterisks, while data that 
fail one or more conditions are plotted as circles. 
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Station 

Cone 

Configuration 

Frequency, MHz 

Maser serial number 

Maser temperature, K 

Maser gain, dB 

Follow-up noise 

temperature 

contribution, K 

System operating 

noise 

temperature, K 

Table 1. Averaged operating noise temperature calibrations for 
the low noise research cones a t  GDSCC 

DSS 13 DL;% 74 
-- 

SRO PDS 

Cone on Cone on Cone on Cone on Standard Low naiae 
Wiplexed 

ground antenna antenna antenna gain horn 
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70 80 90 100 110 120 130 140 

TIME, doys 

Fig. 1. System operating noise temperature of SRO 
cone at 2388 MHz at DSS 13 

TIME, doys 

Fig. 2. System operating noise temperature of SRO 
cone  at 2295 MHz at DSS 13 

TIME, days 

Fig. 3. System operating noise temperature of SRO 
cone at 2278.5 MHz at DSS 13 

JPL TECHNICAL REPORT 32-1526, VOL. IY 



SY
ST

EM
 O

P
E

R
A

T
IN

G
 N

O
IS

E
 T

EM
PE

R
AT

U
R

E,
 

K
 

SY
ST

EM
 O

P
E

R
A

T
IN

G
 N

O
IS

E
 T

EM
PE

R
AT

U
R

E,
 

K
 



DSN Research and Technology Support 

E. B. Jackson 
R. F. Systems Development Section 

Major activities of the Development Suppart Group at both DSS 13 (Venus 
Deep Space Station) and the Microwave Test Facility are presented, and accom- 
plishments and progress for each are described. Activities include radio metric 
observations (20-25 GHz), pulsar observations and planetary radar, precision 
antenna gain measurement (RASCAL), weak source observations, 100-kW opera- 
tional clock synchronization transmitter implementation, clock synchronization 
tvanmnissions, and DSIF klystron testing. 

The Development Support Group, Section 335, is cur- resolution also continues. The 2388-MHz 400-kW trans- 
jrcntly engaged in the following activities at DSS 13 mitter at DSS 14 has been reinstalled and ranging is now 
(Venus D C C ~  Space Station) and the Microwave Test being done utilizing the DSS 14 64-meter antenna for 
Fzeilfty (MTF) ?t GDSCC. both transmitting and receiving as well as continuing the 

bistatic ranging which utilizes the DSS 13 26-meter an- 
I, DSS 1 3 Activities tenna for transmitting and the DSS 14 64-meter antenna 

A In Support of Section 325 for receiving. 

Section 325 personnel continue to make extensive use 
of the 9-meter anztenna using their 20-25 GHz radiometer. 
However, their observations are being concentrated on 
~ h r  planet Mass as it comes toward closest approach. 

B in Support sf Section 331 

1. Pulsars, 'The 20 pulsars tabulated in Ref. 1, page 158, 
convnue to 5e s-egularly observed and data on pulse-to- 
pulse spacing, power density spectra, and pulse arrival 
time continue ~ C B  be collected. 

2. Planetmy radar. The program continues with the 
e~nphasis having switched to the planet Mars, with pre- 
cismn ranging (to a resolution of better than 1500 meters) 
bcmg accol-nphsl~ed thrice weekly in support of the Viking 
Proqcct Weekly racging of the planet Venus to the same 

C. In Support of Section 333 

1. Precision antenna gain measurement. This effort has 
been named RAdio Source CALibration (RASCAL) and 
data are being taken utilizing the computer program 
described in Ref. 1, page 155, which has been titled 
SAmple and aVerAGE (SAVAGE). 

2. Weak source observation. Data are being collected 
utilizing the Noise Adding Radiometer (NAR) technique. 
Radio sources regularly observed (weekly) include 36218, 
3C348, 3C353, 3C461, the planet Jupiter, and the Sun. 

D. In Support of Section 335 

The major support to this section is implementation of 
the 100-kW Operational Clock Synchronization Master 
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Transmitting Station. The high-voltage power supply, 
associated water and oil circulation systems, and the 
450-kW heat exchanger have all been tested with four- 
and eight-hour heat runs at dc power levels up to 490 kW. 

The power amplifier klystron has been received and 
installation of the amplifier, exciter, feed system, and 
waveguide will commence on July 1,1971. 

E. In Support of Section 337 

Clock synchronization transmissions will continue to 
be made until July 1,1971. At that time the system will be 
shut down to convert to the 100-kW configuration at the 
operational frequency of 7149.9 MHz. Stations to which 

transmissions are routinely being made inciride DSSs 14, 
41,42,51,62, and a station located at JPL in Pasadena. 

If. Microwave Test Facility 

A. In Support of Section 335 

Utilizing the protoype construction capabilities of the 
facility, the driver amplifier for the 100-IkW X-band clock 
synchronization amplifier klystron is being constructed 
and tested. Additionally, other support (machining, wir- 
ing, etc.) is being given to the project as needed. 

B. In Support of Section 337 

vsirons con- Testing of DSIF amplifier (10 and 20 &IT) kl, 
tinues on an as-needed basis. 
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I, introduction 

S-Band Planetary Radar Receiver Development 

C. F. Foster 
R .  F. Systems Development Section 

This article describes the design modification of the DSS 14 bistatic radar 
receiuer. This receiver is basically an open-loop superheterodyne receiver used 
for development of communication techniques. The modifications include wider 
bandwidths to  support high-speed, high-resolution pknetary mapping, and t h  
redistribution of system gain to prevent noise saturation. The redesigned bistatic 
radar receiver has been installed at DSS 14 and is now being used in the Venus 
radar mapping experiment. 

The bistatie radar receiver (Ref. 1) has undergone ex- 
tensive design changes because of improvements in 
several subsysterms at DSS 14 [e.g., high-performance 
maser (Ref. 2) and hydrogen maser reference generator 
(Ref. 3): and the need to support wide-bandwidth high- 
resalution radar m:apping experiments. The IF frequency 
was changed from 455 kHz to 2.5 MHz with a bandwidth 
increase from 400 kHz to 2 MHz at the -3-dB points. The 
gain of the receiver was redistributed to prevent over- 
loading on noise, The cabling, switching, and the fre- 
qlrency distribution system were simplified to provide 
mi?-.e reliable operation. 

I!, implementation 

The recent ~nsta,llation of a high-performance maser 
allad a microwave signal distribution system added 15 dB 
of S-band gain. This gain increase caused the S-band con- 
ve~ te r  (Fig. I) to overload on noise when looking at the 
ambient Boad, making it impossible to measure system 
noise temperatuae. The problem has been solved by re- 
designing the pre-amplifier and reducing its gain by 

15 dB. The gain compression curves of the mixer pre- 
amplifier are shown in Fig. 2. 

The redesigned 30- to 2.5-MHz converter (Fig. 1) con- 
sists of a 30-MHz power divider, tubular bandpass filter 
with a 3-dB bandwidth of 2 MHz, a switchable crystal 
filter module with either 3 MHz or 400 kHz, 3-dB band- 
widths, wide-band double-balanced mixer, low-pass filter 
to remove the second local oscillator interference, and a 
video amplifier. The output of this converter is sent via 
the inter-site microwave link to DSS 13 for detection and 
data processing. (A plot of the two system bandwidths is 
shown in Figs. 3 and 4.) 

A 30- to 50-MHz converter with a 10-MHz bandvvidth 
was designed and installed in order to interface the bi- 
static radar receiver with the standard DSIF maser instru- 
mentation eliminating the requirement for additional 
maser instrumentation to service the R&D receiver. 

Ill. Conclusion 

The bistatic radar receiver has been successfully modi- 
fied and installed at DSS 14 and is being used to support 
the Venus radar mapping experiment. 
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SFOF Digital Television Display Subassembly 

F. 1. Singleton 
SFOF/GCF Development Section 

This article describes the Space Flight Operations Facility (SFOF) digital 
television display subassembly, which is a part of the digital television assembly. 
15 accepts input digital data from the computer subassembly, converts it to video 
tZatc6, stores it and provides a continuous television-compatible video output 
w72ich is distributed throughout the SFOF. The display subassembly consists of 
a system control unit, four display generator units and various hardcopy 
ganeration equipment. 

I, introduction II. Displc~y Subassembly Requirements 

r i l e  diglcal te eilision display subassembly is a part 
of &he digital tc,ievision assembly (DTV) of the user 
tcirnrnal arid display subsystem in the SFOF. The pur- 
pose of the DTV ls to provide flight projects and DSN 
us- '~s  1~1th vnEatrZe real-time displays of spacecraft data 
and DSN eq~~prj-iernt status. As a part of the DTV, the 
d~splay subassembly provides a digital-to-video conver- 
sion capabnirty with storage and refresh capability 
f c ~  mau~tiple elarr~nels of alphanumeric and graphic 
anfonnatlon di,pSay This subassembly is shown in Fig. 1. 
The dlspiay iubassembly and the computer subassembly 
nmhe up the DTk' This article supplements two previous 
ones oia the DTV (Ref. 1) and the computer subassembly 
(Rz f  2) 

The display subassembly includes interfacing equip- 
mcnt. dusplay generation equipment and hardcopy equip- 
ment This artrcle provides details on the display sub- 
as3embly deslgn ~pproach, interface characteristics, and 
display generatioil capability. "SFOF Digital Television 
Hardcopy Equipmlent," by K. Kawano and F. L. Single- 
ton in this issue, discusses the hardcopy generation 
eap3bi4ity 

Within the DTV, the display subassembly's primary 
purpose is the conversion of digital information into a 
video format and outputting this video data. To achieve 
this purpose, the display subassembly must be able to 
accept formatted digital data, convert this data into a 
video signal containing alphanun~eric and graphic data 
suitable for TV display, provide multichannel storage 
of the video signals, and constantly refresh the video 
signal outputs to the TV displays. 

Because the display subassembly outputs are dis- 
tributed to standard TV monitors, these video outputs 
must meet standard TV format requirements. This for- 
mat is as follows: A standard TV frame consists of a 
horizontal raster of 430 visible scan lines. Each frame 
consists of two fields A and B with 240 visible scan lines 
each. The two fields are scanned on the television screen 
alternately so that the 240 scan Sines in one field 
physically interlace with those of the other field. The 
rate at which the fields are scanned is 60 per second, a 
rate which is sufficiently fast to appear to the human 
eye as a single visible display. In order to update data 
on the screen, the display subassembly must be able to 
address specific locations on the screen in either field. 
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Ill. Design Approach 

The input to the display subassembly is digital data 
fro111 the computer subassembly. The system control unit 
(SCU) serves as the interface between the computer 
subassembly and the display subassembly. Digital data 
is accepted by the SCU and passed on to the display 
generators or the hardcopy equipment. 

The conversion of digital data into TV-compatible 
video data required digital data buffering, logic for 
channel selection, alphanumeric character generation, 
graphic data generation, address location, and timing 
synchronization. These functions were combined into a 
display generator unit for each 20 DTV channels. 

In order to provide multichannel storage for video 
data, a inass storage device was required. To be TV- 
compatible required constant refreshing of display out- 
puts in synchronism with the existing TV distribution 
equipment. The design approach which satisfied both 
mass storage and constant refreshing was a rotating mass 
memory device. A disk memory was selected for this 
design because it was a rotating mass memory device 
that could be synchronized to the TV distribution equip- 
ment. Storage for 20 DTV channels was provided on each 
of four disk memory units. 

Each of these units has been provided to meet tile 
requirements for the display subasservbly Tln ehe follow- 
ing discussion, the functional aspects sf t l ~ c  drspiay scab- 
assembly are described in an attempt to prov~de a better 
understanding of how the design approach has been 
implemented. 

V. Digital Input interface 

The display subassembly under thc co~atrol of dhe 
computer subassembly generates video displays and 
hardcopy outputs. The SCU interfaces with the computer 
subassembly and provides overall integration of the 
display subassembly. Although the SCBJ receives two 
input sources from the computer subassembly, only one 
input at a time can have control of ehc SCU and them- 
fore of the display subassembly. SCU circuitry locks 
out the second input when the first is co:~lzected until a 
complete message is transferred. 

The SCU, acting much like a pcrrpkeral controPEeu to 
the computer subassembly, routes the data and instnae- 
tions to the computer-specified unit in the display slab- 
assembly. The SCU, as commanded by the conapurer 
subassembly, connects to a specific dievice (such as a 
display generator) and transfers the incommg diglcal 
data to that device on a demand-response basis 

lllput alld output interfaces to the dislc memory and In addition to data routing, the SGBl also provider a 

amplifiers for vidw output were included in the display data translation function by packing :wo 12hit bytes 

generator logic, providing common logic for 20 DTV input from the computer subassembly into one 16-bit 

channels in each of four display generators. word for output to the display generators. Ullrased 
portions of each 12-bit byte are drscardcd 

Because the data conversion and storage capability 
was provided in 20 channel increments, future expansion 
capability was made by allowing interfaces for up to six 
display generators on the SCU. This provision permits 
expansion to 120 channels. 

IV. Functional Description of the DTV 
Display Subassembly 

This subassembly consists of the following units: one 
system control unit, four display generators, one display 
image buffer, twelve copy request units and twelve 
hardcopy printers (Fig. 2). 

The display image buffer, copy request units, and 
hardcopy printers are all part of the hardcopy equip- 
ment. 

VI. Display Generation 

Four display generators are attacllaed to the SCtJ by 
a common data bus. Only one display gca~crator at a 
time is selected for data transfer. Each of these units is 
identical to the other and contains the necessary loge  
for data conversion and output to the TV rmonitoors A 
block diagram of the display gencratoi is shown 1r-e 

Fig. 3. The various logic blocks shown in that fiqurc <ire 
used in the discussion to follow. 

The data to be displayed on the DTV channels m1:a.y 
be alphanumeric or graphic. Each display E;eiaesatoor. has 
both alphanumeric and graphic data generation capa- 
bility. The alphanumeric characters eonsrst sf 96 char- 
acters selectable by standard 7-bit Arneinoara Standard 
Code for Information Interchange (ASCII) codcs The 
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graphic data can be displayed in several modes as 
selected by instructions in the digital buffer memory; 
ether as speeafie 8-bit patterns contained in the data, as 
8-bit by 12-line matrix of data bits contained in the 
data. or as horizontal and vertical line segments with 
specified start land end points. The graphics capability 
discussed is the inherent hardware capability within the 
drsplay subassembly. 

Within thc con~nected display generator, all instruc- 
itloras and data are first transferred into a digital buffer 
memory. The digital buffer can store up to 256 16-bit 
wfirds, either izlsi:ructions or data. It also holds these 
~nstructions and data so that they can be output re- 
peatedly, when required in generating characters or 
other display data on more than one line or field of the 
screen. 

To generate video displays, the display generation 
logic reads out data in sequence from the digital buffer 
memory. The general sequence of data read out from 
the digital buffer is as follows: (1) an instruction select- 
ing the mode of operation (e.g., alphanumeric or graphic) 
15 output to the control logic; (2) an instruction selecting 
the DTV channel and the corresponding disk memory 
cYsanne1 ns output to the channel select logic; (3) instruc- 
tions selecting the starting X and Y addresses are loaded 
inro the element and line address registers; and (4) these 
~rrstruetioi~s are followed by alphanumeric or graphic 
d,lta, 

The channel select logic enables the correct gating in 
the write eBeetronies so that data can be written on the 
sa.iected channel. The element and line address registers 
store the addresses for selecting the appropriate location 
or1 the disk rmersiory. 

In order to cornvert alphanumeric data into a video 
display output, the data is transferred from the digital 
buffer to the character data generation logic. There the 
ASCII code selects the corresponding matrix from the 
alphanumeric read-only-memory. Then, sequential read- 
out of the correct bit pattern from the read-only-memory 
occurs when the disk memory reaches the desired X 
and U iocatrons With graphic data, the digital data is 
tral~sferred thro~igh the graphic data generation logic. 

The data selecllon and control logic selects either 
aiphanurraerlc inputs from the alphanumeric read-only- 
rn=mory or dire4-t graphic data inputs from the graphic 
data generatlcn logic and presents them to the input 
of the write electronics. 

When the element and line address stored in the X 
and Y registers agree with the actual disk position as 
read out by the element and line counters, the compari- 
son logic causes the write enable logic to command the 
write electronics to write data on the disk memory 
channel selected. Data written on a disk memory chan- 
nel is automatically output as video data which is then 
displayed on the TV screens throughout the SFOF. 

The display information may consist of up to 3200 
alphanumeric characters in the 96-character ASCII set, 
any of various graphic modes, and may be positioned 
anywhere on a television screen. Alphanumeric or 
graphic data can be individually added or deleted with- 
out disturbing an existing display. The display generation 
logic can generate dark images on a light background 
or light images on a dark background, as well as gen- 
erate four selectable character sizes. 

VII. Timing Considerations 

In all modes of operation, it is important to write the 
video bit patterns on exact locations of the disk which 
correspond to the desired television screen location. To 
accomplish this correspondence, a prerecorded clock 
signal from the disk memory is output to the element 
(X) and line (Y) counters of the display generator. The 
element and line counters count the stored clock signal 
and issue a binary code that designates the exact posi- 
tion of the rotating disk. The position of the disk is - - 
compared with the desired starting position for writing 
the next byte of information. A write-enable signal is 
generated at coincidence of these positions and remains 
enabled until the control logic determines the end of 
the operation in progress. 

VIII. Disk Memory Data Storage 

The video bit pattern generated by the display gen- 
erator is stored on 80 tracks of a disk memory and then 
used to generate or refresh a video display on 20 video 
channel outputs. The data bits are written on the disk 
on four parallel tracks per DTV channel simultaneously 
at a nominal 3 MHz rate. The write data bits are stored 
4-bits in parallel on the disk, but when read from the 
disk, are shifted from a parallel to a serial 12-MHz bit 
stream. Each stored data bit corresponds to an element 
address on the television monitor screen. 

Data bits are written as either a logic 1 or logic 0 
signal by the write electronics. The data bit written as 
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a logic 1 is caused by a flux transition in one direction 
and a data bit written as a logic 0 is caused by a flux 
transition in the opposite direction on the surface of 
the disk. 

The manner in which the element and line counters 
count allows data to be recorded on the disk memory in 
a format identical to the horizontal scan television raster. 
It  is recorded basically in the same time sequence as it 
is displayed on the TV screen. However, since physical 
location on the disk surface corresponds to a physical 
location on the screen, the individual elements of each 
line plus retrace and blanking times must be allowed 
for in disk recording. Also, since most data is recorded 
on both fields of the display, the data must be recorded 
on the disk on the first recorded field and on the second 
recorded field, half a revolution away on the disk. 

This means that nearly all digital input data must be 
held over for processing on both fields of the disk 
memory (and display). The digital buffer memory is 
utilized to accomplish this. Data can be read from the 
digital buffer once for processing in field A and then 
read out again, 1/60th of a second later, for processing 
in field B. Data is held in the digital buffer until it is no 
longer required for display generation. 

IX. Video Output Distribution 

Each of the four display generators provides condi- 
tioning of the twenty disk memory channel outputs to 
provide a continuous noncomposite video signal output 
through video amplifiers to the television distribution 
equipment for 80 DTV channels. This equipment dis- 
tributes these 80 channels to TV monitors throughout 
the SFOF. 

The video output frequency and frame synehrs~~isrn 
are directly related to the disk memory rotation Carrcci 
video output transmission has been ac~nimplishecE liy 
synchronizing the speed of rotation of the drsk menwry 
in each display generator to the SFOF-supplred TV 
sync. A servo control unit is associated with each drik 
memory which derives its output from thc TV syn- 
chronizing signals. This output provides speed clont~ol 
signals to the disk memory motor and ntatches its specd 
to the TV sync rate. 

Each rotation of the disk Inenlory will cause WIG 

complete TV frame to be output per DTV channel 
When this disk is synced to the TV sync source. it W I B B  
rotate at 30 rev/s, producing a 30-fran?e/s or 60-field/s 
output rate. 

X. Hardcopy Interface 

Each display generator supplies a one channel video 
bit pattern output for use in hardcopy generation Under 
control of the display image buffer (DIB), the DiB 
monitor channel in each display generator can oe 
switched to output any one of the twenty DTV channels 
in that display generator. This data is .presented t3 the 
DIB for use in recording and printing a hardcopy of 
any DTV channel. 

XI. Conclusion 

The DTV display subassembly was Sesrgned to meet 
the requirements for digital-to-video conversion, storage. 
and refresh of 80 video output chanlzels This deslpr 
utilizes disk memories for video storage and refresh, 
and provides input digital buffering to allow optmum 
use of the disk memories. The resultant video data is 
ready for output to the existing televisior~ nnon~tors rrsed 
throughout the SFOF. This display has been operahng 
in support of the current DSN commltr~ents to Mariner 

This conditioning provides the correct signal levels '71 since January, 1971. The expanded 80-channel c a p -  
and impedances but the manner in which the video data bility and hardcopy expansion were instaPBed in March, 
is recorded on the disk memory provides the proper 1971, in preparation for expanded DSN support for the 
TV-compatible signal content. Pioneer F mission. 
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Fig. 1 .  DTV display subassembly 
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SFOF Digital Television Hardcopy Equipment 

F. 1. Singleton and K. Kawano 
SFOF/GCF Development Section 

The  Space Flight Operations Facility (SFOF) digital television display sub- 
assembly has a hardcopy generation capability in  addition to  its displuy generation 
capability. The  hardcopy capability is discussed i n  this article. 

The  display subassembly hardcopy equipment consists of a system control 
unit, tu;elve copy request units, a display image buffer and twelve hardcopy 
printers. The hardcopy equipment can make n print of any digital television 
display channel upon request. 

I. Introduction stored data to a line printer for this prlrpose would iaot 
be practical. A conveniently located 'lardcopy system 

The Digita1 (DTV) has that allows printout of selected DTV images is required. 
the capability to provide a hardcopy print of any DTV 
display channel when requested. This capability is pro- 
vided within the display subassembly of the DTV. The 
DTV was previously discussed in Ref. 1. The display 
generation capability of the display subassembly is dis- 
cussed in "SFOF Digital Television Display Subas- 
sembly," by F. L. Singleton in this issue. This article 
discusses the hardcopy capability of the display sub- 
assembly. 

I!. Requirements 

The DTV is used in the SFOF for display of data for 
real-time usage. Each user has displayed data unique 
to his usage. In the course of operations, there will be 
displayed data that the user will need for a period 
longer than the normal update of his DTV display. This 
display may be needed to compare a parameter with 
subsequent displays or the display may need to be used 
in an area removed from the DTV display. Recall of 

I l l .  Design Approach 

In order to meet the requirements for hardcopy out- 
put, the following decisions were made: 

a. There will be several hardeopy dcvices distrib~tcd 
in the various user areas for user convenience 

b. An exact image of the DTV display lvtll be printed 
for output accuracy. 

c. High-speed printing is not requirt-d because of the 
low frequency of usage. 

d. Any interference with display updates to prsdr:ee 
a hardcopy will be minimized to naaintaisa maxi- 
mum throughput of DTV data. 

Both the copy request units and hardcopy printers 
will be located in the various user areas of the SFOF 
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Hardcopy requests will be initiated by the user at his 
copy request unit and the requested display will be 
pslnted by the printer associated with that copy request 
sanii;. 

Copy requests .wdI be input to the DTV computer 
subassernbiy and it  will issue output instructions caus- 
limg a print to bie made. This will allow the computer 
subassembly TO ~nhibit data output to a DTV display 
channel while its data is being recorded for printer out- 
put However, it 1s desirable to reduce the amount of 
trme data oentput is inhibited to a display generator of 
d ~ e  dnspday subassembly. Thus, an intermediate hard- 
copy controiler iniill store the display data and output 
~t 60 the hardcopy printer in the format and at the rate 
sequrred by that printer. This controller is called the 
dspiay Image buffer (DIB) and it performs the various 
data transfer f'unctions required to make a print of a 
disp!ay on a grven DTV channel. 

IV, Descriptisro of the DTV Hardcopy Equipment 

The hardcaipy equipment consists of twelve copy re- 
quest units (CRU), the display image buffer (DIB), 
twelve hardcopy printers, and portions of the system 
control unit (SCU). A block diagram of the DTV display 
subassembly is shown in Fig. 1 with the hardcopy 
equipment ident~fied in solid lines. A functional descrip- 
tion of this equiprnent follows. 

M, Copy Request Unit 

The GRU is used to request printouts from a hard- 
copy printer, This unit is shown in Fig. 2. Each CRU 
consists of two thcimbwheel digiswitches for DTV chan- 
nel selection and an ENTER button for requesting hard- 
copy prints. The unit is interfaced to the computer 
scbassembly through the SCU. 

When a copy request button is pushed, an interrupt 
slgnal is routed to the computer subassembly by the 
SGU The nnterrupt activates a hardcopy request 
sequence The computer subassembly causes the SCU to 
output to s t  the digiswitch settings of all CRUs. Each 
CRU 1s associated with a specific printer and a request 
from that tmlt will cause a print to be outputted by its 
associated prmter. 

The computer subassembly will then connect to the 
D1B through the SCU and issue a record and print 

instruction. This instruction tells the DIB to record the 
selected DTV channel on the print channel associated 
with the requesting CRU and output that data by the 
printer. 

The enter button light on the CRU is normally lit to 
indicate that it is ready to accept requests. When the 
button is pressed, the light will go out until the com- 
puter has taken the request. Any subsequent request 
will not be honored until the light turns back on. 
Once a request has been honored, another request can 
be made; however, before this second request can be 
acted upon, the print cycle for the first request must 
be completed. Therefore the light will remain out for 
the second request until the first print cycle is com- 
pleted. At that point another request will be honored 
and will be acted upon when the second print cycle is 
completed. 

There is a CRU associated with the maintenance 
monitor TV in the display subassembly. It is named the 
display request unit (DRU) and is located directly be- 
low the maintenance monitor. Its operation is exactly 
the same as that of a CRU except that the output is an 
immediate video display on the maintenance monitor. 
The image on the monitor is generated directly from 
the DIB disk memory. This monitor and DRU are used 
exclusively for DTV maintenance purposes. 

VI. Display Image Buffer 

The DIB acts as the hardcopy controller within the 
display subassembly. The DIB interfaces with the SCU, 
the display generators, and the hardcopy printers. The 
DIB contains the disk memory storage of hardcopy out- 
put data and the selection and interface logic to transfer 
any display generator DTV channel video signal into its 
disk memory storage and to convert this video data into 
printer-compatible data and output it to hardcopy 
printers. 

The DIB is activated by a Record and Print instruction 
originating in the DTV computer subassembly as a 
result of a hardcopy request. Each instruction is trans- 
mitted to the DIB via the SCU. The instruction identi- 
fies the display generator, the display generator DTV 
channel, and the printer channel to be selected. 

Each Record and Print instruction causes the follow- 
ing operations to occur: (1) The DIB outputs a select 
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signal to each display generator selecting the specified 
display generator channel; (2) The DIB selects the 
printer channel for recording on the disk memory, 
(3) The DIB enables the selected display generator 
input to the disk memory, and (4) The DIB records the 
video data from the display generator on the disk 
memory channel. (5) The DIB also issues a printer start 
signal, and after the printer is up to speed, (6) it outputs 
digital data at printer rates to the hardcopy printer. 
After the end of data transmission the DIB then (7) out- 

synchronized with it and no new cycle can be initiated 
until its completion. Thus, all new print requests will 
wait in their storage until a new print cycle sb-arrs. A 
new cycle can be started immediately after the eonclu- 
sion of its predecessor and no paper stoppages need to 
occur on a printer already in motion. Alil the warting 
printers will now start in unison and proceed with the 
print process described above. The printer. just concEud- 
ing its prints has the margin paper advance time men- 
tioned above to receive a new print image. 

puts a paper advance signal until the correct paper 
width for a 21.6 X 27.9 cm (8.5 X 11 in.) sheet of paper 

The DIB is presently configured for 12, printer outputs has been output. 
and one monitor output. 

Upon issuance of a Record and Print instruction, out- 
put of video display data to the affected display gen- VII. Hardcopy Printer 
erator will be inhibited until the data is transferred 
from the display generator to the DIB disk memory 
storage. This data is transferred at a 3-MHz rate. Upon 
completion of transfer, the display generator is released 
for updates. The transfer normally requires two disk 
revolutions (1/15 s). Never is this inhibit time greater 
than 1/10 s. The above sequence is the Record portion 
of the Record and Print operation. 

The Print operation for each instruction includes the 
following: (1) The DIB issues a paper start signal to 
the selected printer which starts the paper while the 
printer motor comes up to speed. After 0.5 s of paper 
movement, the DIB (2) starts data readout from its 
storage. (3) Data which creates the first scan line of a 
video image is transferred to the print buffer at 63 kHz 
rate. (4) The data is then printed as a row of dots as it 
would appear on a TV screen. (5) At the next scan line 
time (1/60 s) the next line is printed. This process takes 
place until all 480 lines, which constitute the visible 
DTV image, are printed. This process requires 8 s. At 
the conclusion of this process, the print cycle is over. 
However, the paper movement continues for another 
2.5 s to allow for the bottom margin of the print. Each 
print cycle is about 11 s. A new print cycle will not be 
initiated until this paper movement is completed. 

The DTV hardcopy printer is a Ga~uPd, Mode% 4800, 
electrostatic printer. A photo of this printer 1s S ~ O I V B ?  In 

Fig. 3. The printer prints on a 27.9 cm-ill-in.) va7rde roJ1 of 
paper which is continuously advanced durinag the plat 
cycle. The printing process occurs by passlng the paper 
over a write head where the paper 1s charged wrt11 a 
print pattern. The paper is then passed ox7er a lrqurd 
toner bath where it picks up charged particles to h-il 

dark images on the white paper. As flae paper advances 
it dries so that the copy output is nearly dry as it cornss 
out of the printer and is completely dry within seeonds 
after it comes out of the printer. 

The printer accepts a 63 kHz digital bit stream iapsat 
and converts it into an exact image of the  DTV display, 
640 elements by 480 lines. The image occupies an area 
15.2 X 20.3 cm (6 X 8 in.) within a page of 21.6 X 27.9 
cm (8.5 X 11 in.). The printer paper advance 2nd 
line printing are both controlled by signals from iihc 
DIB. A sample of the hardcopy print is shown iia Fig 4 

The hardcopy printer and the copy repest  units are 
designed so that they may be located up to 305 rn 
(1000 ft) from the DTV. 

VIII. Expansion Capability 
During the operations described in the foregoing,several 

more instructions to record and print images from other The Display subassembly is designed to have expan- 
display channels to other printers may occur. Each com- sion capability. The hardcopy unit, currently, has the 
mand will be honored in sequence by the transfer of capability to drive 12 printers and one TV molzitor The 
the image from the display storage to its print storage. unit is capable of 19 printers and a monitor or 20 
However, once a print cycle has started, all printers are printers without a monitor. 
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Currently, there are 12 CRUs. The unit is capable of 
up to 32 CRUs including the DRU. The current DTV 
software does not use more than one CRU per printer. 
Nowcves, future software will allow more than one user 
the capability to get prints from one shared printer. 

ax, Conclusion 

The SFOF Digital Television Assembly is provided 
with a hardcopy capability to support operations and 

development. An exact replica of the real time-display 
may be printed for near-real-time usage. 

The hardcopy capability can be expanded for future 
usage. Currently, the DSN system operations area, the 
Mariner Mars '71 mission support areas, and the devel- 
opment areas are being supported by DTV hardcopy 
capability. The Pioneer F mission support areas are 
being configured and will also be supported by DTV 
hardcopy capability. 
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Fig. 1. DTV display subassembly block diagram 

Fig. 2. DTV copy request unit 
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Fig. 3. DTV hardcopy printer 
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Mark lllA Simulation Center Diagnostic Software 
C. F. Leahey 

SFOF/GCF Development Section 

The  expansion and reconfiguration of the Deep Space Network (DSN)  sirnula- 
tion center to  the Mark IIIA configuration necessitated the modification of exist- 
ing diagnostic software and the development of new diagnostic and test 
programs. This article describes the characteristics of the diagnostics which were 
developed for the EMR 6050-Univac 1108 interface and the Interactive Alpha.- 
numeric Television Display System. 

I. Introduction I!. Description 

The Mark IIIA Simulation Center is presently under- 
going development activity in preparation for Mariner 
Mars '71 a i d  Pioneer F support. This activity was de- 
scribed in Ref. 1. 

The expansion and reconfiguration of the input/output 
necessitated the modificgtion of existing diagnostic soft- 
ware and the development of new diagnostic and test 
programs for the SIMCEN. This article describes the 
characteristics of the diagnostics which were developed 
for the EMR 6050-Univac 1108 interface and the Inter- 
active Alphanumeric Television System. The EMR 
6050-Univac 1108 interface is described in Ref. 2 and the 
Interactive Alphanumeric Television System is described 
in Ref. 3. 

A. EMR 6050-Univac 1108 interface Diagnostic 
Software 

The EMR 6050-Univac 1108 interface diagnostic soft- 
ware tests the 50-kbits/s serial interface by sendrng 
selected patterns to the Univac 1108, receiving the same 
patterns back, and comparing the data received with the 
data sent. If the data does not compare, both the sent 
and received words are printed on the line printer. Addi- 
tional error detection is provided by a priority interrupt. 

There are five individual tests provided by this pro- 
gram. Each of these tests uses a different bit pattern. 
Any one or all of these tests may be run, depending on 
the option selected by the operator; 

Test 1. Run all tests. 
Other changes were made to the SIMCEN diagnostic 

Test 2. Square wave pattern. software to update the diagnostics to conform to the 
Mark IIIA configuration as described in Ref. 1. Test 3. All zeros pattern. 
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Tes"c4. h4tesnate bits pattern. (3) Data set indicates a condition exists at the data set 

Test 5. Random pattern. 
which will not allow successful transmission of 
data. 

Test 6, Six-bit ,miphanumeric progression pattern. 
(4)  Underflow indicates the number of words received 

A separate test (Test 99) has been added to notify the 
is less than the number of words expected. 

1108 of thc ilet mination of testing. When Test 99 is (5) Overflou: indicates the number of words received 
sciccted, one block of data with a unique code in data is greater than the number of words expected. 
word No 1 IS sent to the 1108. This tells the 1108 that 
itcstsng zs $e:ii; terminated and it is no longer necessary 

There is no software method of indicating which of the 
$01 the user program that services the 6050 diagnostic to 

five conditions caused the interrupt; however, indicators rsmain in axe.  The diagnostic does not wait for a reply 
on the interface assembly panel are available for visual 

bat ~mmediatehj terminates itself. 
use. 

Data u a1iw.y~ sent from the 6050 in 100-word blocks 
The diagnostic will not transmit a second block of data 

pleceded by a synac word and followed by an end-of-text 
to the 1108 until the first block has been received back 

word (see Frg i for format). 
from the 1108. 

Data recerved has the control words stripped off by 
the hardwale Data may be received in either of two 
w~ays (modes) di.termined by the selected option. In the 
""s7:gle n-lode,' m e  100-word block is received for each 
BCO-word block sent. The 100 words received are actu- 
ally the first 100 words of a 250-word transmission from 
rhc 1108 Thc eirtnre 250 words are received by the 6050 
0 ~ t  only the first 100 are checked. In the "multiple 
rnode," five 100-.~vord blocks are received for each 100- 
woid block sent These five blocks are identical; how- 
elver7 they achuaily are sent from the 1108 and received 
by the 6050 as two 250-word blocks. 

The ddtCx lcce~ved is compared word-for-word with the 
d,ltn sent, and, ~f an error is detected, both words are 
p~~aated 111 octal under the headings of "expected" and 
"lzcerved " Also included is the block number and the 
rciatlvc loi;at;ioa of the word in the block (0-99). An 
diti,irlative 1s avarlable as an option. This alternative is 
to pimt a19 data received whether in error or not. This 
data 1s printed i u a  the form of an octal dump one block 
at '1 rune 

Added error detection consists of an interrupt which 
is activated by one of five error conditions detected and 
indleatcdg by the interface assembly. The five error con- 
dnno*is arc: 

(I  j Csilbisir~n ~n~dieates an attempt to transmit data 
from the 1108 to the 6050 during the time that 
data is bei?g transmitted to the 1108 from the 6050. 

'12 , )  Purity indicates incorrect parity exists in the data 
received from the 1108. 

If the 1108 program is operating in the Real Time 
mode, an inquiry message or request-to-send block must 
be sent (see Fig. 2 for format) prior to sending a block 
of data; however, no response is required from the 1108, 
and the data block may be sent 10 ms after sending the 
inquiry message. If the 1108 program is operating in 
the Super Demand mode, the inquiry or request-to-send 
is not used. The data block is sent immediately. 

B. Interactive Alphanumeric Television Display System 
Diagnostic Software 

The Interactive Alphanumeric Television (IATV) Dis- 
play System diagnostic software consists of seven tests 
and an executive routine. The executive routine and the 
tests are described in the following paragraphs: 

Executive Routine. The executive routine operates a 
pre-test initialization sequence which determines which 
tests and equipment are required and whether or not the 
required units are ready. I t  then sequences the station 
and test operation. 

Test One. This test mode operates all the tests de- 
scribed in the succeeding paragraphs. 

Test Tzco-Basic Channel Functions. This test gener- 
ates conditions and issues commands to test the channel 
adapter status word and the multiplexer status word. One 
of the two printers is used to generate interrupts. If a 
printer is not available, interrupt status bits in the chan- 
nel adapter and the multiplexer will not be tested. 
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Test Three-Station Functions. The following station 
control functions are tested: 

(1) Select alphanumeric mode 

(2) Select graph mode 

(3) Enable refresh 

(4) Disable refresh 

(5) Enable transmit 

(6) Disable transmit 

(7) Request status 

Test Four-Cursor Addressing and Movement. Cursor 
address register functions are tested by loading and read- 
ing a complement pattern and by issuing all cursor con- 
trol characters in displaying a visual pattern. 

Test Five-Adarching Alpha and Data Transfer. In this 
test, a marching alphanumeric pattern is written and 
read back to detect data transfer and interrupt sequence 
errors. An error summary is printed at the end of each 
pass, and (with the log option) data errors are logged in 
hexadecimal. 

Test Six-Echo Test. The stations are polled for trans- 
mit ready or interrupt conditions. When one of these 

conditions exists, the line on which the ~SUISOI is located 
is read in and then written to the station 19 t~mec to -31 
the screen. 

Test Seven-Hardcopy Test. An 80-chaaacter, mralch- 
ing alpha pattern is cycled in six 12-lire blocks so tli72.i; 
each character is printed in every typc poyltion E~ad of 
print operation interrupts are monitored and ezs 01s ' i l  c 
logged. 

I I I .  Summary 

In this era of expanding technol~g:~, I: es becom~?g 
commonplace to interface data processing devices se-ch 
as the EMR 6050 and the Univac 1108 coir?puters and io 
have alphanumeric CRT-keyboard display systei~~s as 
computer input/output devices. G ~ t e n  these types of 
systems, it is important to design mea~~ingfenl dizc~ncac+~c 
and test programs to provide a high Ecvei of assuxarlce 
that the devices are working properly and rf not to pw- 
vide some meaningful error indications so that the yrdb- 
lem can be fixed in a short time. 

These were the problems here. The d:iagnos-hc rouhnes 
generated were conceptually relatively simple. but In 
their simplicity, they were able to accompiisi: eho com- 
plex task of providing a high level of confidence fhal tile 
computers were talking to each other ina the same Fm- 
guage and without errors and that the IATV systcn~ i ?as 
working properly. 
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SYNC WORD 

DATA WORD 1 

DATA WORD 2 

DATA WORD 100 

END-OF-TEXT WORD 

WORD 1 
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Fig. 1. Data block format 

Fig. 2. Request-to-send block format 
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GCF High-Speed Data System Design and Implementation 
for 1971-1972 

R.  H.  Evans 
SFOF/GCF Development Section 

The Deep Space Network (DSN) Ground Communications Facility (CCF) 
high-speed data system capabilities were significantly upgraded to meet the 
1971-1972 era requirements. In general, those requirements doubled the data 
transmission rate to 4800 bps, added block demultiplexing at the remote stations, 
provided for block synchronous outbound transmission from the SFOF, and 
provided positive labeling of error-free blocks. This article discusses the major 
detail design problems encountered in  implementing these requirements. 

I. Introduction 

This article discusses the hardware design and imple- 
mentation problems in upgrading the Ground Com- 
munications Facility (GCF) High-Speed Data System 
(NSS) capabilities to meet the new functional design 
requirements set forth in Ref. 1 for the 1971-1972 era. 
Numerous design problems were encountered from the 
initial systems design conceptual stage to the detailed 
hardware and wiring implementation of the various 
assemblies. The problems concerning the general system 
design concepts are discussed in Ref. 2. The major detail 
design problems encountered with implementing the 
various new functions in the high-speed data assemblies 
(HSDAs) of the HSS are the subjects of this article. 

The major tasks and new functional design require- 
ments, to provide the DSN support required of the 
GCF NSS in the 1971-1972 era, are discussed in the 

sections that follow. Figure 1 depicts the GCF HSS and 
the new interface capabilities as discussed in this article. 

II. Design and lrnplernentafion 

A. Upgrading of the Data Transmission Rate From 

2400 bps to 4800 bps 

Throughout the DSN/GCF, the HSD circuit interface 
with the NASA Communications Network (NASCOM) 
is on the digital side of the data transm~ssion equipment 
which NASCOM provides. In this case, !VASCOM pro- 
vided new Western Electric Co. (VIECo) 203A D ~ t a  
Sets, which operate at the 4800-bps spe~cd. 

It was soon evident that the replacement of the 205B 
(2400 bps data set) with the new 283A would signifi- 
cantly impact the mechanical and electrical desigr, of 
the HSDAs. Additionally, the operation of the HSS and 
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",>e data $ow control aspect (affecting the data source/ 
s;nk WSS us:~s:, vmuld also be significantly affected. 

The 203A Data Sets have a timed "trainingJ'l sequence 
fo,mture to cornpensate for imperfect amplitude and 
ci~veiope delay response of the line. 

The timed training sequence, after its initiation by 
il>antxaii ol automatic means, is controlled by the 
r "anslnitter 

The Data Sct 'lxequest to Send (RS) signal control 
Ithad 1s wned In the ON condition in all GCF HSD 
asben~b'sres Therefore, the initial training start time 
alter elrcu~t conraection is controlled by the remote 
:eiclveP After the initial training, the receiver will 
signal i-01 a "retlain"' automatically when it detects a 
Bt~ss of carrlcr which exceeds an allowable hold-over 
time, or viillcrl &he signal quality falls below threshold. 
Tkc leceivcl, after a preset time delay, will signal 
ellrough the assoc~ated transmitter by phase shifting an 
auurirary srgnai to the remote data set. The phase shift 
v 111 ~inmediratcly cause a momentary OFF interrupt of 
the remote tra&lsmrtter RS signal and that transmitter 
.cvlil go through the timed training sequence; thereby 
ihc awtonnatsc ietrain of the troubled side of the full 
dupieu (FDX) ci~cuit is completed. The other receiver 
vould slgnnl ?'or and receive a retrain in the same 
I-ilalaraer oves rts own signaling and retrain loop. 

The tiansii~rtter, whose RS signal lead has been mo- 
ii~entdrrly turned OFF to initiate a training sequence, 
.c\vilP tun n OFF the Clear to Send (CS) signal to its associ- 
,itcd data source which stops the flow of data from that 
5o~~nee ur,med:a~ely and without any warning. At the 
concliuilon oi the training sequence (nominally 7.9 sec), 
elle CS srg'aa' -VV 11 be turned back ON. This clearly 
dcn~onstratcs that the 203A CS signal can be affected by 
the remote necelver-automatically-and without any 
nainrng Thc GCF HSS, due to this new data set fea- 
khre, then piaced this additional design constraint on 
a?i HSS users I t  was essential that all users reexamine 
"sic11 data flaw control mechanisms and consider the 
p~obablhty of backlogging due to this added "system" 
tonilol factol 

In order to provide the HSDA operator with the 
necessary indicators and controls to monitor the data 
set performance, and to manually initiate and observe 
the time-sequenced training events, a Data Set Control 
Panel was designed. This new Data Set Control Panel 
provides a momentary action indicator switch for inter- 
rupting the RS signal from normal ON to OFF. An 
ON/OFF indicator switch was included to inhibit the 
Automatic Retrain feature if desired, and ON/OFF in- 
dicators were provided for the CS, Data Set Ready 
(DSR), Carrier Off Delayed (COD), and Signal Quality 
(SQ) signals. 

The last, but not least, design impact was the me- 
chanical packaging problem of mounting the 203A Data 
Set in a DSS Comm Equipment Subsystem (DCES) 
HSDA. The DSIF standard rack design provides for 
48-cm (19 in.) rack mounting space only; the 203A 
requires 58-cm (23-in.) mounting space. The 203A could 
not be operated in an "on-end position. By special agree- 
ment with the DSIF, a deviation from the standard rack 
design was granted; and a new GCF-DCES rack was 
designed to accommodate two data sets in the bottom 
half. The top half was designed for standard 48-cm 
equipment mounting to accommodate the new BDXR 
equipment units. 

B. Addition of BDXRs on Both the Prime and Backup 
Channels at CTA 21 and Each DSS Except DSS 13 

(The GCF high-speed data block demultiplexer design 
and implementation is discussed in Ref. 3.) 

The BDXR equipment is used in the DCES HSDAs 
located at CTA 21 and the DSSs. Previous to this up- 
grade to meet the 1971-1972 era requirements, the 
HSDA signal interface with the on-site computers 
(OSCs) for both the Transmit (TX) and Receive (RX) 
data functions was through the BMXRs. 

Two BDXRs (one each for the prime and backup 
channels) along with their associated BDXR patch and 
test panel were mounted in the top half of the new rack 
as previously mentioned. The receive data and clock 
signal leads from the error detection decoders were 
rerouted to the BDXRs in the new rack. 

""'mining: Five dififerent time sequenced signal modes are auto- 
iiratically sent Sy the transmitter to permit the remote receivers' 
automatic equalization and timing synchronization features to fine 
adjust prior to transmission of data. The training period for the data 
sets used is i:. nominal 7.9 see. 

'Hetrain : Same as training, but occurs after initial startup (training). 

The BDXRs, described in Ref. 3, operate in conjunc- 
tion with the BDXR patch and test panel which is 
designed to provide ready access to all signal leads for 
monitoring, test, and substituting of through connec- 
tions via patchcords. Only the prime channel BDXR 
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ports are cabled through from the BDXR patch and 
test panel for interface to the OSCs. The backup channel 
receive equipment can be substituted for the prime 
channel by application of patchcords. The patchcord 
method was a "value engineering" judgment so that the 
GCF mean time to restore requirement could be met in 
the simplest manner. 

Value engineering considerations also reduced the 
functions that the BDXR was to perform. Since ade- 
quate HSDA self-test capability existed elsewhere, its 
need in the BDXR was not mandatory. However, it was 
required that the BDXR contain a simple test mode 
(front panel accessible) to check the programmed data 
block routing codes. 

C. Provide for Block Synchronous Outbound HSD via 
BMXRs From the SFOF Comrn Terminal Subsystem 
(SCTS) HSDA 

The design of the BMXRs, although originally de- 
signed together with the BMXR switch and test panel 
(S&TP) for exclusive use in the DCES IISDA, was un- 
changed for its application in the SCTS HSDA. How- 
ever, a new BMXR patch and test panel was designed 
to eliminate the BMXR "select" switch function of the 
S&TP but provide the required "test/operate" switch 
function. The new patch and test panel accommodates 
all four ports of three BMXRs providing test, monitor, 
and patch jacks; and the required "test/operatem switch 
and switch function for each port. 

Past experience in interfacing with the SFOF had 
shown that various mission-dependent requirements 
occur from time to time to support Complementary 
Analysis Teams (CATS) with HS capability. Also, as 
the GCF and DSN monitoring systems become more 
sophisticated, the HSDA design must follow these 
changes. 

The SCTS HSDA interfacing schemes are therefore 
designed to accommodate relatively large numbers of 
receive-data and monitor signal lead interfaces, along 
with the four transmit-data source interfaces provided 
through each BMXR. 

A new high-speed data interface module (HIM) was 
designed. The HIM provides an isolated and control- 
lable point of flexible interconnection between all HSDA 
signal leads and the data source/sinks. Inputs and out- 
puts of the line driving and distribution amplifiers are 
also interconnected in the HIM. 

It  was necessary to insure that the elechical chariic- 
teristics specified in EIA Standard RS 232-6: ~-5~el.c ~ ~ c t  
at the points of interface. To assure 'his 212-C reqii:e- 
ments would be met, all interface cables used were 
designed and provided as part of the HSDA Ail ~n te r -  
facing cables are therefore under cenlralizcd deslgn COPP- 

trol, and the HSDA wire line interface is lemo:cd to c11c 
connector panel in the data source/i~nR usels cabinet 

D. Provide Positive Labeling of Error-Free Blocks 
Received Throughout the GCF 

The error detection decoders, as originally deslqned, 
labeled only those blocks that were recei-c ed with crnors 
detected while the decoder was rp the lock mode 
(decoder "invalid). The error status brts of crror Baden 
blocks received while in the norz-lock "search" mode 
were unchanged and appeared to the data srnk the 
same as error-free blocks. 

The advent of the DSN multi-mrss~on ccar~~mand sys- 
tem required positive error-free transi~rssion of the 
conlnland data from the SFOF to the DSSs through the 
GCF HSS. The decision was made {hat the ciccader 
would be modified to label only thosr blocks received 
error-free. The DSIF computers, \when operating under 
the DSN multi-mission command systen? rnodr, cvoillcl 
be required to examine each block received for the ~ O S B -  

tive error-free label. The DSIF computer ~;\ouBd call for 
retransmissions of those blocks not eont'ai~~ing the posi- 
tive label until all command data blocks were recervcd 
error-free. 

Modification kits and instructions wcle scr~e YO. all 
field locations where the modificatlen was accoilrplished 
by field personnel. 

E. Provide Three Channels of HSD Equipment to the 
Simulation Center (SIMCEN), Each Capable of 
Independent Operation 

The DCES HSDA that was instarled z r ~  the STMCTN 
was configured and wired the same as those provided 
at the DSSs, but was installed in si:a~~eT;rd SFOF-type 
cabinets. The DCES HSDA provided iaa these cabmnets 
for use with the SIMCEN took on a uleo,I:e appeaaance 
when rewired and reconfigured to pro1iid.e srmrrEtane3us 
operation over three channels. 

The same new BMXR patch and test panel previ131:sly 
described was used with the new three channel Lapa- 
bilities to provide three separate channel co~~neetioias 
to the SIMCEN data sourcc/sink interface The cairSes 
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co;dnecting the IHSDA to the interface connector panel 
.ivcse provided as part of the HSDA and were of the 
spwelal ncw design previously mentioned. Every effort 
w,is made to keep cabinet wiring changes to a minimum 
and all installation and modification effort was com- 
pleted iv1-i-h the racks installed in their SIMCEN location. 

The rcconfiguraition design and documentation effort 
w ~ s  a sizeable task requiring new rack and wiring 
diagiams, a special cabling design package, and a new 
Operations and Maintenance Manual. 

F. Provide a HSD Regeneration Assembly (HSRA) at the 
Area Comm Terminal (ACT) Located a t  the Goldstone 
Deep Space Communications Complex (DSCC) 

The Area Comn~ Terminal Subsystem (ACTS) located 
at the Coldstone DSCC previously did not contain any 
HSD equ~pnnent With respect to the HSS, the ACT 
w,~b slnlply the point of interconnect where off-complex 
HhD eircuirs were interconnected to HSD circuits from 
DSSs 11, 12, and 14. To satisfy the flexible interconnect 
lequ~ren~ents n~ornlally attributed to such a trunking 
center thc transmission characteristics of each data 
cnscult should, as a minimum, meet equivalent American 
Tcjcphone dad Telegraph Co. C-2 specifications. A spe- 
e ~ h c  long-term error rate can be expected when oper- 
ating 203A data sets over a single 6-2 grade circuit: if 
tw,t;i C-2 grade circuits are interconnected with a 203A 
regmerator, the error rate can be expected to increase 
by a factor oi IWO Therefore, an ACTS HSRA was 
nnstaEPcd at the ACT. The HSRA is sized to regenerate, 
sni~iultaneousiy, tlhree full duplex HSD circuits. Addi- 
tne-aally, Bandlilac (cable) HSD circuits interconnecting 
DSS 14 and DSS 11 to the ACT were equipped with 

custom-designed line equalization equipment to meet 
the C-2 specifications. 

Ill. Summary 

The effects of upgrading the GCF HSS to meet the 
requirements set forth for the 1971-1972 era are sum- 
marized as follows: 

(1) The number of HSDAs was increased by one with 
the new installation of the HSRA at the Goldstone 
DSCC ACT. 

(2) The DCES HSDAs equipped at CTA 21 and all 
DSSs except DSS 13 are fully and identically 
equipped with prime and backup channel equip- 
ment, including the new Block Demultiplexer 
equipment. 

(3) The DCES HSDA equipped at the DSN SIMCEN 
is now a unique three-channel assembly. The 
three channels are configured for independent use 
through a new BMXR patch and test panel. This 
is the only DCES HSDA not equipped with the 
block demultiplexer capability. 

(4) The SCTS HSDA has been changed significantly. 
Not only are the additional DSN-GCF interface 
requirements discussed herein accommodated, but 
the new NASCOM West Coast Switching Center 
requirements are also integrated. 

(5) More details on the various types of HSDAs 
appear in succeeding  article^.^ 

T o r  related articles covering more details on the HSDAs,,see articles 
by Yinger, Brunder, and Rothrock in this issue. 
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GCF DSS Communications Equipment Subsystem 
Hig h-Speed Data Assembly 

E. L. Yinger 
SFOF/GCF Development Section 

This article describes the functional operation of the Ground Communications 
Facility (GCF)-developed and supplied high-speed data assembly now in  use 
at each Deep Space Station (DSS), except DSS 13 (Venus DSS), and C T A  21 
J j P L  Compatibility Test Area at Pasadena). The article discusses the subassem- 
,blies used, including those developed and incorporated during the latest 
reconfiguration, to fulfill the GCF High-Speed System requirements for the 
1971-1972 period. The assembly is used to convert all high-speed data leaving 
the DSS to a form suitable for transmission to the Space Flight Operations 
Facility and converts all high-speed data entering the DSS to a form suitable 
for use by the on-station computers. 

I ,  introduction [I. Purpose of DCES-HSDA 

Tlus attitle dascusses the functional operation of the 
major subassemblies (Fig. 1) making up the 1971-1972 
configuration of the Ground Communications Facility 
(GCF)--DSS Communications Equipment Subsystem 
(DCES)-HI~~I-S~C~~-B Data Assembly (NSDA). This arti- 
cle *vsSi also briefly note the changes made to the pre- 
1971-1972 colafiguration of the DCES-HSDA described 
ln Rc9 1 and isnplemented in accordance with System 
Des~gm inforlnatron contained in Refs. 2 and 3 and the 
Evarr,s article' in this issue. 

1E va~is,  R H "GCF Hrgh-Speed Data System Design and Imple- 
1l~ent2tion for 1972-1972" (&IS issue). 

The DCES-HSDA selects data from the Deep Space 
Instrumentation Facility (DSIF) on-station computers 
(OSC) and converts them to a form suitable for trans- 
mission to the Space Flight Operations Facility (SFOF). 
It also converts the data transmitted from the SFOF to 
a form suitable for use by the OSCs and distributes the 
data to the appropriate OSCs. 

The transmission portion of the DCES-HSDA pro- 
vides automatic priority selection of transmission from 
a maximum of four OSCs, continuous data transmission 
by the automatic addition of filler data, block error 
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detection encoding, and the conversion of digital data which was added in 1970 as described! by Evans (Foot- 
blocks to a form suitable for transmission to the SFOF. note 1). 

The receive portion of the DCES-HSDA provides the 
conversion of the voice band data from the SFOF to 
digital data, block error detection decoding, and the 
inspection of the User Dependent Type (UDT) code of 
the received data to determine the appropriate distribu- 
tion of received data to any combination of up to six 
OSCs. 

The information transmitted and received by the 
DCES-NSDA is organized in standard message seg- 
ments of 1200-bit data blocks. Each data block consists 
of a header, data, and an ending (see Fig. 2). 

(1) The header, provided by the data source, is 
120 bits long and is represented by lines 1 through 
5 of Fig. 2. The sync code is bits 1 through 24. 
The source code, bits 25 through 32, identifies the 
transmitting station. The destination code is 
bits 33 through 40. The block format code, bits 41 
through 48, identifies block size and whether the 
block contains computer-generated data or block 
multiplexer (BMXR)-generated filler data. The 
UDT, bits 52 through 58, is inspected by the 
block demultiplexer (BDXR) to determine the dis- 
tribution of received data to OSCs. 

The rest of the header, provided for data user 
only, is self explanatory except for the Multiple 
Mission Support Area (MMSA) code bits 97-98. 
The MMSA code is used to identify the tracking 
station in those instances where data blocks trans- 
mitted from any given tracking station contain 
data received from a spacecraft being tracked by 
another station. 

(2) The data section contains 1044 bits. The data 
section may be computer-generated data or filler 
or test data from the BMXR. 

(3) The ending is the last 36 bits, prepared and added 
by the encoder before transmission. The ending 
contains the 3-bit error status code and the 33-bit 
error control code. The decoder inspects each re- 
ceived data block and changes the three error 
status bits to ones if no error is detected. 

For purposes of the ensuing discussion transmitted 
data (SD) will be followed from a DSIF OSC through 
the DCES-HSDA and received data (RD) through 
the DCES-NSDA into the DSIF OSCs. The DCES- 
NSDA now consists of three equipment racks, one of 

III. Transmitted Data Flow Through the 
DCES-MSDA 

A. Data Source 

Up to four OSCs may initiate lequest-to-send (RS) 
control signals to the BMXR when they are ready to  
transmit data to the SFOF. When tlae BMXR is ready 
to pass data, it will initiate a clear-to-send signal to the: 
highest priority OSC with its RS signal on One bit trme 
later that OSC must begin transfer of its 1184-bit data 
block. The transmitting OSC must  urn 08 nts WS lm- 
mediately after bit time 1164 for at Peasi: one brt time. 

B. Block Multiplexer Switch and Test Pa~nel 

Data from an OSC enters the BMXR switch and icest 
panel (switch) where it is routed to one of tvvo BMXRs. 
The BMXR switch provides for indepcradent switch~ng 
of data, control and timing signals between four CISCs 
and the two BMXRs. The switching is not operatio~laally 
done on an individual basis however. OnaPy one chaiirael, 
prime or backup, may have access to the one HSD line 
to SFOF (Ref. 2) so all four OSCs are always switclicd 
to access the same BMXR via the ElMXR switch 

In the pre-1971-1972 configurakon of the DCES- 
HSDA, the BMXR switch and BMXRs also pzssed re- 
ceived data from SFOF to all four OSC icputs. That 
functional requirement is now obsoleted with the addi- 
tion of the BDXRs as discussed in Ref 4 

C. Block Multiplexer 

The SD flow from the BMXR is  continuous block 
formatted data selected on a priority basis from up to 
four OSCs or from the BMXR's interma1 preprogram~n:ed 
filler block generator. The priority ordcr of transxniss~on 
from the OSCs through the BMXR is established by the 
setting of the priority switches on $be BMXR. 

At bit time zero the BMXR will begin transfer of a 
data block to the encoder. At the time the B164th bit 
is received in the encoder, the encoder will turn off its 
clear-to-send (CS) signal to the Bh4XW. At the same 
time the transmitting source (OSCj nmst turn off its WS 
signal for at least one bit time and the BMXR begins 
its search for the source of the next data black. i f  the 
transmitting source of the last data b!seii turns its WS 
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signal on before bit time 1198, the BMXR will consider F. Data Set Control Panel 

rts prisrlty m the selection of a source for the next data 
binck At bit rime 1198 the BMXR makes its selection. At 
bit tlrnc 1499 the encoder turns on the CS signal, and 
at blt time zerc the selected source will begin sending 
i t s  1164-blt data block. If no OSC has its RS signal on at 
b ~ t  tnme 1198, when the BMXR is making the source 
selection, the BMXR will select its own- filler block 
generator as a source of the next data block, thereby 
retaining continuous data transmission. The filler block 
generator is alwlays the lowest priority selection of the 
B%IXR. 

D,  Encoder 

Tile encodel li~onltors and controls the flow of digital 
d-~.ila from the BSCs going to the data set. Normal oper- 
attun beglns when the encoder receives an RS signal 
from the BMXR The encoder then turns on and controls 
dam RS srgnai to the data set. If the data set is ready, 
lt ~vill send a CS signal to the encoder. The encoder 
then completes the loop by turning on its CS signal to 
tl e BMXR One bit time later the BMXR-selected data 
source wlli begin transfer of 1164 bits of data and the 
elrcodlng process begins as described in Ref. 1. As the 
evcode-! rccelves the 1164th bit, it turns off the CS signal 
to the BZIXR As long as the DCES-HSDA is operating 
nosnial'ly, the encoder will keep an RS signal to the data 
setth-unnaed on a r~d  the data set will keep its CS signal 
to the encodel turned on. 

The cl~codcl completes its processing of a data block 
by nnsertrng t h r x  zero bits (the error status code) fol- 
jlowrd by the 33-b~t error detection pattern as the data 
flows ~hrough the encoder from the BMXR to the data 
sct The el~coder delays SD only one bit time in per- 
fo inmg I ~ S  eiacodnng function. 

E.  Data Set Transnlifter 

The transmitter portion of the newly implemented 
Westein Electric Go. 203A (4800 bps) full-duplex data 
set discussed by Evans (Footnote 1) is used primarily to 
convert encoded digital data input to an amplitude- 
mocluBated vestigial sideband voice frequency signal 
suitable for transmission to the SFOF via a standard 
voice frequency channel meeting American Telephone 
and Telegraph Co. specifications for a C2 grade trans- 
mission circuit. Th'e data set also determines the bit rate 
and provides for synchronous transmission of data by 
prnviding the SlD timing signal, Serial Clock Transmit 
(SCT), to the encoder, BMXR, and OSCs. 

The new Data Set Control Panel (DSCP) discussed 
by Evans (Footnote 1) was designed and added to pro- 
vide the operator with the required visual status indi- 
cators and a means to initiate a manual retrain of the 
associated 203A data sets. 

6. Data Set Interface Module 

The Data Set Interface Module (DSIM) was designed 
and added to provide a connector interface point be- 
tween the prime and backup data sets and the audio 
frequency (AF) patch panel where the DCES-HSDA 
interfaces the one HSD line to the SFOF. The line 
input/output of the prime data set is normalled through 
the AF patch panel to the HSD line. If the operator 
wishes to place the backup data set on line, he must 
insert patchcords in the AF patch panel. The DSIM 
was equipped with attenuators to assure the proper 
signal levels at the DCES-HSDA interface with the 
transmission line to the SFOF. 

IV. Received Data Flow Through the DCES-HSDA 

A. Data Set Receiver 

The receiver portion of the full-duplex data set dis- 
cussed by Evans (Footnote 1) converts the amplitude 
modulated vestigial sideband voice frequency signal 
from the SFOF to serial digital data and routes it to the 
decoder. Under normal operating conditions a data 
block leaving the data set receiver will be exactly the 
same as it was as it left the encoder and entered the 
data set transmitter. The data set receiver also recovers 
an RD timing signal from the incoming data and routes 
it to the decoder, BDXR, and OSC as the Serial Clock 
Receive (SCR) signal. 

B. Decoder 

The decoder receives the incoming data blocks, via 
the interface buffers, and delays the data 1201 bits 
while it examines their validity as discussed in Ref. 1. 
The decoder then labels each error-free block by setting 
the three error status bits to l's in accordance with 
Footnote 1 and forwards the data block to the BDXR. 

C. BDXR and BDXR Patch and Test Panel 

The BDXR and BDXR patch and test panel de- 
scribed in Ref. 3 were designed and added to direct 
each RD block only to the OSCs addressed in that data 
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block. The BDXR checks the UDT code information in 
bits 52 through 58 of each RD block and distributes the 
block accordingly. 

The necessity for the addition of this demultiplexing 
capability was brought about by the increase in volume 
of received data and the change in data rate (from 2400 
to 4800 bps) as explained in Ref. 4 and Footnote 1. 

V. Data Flow Moniforing 

Inputs and outputs of each subassembly are normalled 
through either the AF Patch and Test Jackfield, the DC 
Patch and Test Jackfield, the BMXR Switch and Test 
Jackpanel or the BDXR Patch and Test Panel. Signals 
passing between subassemblies may be monitored at one 
of the above-mentioned jackfields without interrupting 
data flow. When one of the visual status indicators on a 
subassembly signifies the presence of an abnormal con- 
dition, the operator may quickly isolate the anomaly and 
substitute, by using patchcords or switches, any or all 
backup subassemblies as required to restore normal oper- 
ation. The DCES-HSDA also provides seIected monitor 
signals for use in the monitor program. In general, the 
signals provide information on the configuration, mode 
of operation, and status of the subassemblies in use. 

VI. Summary 

The ten DCES-HSDAs located a8 CTA 21 and all 
DSSs (except DSS 13) have been upgraded as follo~i;/s to 
meet the 1971-1972 HSS requirements: 

(1) The Western Electric Co. (WECO) 20SB (2440 bbs) 
data sets were replaced with NASCOM-prov~dcd 
WECO 203A (4800 bps) data sets 

(2) Data Set Control Panels were oesrgned and n- 
corporated to provide the operator wi tha  means 
of controlling the operation of tlie 203A data set 
and observing its status. 

(3) Data Set Interface Modules we;e designed and 
incorporated to provide a connector interface ior 
the 203A data sets and transmit/'lpecewe line Ievel 
control. 

(4) Block Demultiplexers (BDXR) were ~Feslgned and 
incorporated to provide discrri~~rnatc diskibuP.:on 
of received data blocks to on-station computzrs 
(OSCs). The Block Demultiplexer Patch and tost 
panels were designed to provide the Eecessary p:ch 
and test capability between th"acaaDXR and OSCs 

(5) Two existing equipment racks were rewrrcd snd 
reconfigured, and one new rack wac designed and 
added, to accommodate the new subassembi,es 
added to the DCES-HSDA. 
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GCF SFOF Communications Terminal Subsystem 
High-Speed Data Assembly 

G. J .  Brunder 
SFOF/GCF Development Section 

New capabilities and equipment have been incorporated into the Space Flight 
Operc~tions Facility Communications Terminal subsystem high-speed data as- 
sembly as a result of the 1970-1971 upgrade in support of the Deep Space 
Netu;ork. The distinct capabilities of the high-speed data assembly are discussed 
and the neu; 4800-bps high-speed data circuits and equipment are described on 
a functional level. 

I, Introduction 

The Space Flight Operations Facility Communications 
Terminal Subsystem (SCTS) high-speed data assembly 
(RSDA) is a full duplex data communication terminal 
"I4rsc-t p ~ o v ~ d e s  the necessary interface between the SFOF 
computers and the voice frequency data channels of the 
nnicssnte t r a n s ~ ~ i s s ~ o n  subsystem (ITS). Reference 1 pro- 
vades m1orrnatno1-i concerning the general configuration 
of the CCF 9971-1972 high-speed system. Reference 2 
d~scusses equipment presently in operation in the SCTS 
h:gh-speed data assembly. 

'She SCTS HSDA consists of 17 racks of equipment 
arriiaged rs tranismit, receive, process, test, monitor, 
siv~tch, and distrabute high-speed data. 

subsystems (DCES). The transmission path utilized 
between the deep space stations and the SCTS 
high-speed data assembly is via the intersite trans- 
mission subsystem (ITS). 

(2) Non-DSN project dependent locations. The trans- 
mission paths are GCF National Aeronautics and 
Space Administration Communications Network 
(NASCOM) circuits. 

(3) Goddard Space Flight Center (GSFC) communica- 
tions processor. NASCOM circuits and the SCTS 
high-speed data assembly interconnect the JPL and 
GSFC communications processors. Reference 3 dis- 
cusses the functional capabilities of the JPL com- 
munications processor. 

' 3 e  high-speed drgital data is transmitted to and from 
The intent of this article is to describe the general 

three distinct entities, in audio form, over properly con- 
functional capabilities of the SCTS high-speed data as- 

ditioned voiee-grade circuits. The three external facilities 
sembly with particular emphasis on the new equipment 

cou.,necied to the SCTS high-speed data assembly are: 
and functional capabilities that have been incorporated 

(1) The deep space station communications equipment into the assembly during the 1970-1971 upgrade.- 
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I!. SGTS High-speed Data Assembly 
Conf iguration 

A. 4800-bps High-Speed Data Circuits 

Figure 1 depicts the general configuration and inter- 
face relationships of the 4800-bps HSD circuits used in 
support of the DSN. The upgrade of the data transmis- 
sion rate from 2400 to 4800 bps is discussed in "GCF 
High-Speed Data System Design and Implementation," 
by R. H.  Evans in this issue. The six full-duplex circuits 
provided by the HSD assembly are described below: 

1. Transmit path. Each of the six transmit circuits 
can accept digital data from up to four different SFOF 
computers (data sources). All data sources are interfaced 
at the new RSD interface module (HIM). 

a. NSD interface module. The HIM is JPL-designed 
equipment providing a highly flexible isolated distribu- 
tion point for both HSD assembly data source and data 
sink signals. The HIM utilizes standardized connector 
panels, mounted in two racks, employing feed-through 
poke-home type Bendix connectors. The HIM is designed 
to accommodate many interface configurations due to 
the changing nature of the SCTS high-speed data as- 
sembly interface requirements. 

b. Block multiplexer patch and test panel. From the 
RIM, the transmit signals are distributed to the new 
block multiplexer (BMXR) patch and test panel where 
connector ports can accommodate up to four data sources 
for each HSD circuit. Each panel provides for three HSD 
circuits. The panel also accesses the signals to patch, 
monitor and test jacks. A test/operate switch is provided 
to loop, in the "test" position, test signals through the 
BMXR patch and test panel and back to the BMXR, thus 
making the panel act as a data source for testing pur- 
poses. In the "operate" position the data source signals 
proceed to the BMXR input ports. 

(ED/ED) scheme. The ED/ED scheme provid~s f o ~  a 
positive method of monitoring the tra~~srnission of data 
between end terminals at the GGF. 

The encoder affixes a 36-bit error deiecrlon pa,, +*ern io 
the end of each data block before it 1s tlansmntted to the 
data set. The first 3 bits of the 36-bit partelc ale an erlor 
status code and are always transmitted as Fsrnary 7e:os 
The last 33 bits comprise a special coded solyni~rqrsl 
derived from the encoding process. 

e. Data set. The 203A data set is a \Western Eiectrre 
Co. full duplex unit. It  converts the seilaQ binary block- 
formatted data from the encoder into andlo signals 
appropriate for the transmission circumt Tranm~ission 1s 
at a synchronous four-level amplitude i~~odulated 4800-bps 
rate over four-wire C2-conditioned circuits Durlrag the 
upgrade, 203A data sets replaced older 2400-bps 205B 
data sets in all six HSD channels. 

f .  Data set control panel. The JPL-desi3ned data set 
control panel operates with the 203A data set. I t  provrdeq 
visual monitoring of the operating status or" the data set 
by displaying all the control signals at the data set dlgi:aI 
interface. I t  also provides a switch to rranually controE 
the retrain initiation on the data circuit as deser~bed by 
Evans in this issue. 

g. Attenuator panel. The audio sigi~als are transrn1ttc.d 
from the data set to a JPL-designed attcnuator panel 
provided for use with both the transmit and receive $ides 
of the data set audio circuit. 

The attenuator panel contains pads :!ant can aeiol:r- 
inodate plug-in resistors of variable vairrcs Resistors 
thus can be selected to set the level of signal attenrratmn 
of the data set audio interface. Thc chazaeterishes of 
the transmission path determine the signal levels to hi? 
selected. 

c. The BMXR permits UP four The audio signals are then routed .:ia aud:o patch, 
SFOF computers to time-share the transmit side of HSD monitor and test jack facilities installed in a 
line. This is accomplished on a priority basis, by multi- rack in the HSD assenlbly. ~~~~i~~ the HSD aicmb!y 
plexing the data generated by the SFOF the are cabled to the audio switch and 
computers. When the SFOF computers are a'' the are thence routed via the circuit disfr:Lutacn asic&'y 
BMXR generates filler blocks to provide synchronous (CDA) to the intersite transmission subsysicm 
transmission on the HSD circuit. 

The block formatted digital signals are transmitted to 2. Receive path. The HSD audio signal5 receive? ~ i ;  

the encoder through a dc patch rack which provides the SFOF from an external location are routed to !he 

signal access to patch, monitor and test jack facilities. audio switch assembly in the SFOF. The signals then 
enter the SCTS high-speed data asservlbly at thc audio 

d. Encoder. The encoder performs the data block patch rack. Here the signals are accessible via patch, 
encoding for the error detection/encoding decoding monitor and test jacks. The audio signals appear at the 
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203A data set zifter undergoing signal level adjustment 
i r  the i i t t~nirL~t~:.  panel discussed earlier in this article. 

a Data set The 203A data set receiver demodulates, 
a-.iplsfi~s and automatically equalizes the incoming audio 
sAgnai to covaptAnsate for the amplitude and delay dis- 
toitlons of :l>e transnlission facilities. The signal is then 
applied to ,In analog-to-digital converter, the output of 
n hidl is t la~srn~t ted  to the decoder via dc patch, mon- 
rtoring and test facilities in the dc patch rack. 

13 Decoder The decoder monitors the NSD received 
from the data set and performs a continuous decoding 
clrld error detection function within the error detection/ 
c~,~coiilng diecod-ns scheme. 

The decoder cxnn~lines the complete data block, includ- 
rilg tile special 36-bit error detection pattern at the end 
01 eac?i block tc determine whether or not the data block 

epioi free An error free block will pass the decoding 
p v ~ e s s  This, together with sync pattern recognition, is 
u\ed to validate the data block immediately prior to its 
o:ltput to "clc BI\IXR via dc jack access facilities. 

11 the decoder detects an invalid block (one containing 
L ~ I O I S )  01 canro-c correctly identify the sync pattern, it 
peifol*ils a p~ocess obtaining a positive error status indi- 
c ailon, discersseJ >y Evans in this issue by changing the 
co~~dltion CI tile 3-bit error status code from binary 
"zer 05'' to b >la y "ones." 

The decodcr also informs the search alarm unit as to 
ix i~ct'her ~"i:rccognizes a valid or invalid condition. 

f .  Line clriver amplifiers. The line driver amplifiers 
receive the digital input signals and drive three parallel 
output lines for each signal. 

The LDA rack also has patch panels with patch, mon- 
itor and test jacks accessing each LDA input and output 
signal. The outputs are transmitted back to the HSD 
interface module where they are distributed to the GCF 
monitor areas, mission complimentary analysis team 
(CAT) areas, and to the teletype (TTY) character gen- 
erators. 

g. TTY cliaracter generator. The TTY character gen- 
erator rack contains six on-line TTY character generators, 
one operational spare and related control panels, power 
supplies and test equipment. 

Specific nlonitor signals are extended from the BMXR 
to the character generator. The character generator ex- 
amines the status of the monitored signals for each data 
block and outputs one or two 8-level teletype characters 
to the conln~unications processor. One 8-level character 
contains information indicating receipt of a valid data 
block, or detection of an invalid data block. Two 8-level 
characters, when sent, indicate degradation of the carrier 
and the loss of decoder block synchronization. 

The JPL Con~n~unications Processor utilizes these data 
to drive a real-time display of high-speed data status. 
This display is provided on a digital TV format, via the 
SFOF internal con~munication subsystem (SICS), through- 
out the SFOF. 

c. Searck k i k r r n  unit. The search alarm unit was de- B. 4800-bps Full-Duplex Data Regeneration Circuits 
s grled by JjZL for use in the 1970-1971 upgrade to 

Figure 2 represents the SCTS HSD assembly data 
dL~dlljPy n~:ci visuaI1y warn operations personnel of a loss 

ternlinal facilities provided for 4800-bps data regenera- 
of vald datd or sync pattern recognition in the decoders. 

tion of NASCOM data, in support of the West Coast 
The loss rxust c-iceed a predetermined 5-sec time period 

Switching Center. 
vblle the decocier is in a "search mode for an alarm 
condition to be ~lzitiated. The unit presently monitors all 
is* SCTS RSDS high-speed data circuits simultaneously. The facility consists of four Western Electric Co. 203A 

data sets arranged to provide two full-duplex (simul- 

(1 ~ j ~ ~ l ;  nlultsplerel.. ~h~ BMXR receives the high- taneous two-may transnlission of data) regeneration cir- 

si3cccl iqlgatdl data frolll the decoder and drives four out- cuits. An additional 200A data set is provided as spare 

puts, ln -pa~nlleP through the BMXR patch and test panel may be substituted in place of a failed data set by 

1,~Lhs to tthc IISD rlate~face module distribution interface. the Use of patchcords. 

4> HSD znte~jnce module. The HSD interface nlodule Data set control panels are also provided to display 
d~st~ibutes thz ~leceived data, in parallel, to the central the operating status of each of the regeneration data sets 
giloccsslng 5 1  stem, nlission test computer, and the Simu- and provide the means to select the receive tinling signal 
1,1~tlor3 Centel A S-ourth parallel output is distributed to horn one data set to be used as the externally supplied 
the lnie din\ er amplifier (LDA) rack. transillit tinling signal of the other data set. 
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The attenuator panel, previously discussed in this 
article, permits level adjustment of the audio transmit 
and receive signals at the data set audio (line) interface. 

The dc and audio signals are also accessible at jack 
facilities to provide patch, monitor and test capability. 

C. 2400-bps High-speed Data Circuits 

Three (including one spare) 2400-bps Western Electric 
Co. 205B data sets serve as data terminal facilities for 
high speed data circuits carrying multiplexed teletype 
data between the GSFC Communications Processor and 
the JPL Communications Processor. 

At JPL, the digital data is transmitted through se- 
lected NSD line transfer relay paths to communication 
line terminals in the communications processor assembly. 

The relays are controlled by a transfer switch palael that 
can select either the on-line or off-iinL. status of e a ~ h  
HSD data circuit. 

III. Summary 

The 1970-1971 update of the SCTS hrgh-speed data 
assembly provides an equipment col~figuratnor~ hajjrag 
the following capabilities: 

(1) Six 4800-bps HSD circuits servmg h e  DSN 

(2) Two 4800-bps full-duplex data iegeneratron L r- 
cuits serving NASCOM West Coast Smrtchmg 
Center requirements. 

(3) Three (including one spare) 2400-hps HSD c i ~ e u  ts 
serving the JPL  communication^ processor 
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Fig. 1. SCTS HSDA 4800-bps high-speed data circuits functional block diagram 
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Fig. 3. SCTS NSDA 2400-bps NSD circuits functional block diagram 
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GCF Area Communications Terminal Subsystem 
Hig h-Speed Data Regeneration Assembly 

C. R.  Rofhrock 
SFOF/GCF Development Section 

The incorporation of a Nigh-Speed Data Regeneration Assembly at the Area 
Communications Terminal located at the Goldstone Deep Space Communications 
Complex has provided the necessary interface for high-speed data entering or 
leaving tlze complex. Tlie physical as well as electrical characteristics are described. 

I. lnfroduction II. Physical Characteristics 

This article describes the addition of a High-Speed 
Regeneration Assembly (NSRA) at the Area Communi- 
cations Terminal (ACT) located at the Goldstone Deep 
Space Communication Center (DSC 10). DSC 10 is lo- 
cated within the Goldstone Deep Space Communications 
Complex (GDSCC). The Evans article1 in this issue de- 
picts the location functionally of the HSRA within the 
Ground Communications Facility (GCF). 

The ACT is the trunking and interface center for all 
operational communications between the DSSs located 
at CDSCC and the outside world. The ACT provides 
the capability for routing and conditioning all communi- 
cations entering or leaving the complex. 

TEvans, R. N., "GCF High-speed Data System Design and Imple- 
mentation for 1971-1972" (this issue). 

In Fig. 1 the two bays on the right contain seven 
Western Electric 203A data sets. The two bays on tie 
left contain the test equipment and pat~hlrrrg jacks The 
HSRA is self sustaining in that all the test equipment 
required to keep it in operation is an nntegral part of the 
assembly. All test equipment for this application i s  de- 
fined as test equipment required to maintain on izrze 
conditions. 

The seven 203A data sets make up three full-dup:ex 
(FDX) circuits (transmission in both directions s~m-1- 
taneously). I t  takes a pair of data seis to make up a ~ ~ c  
regeneration circuit. The seventh data qet :s snsed for a 
spare in the event of a failure. 

The data set has two interfaces.  OBI^ interface is Sn 
the digital side and the other interface is OBI the auclio 
side. For regeneration application i h c  rligxtal sides aS a 
pair of data sets are connected togeth~r The audio sacks 
of the data sets are connected to the transmrssion ir;red.a. 
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IBI, Electrical Characteristics and Connections 

The 203A data set converts digital information into 
drli;'lio inforinat on suitable for transmission over voice 
c rcurts i r a  the 100- to 3000-Hz band. The transmission 
rriedna rmust nleet certain requirements to satisfy a spe- 
clflc long-tc,r~ra error rate as specified in Footnote 1. 

Thcse ~cquirements are reiterated here for convenience. 
7 41c tsansmlssioa circuit of each data set (audio) should 
I ~ ~ C C *  t~?ner*cnn Telephone and Telegraph C-2 specifica- 
tlon:, A specrfic long-term error rate can be expected 
\\hen opclatlrrg the data set over a C-2 grade transmis- 
slon cileult If two C-2 grade circuits are operated in 
t,r~nden?, then tbe error rate can be expected to double. 

F~gurc 2 depncts the main connection of a pair of data 
i e t s  confiqured in a regeneration mode. These connec- 
tjrons take piace 011 the digital side. The Receive Data 
(ED) ni- one data set is connected to the Send Data (SD) 
oS- r r i  conlugate The Serial Clock Receiver (SCR) of the 
s,inac data set 1s connected to the Serial Clock Trans- 
n ittcr External (SCTE) of its conjugate. 

audio 11lfol1nataon received by one data set is con- 
~cltecl i n  dlgltal information. The digital information is 
passed or: to the second data set via the RD-SD con- 
~ ie~taon TBrc second data set converts the digital infor- 
~ ~ a t r o n  back into audio information to be retransmitted 
oir to the tlar~smlssion media. The SCTE-SCR connec- 
tmns gunrantce that the transmitted information is in 
i~~r-ichronnzatlora wjclth the received information. 

All digital and audio interface points are routed through 
patching jacks to facilitate testing and substitution of a 
failed data set. Test equipment is also terminated on 
jacks so that the on-line condition of the data sets can be 
monitored from the front of the bays. 

In addition to the standard test equipment furnished, 
there is a Data Set Control Panel associated with 
each data set. The Data Set Control Panel provides for 
visual monitoring of critical digital and audio signal 
functions, and will indicate failure if one should arise. 
Those digital functions monitored are: Request to Send 
(RS), Clear to Send (CS), Data Set Ready (DSR), and 
Serial Clock Transmit External (SCTE). Audio signal 
functions monitored are: Carrier On (CO), Carrier On 
Delayed (COD), and Signal Quality (SQ). 

IV. Summary 

The HSRA installed at the ACT provides the capa- 
bility of regenerating three high-speed full-duplex circuits 
with one data set used as a spare. In addition all test 
equipment (digital and audio) required to keep the 
HSRA on line is an integral part of the assembly. A Data 
Set Control Panel monitors visually critical digital and 
audio functions of the data sets. The HSRA provides the 
interface between off-complex high-speed data and all 
DSSs located at the Goldstone Deep Space Communica- 
tions Complex. 
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Fig. 1. High-speed Regeneration Assembly 
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Fig. 2. Interconnect diagram 
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Hig h-Speed Data System Performance 
and Error Statistics at 4800 bps 

D. Nightingale 
SFOF/GCF Development Section 

A survey was conducted from March through June of 1971 to study the per- 
formance of the Ground Communications Facility upgraded High-Speed Data 
System. Operational and other user trafic was used as the basis for the tabulated 
results. This article describes the conditions under which the data were gathered 
and draws some conclusions based upon analysis of those data. 

The implementation of the upgraded High-Speed Data 
System (see Wets. B and 2), which introduced a number 
ot aew features ~nto the transmission of data, also posed 
a number of questions. The questions involved the effect 
that user's opelational data would have on total per- 
formance, on system reliability and on the occurrence of 
el Tors This zrtiele attempts to develop some answers to 
tkcso. quesbons, using information gathered from real- 
tlme operational use of the system, as opposed to extract- 
irag rneasurennenl #data from "controlled tests. There are 
clearly a number of pitfalls in using a real-time approach 
a- opposed to colntrolled tests; however, it is also evident 
that a a o r e  reaf~stie set of conclusions can be drawn. 

An explanation of the constraints, problems, and solu- 
tions 'ind a tabulation of the actual statistics is developed 
in. the follovvin~~ paragraphs. Wherever possible, any 
assumptions rhat were used will be indicated so that a 

progressive approach to the final results can be properly 
appreciated. This progressive technique was used for 
many reasons, among them being the time span involved 
(from early March 1971 to mid-June 1971), the varied 
types of activity during that time span, and the need to 
modify the meaning of observations resulting from the 
buildup in experience with the system. 

The nature of the Nigh-Speed Data System design, 
with its associated monitoring capability, led to the first 
limitation of this survey in which only trafFic from the 
DSIF to the SFOF would be used for statistical analysis. 
The next bound was to use only DSSs 12, 14, 41, 51, 62, 
and 71 since these stations were engaged in the heaviest 
activity for both development and flight project support. 
Finally, all available data would be used to determine 
the performance of the system, permitting exclusions of 
data only where evidence could be found that the tabu- 
lated counts were erroneous. 

154 JPL TECHNICAL REPORT 32-1526, VOL. I V  



!I. Sources of Information, Method of Collecl.ion, 
and Analysis 

The Nigh-Speed Data System terminal equipment at 
JPL contains hardware items which provide the means 
to keep accurate records of the relevant monitored param- 
eters. These data are fed to the GCF Communications 
Processor (CP) to drive a display for real-time technical 
control. Simultaneously, the CP maintains a log of this 
information and builds a summary for printout. Among 
the number counts contained in these summaries, four 
were selected as the prime source of statistical data: 

(1) Count 1: Total number of data blocks received 
from a station during a scheduled oper- 
ational activity. 

(2) Count 2: Total number of data blocks received 
with transmission errors. 

(3) Count 3: Total number of data blocks received in 
an out-of-sync condition. 

(4) Count 4: Total time in seconds during which a 
loss of carrier signal was observed. Each 
second currently represents the loss of 4 
data blocks. 

The second source of information was the GCF Tcciu- 
nical Controller's log and the Comrn Chief's log Thew 
were used to pinpoint anomalies thatccorrld adversely 
bias the summary counts mentioned above. Furtherrnnrc, 
these logs enabled the user of the systemistation to ise 
identified for further comparison and evaluatio~~. 

The printout of these summaries froin the CP was pro- 
vided on a weekly basis, each weekly report eorrtaainrrag 
entries against each station on a per dzy basis Wirh 
these initial data, the logs were then sirutinized to un- 
cover those periods which were clearly not of any .i alizc 
statistically, such as troubleshooting activities, procedrmr zl 
tests, associated difficulties, etc. 

Lastly, there were periods during which the aulher 
made personal observations and notes of significant 
events to be used as a guide in establislhing axp~anahcns 
for the later analyses. 

These then were the major sources of data, O C B I C : ~  
could be sought out and used on an "AS-rseeded"  SIC 

The analysis itself was to take the forln of an cfielency 
rating expressed in percent, and developed by surnrnirrg 
together all data blocks either lost or i-ect:ived with errors 
as deficient blocks. Thus, 

Count 1 - [Count 2 + Count 3 + 4 (Count 4)] 
Efficiency, % = 

Count 1 
X 100 

I t  is therefore apparent that a figure of data block 
transfer egciency will be the outcome. This method was 
used rather than a bit error rate since a data block re- 
ceived with errors contained an unknown number of bit 
errors, and it was virtually impossible to determine the 
number of bit errors in blocks received in an out-of-sync 
condition. It also should be evident that the efficiency 
rating thus established cannot be related to bit error 
rates without considerably more fine-grained statistical 
data. 

III. Constraints, Problems, and Solutions 

path which, if available, might lead Lo :hi further dele- 
tion of erroneous number counts. Expcuicncc ~71th tlxs 
and other data transmission systems. however, leads to 
the conclusion that certain of these typec of drscrcp- 
ancies tend to cancel one another out al-cd: can falriy 
safely be ignored. 

The first problem to be faced was how to forecast or 
predict the results during the early stages of the survey 
and from them determine what additlonal i~~for lna t~on  
would need to be secured. The answer -~vas readmiy 
available since, during the latter part of 1970 and irito 
the first few weeks of 1971, acceptance tests (see Rei 3) 

Certain constraints have already been indicated- had been conducted in which similar slatistics had bc on 
namely that only data streams incoming to the SFOF gathered. The unknown factor nomi being introduced 
were being monitored efficiently enough for adequate was the addition of the user to the sy.;tem. Suck usi.rs 
statistical data and that only specific stations would be would inevitably be involved in tests and developn3cnt 
used. Of further significant importance is the constraint activities which of themselves would rniroduce degraded 
of limited observational data, not only within the SFOF overall performance from a purely statrstica'e point of 
itself, but also at strategic points along each transmission view. Yet it could logically be expected that as more rice 
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was made of the transmission capability, then a number 
of perfornnance lrnprovements should be apparent. For 
nnstanace, procedures would be updated, software de- 
ficlcncles *would be exposed and rectified, hardware in 
the serial data stleanas would be modified as required to 
cowntc; mcon~patab~lities in overall network system de- 
s-rgi~s, and ~nterlaees between the various data sources 
and the processors nn the SFOF would become "cleaner" 
and "ielefore ~vioic efficient as their weaknesses were 
foiiald by the necessary tests. 

4s fa1 as the p  rely communications portion of the end- 
to-end tlansrri~sslon of data was concerned, a great effort 
was made to provide the most efficient technical control 
and operational use procedures as possible. Extensive 
trasnlng and practlce was given to all operators and 
careful coordanaitlion was established with the other 
agencaes who would be involved in use of the high-speed 
capabll~i-y 

This Leads to the second problem. In using logs and 
other verbal reports, the reliability of the information 
contained therein, as it affected the results, was of con- 
cern If take11 a t f ace  value, then much valuable data 
could be erlor~eo~isly deleted or, equally possibly, er- 
roneous data could be inadvertently included. The solu- 
tion became a matter of judgment and intuition, supported 
by questionrng log entries whenever doubt existed. A 
substantial gain was made by this method since opera- 
tions personsuel subsequently improved the quality of 
such entries To support this reporting activity, a sec- 
ondary rnonlturing technique was introduced to deliver 
liii~lted counts at a shorter sample rate than the daily 
pr~ntout avadable From the CP. 

Yet mother problem involved finding a method to feed 
back the early returns from the survey to the proper 
agenacscs, enther users or communications operations, so 
that the nrmdicated ~nefficiency could be corrected. It  was 
found advant,~geous to make the user immediately aware, 
plincipaXly b) verbal report, of suspected problems. It  
was also fairly straightforward to correct the activities 
of cesmr~aunications operations personnel when it was 
evident that errors either of judgement or of under- 
standing were occurring and thereby causing a loss of 
efficiency . 

Fina1Ly, there was the problem of the analysis itself 
and the results it would be expected to give. Of what 
value would this survey be, if the end result remained 
obscure and unintelligible? Thus, the efficiency equation 

expressed earlier was felt to represent in the simplest 
terms the sum total of all the data that were gathered. 

IV. Tabulated Results and Observations 

To make clear the magnitude of the data, some overall 
totals are given. During this survey, 20,807,024 data 
blocks were received at the SFOF. (Each data block 
contains 1200 bits.) This is equivalent to 60 days con- 
tinuous operation at 4800 bps. A total of 230 separate 
station operational periods were scrutinized to provide 
additional background information and eliminate er- 
roneous data. 

Table 1 shows the tabulated results over the 13-week 
period of the survey. First, it is necessary to establish 
some reasonable standard against which the number 
counts and efficiency ratings can be judged. To do this 
we must make some assumptions: the first is that as time 
passes and experience is gained then human error is 
reduced to a negligible amount; the second is that soft- 
ware and hardware do not make random errors, therefore 
will either perform flawlessly or not at all. The next 
assumptions concern the transmission circuits alone, 
where it is expected that bit errors will occur in bursts 
at random, that each burst will create an average of 15 
error bits and that such bursts will impact only 1 data 
block at a time. 

Extensive tests on the circuits alone have produced 
evidence that the average long term bit error rate is 
4 bit errors in every 10"its transmitted. From the above 
assumptions it is clear that 15 bit errors require the 
transmission of 15/4 X 10"its, which in turn equates 
to 312.5 data blocks of 1200 bits each. Thus, 1 data block 
will be "lost" in every 312.5 blocks transmitted, which 
gives an efficiency rating of 99.68% as the long term 
network average. This could also be viewed as the theo- 
retical upper limit of network performance efficiency. 
The percentage figures in the right hand column of 
Table 1 should be compared with this limit. 

It  is now possible to make several interesting observa- 
tions. First, it would be logical to expect a steady im- 
provement in overall average efficiency for reasons which 
have already been given, and certainly the statistics bear 
this out. The reader is invited to extract the weekly 
figures for any particular station and observe the varia- 
tions in performance that occurred. I t  is somewhat diffi- 
cult to explain these variations in simple terms, since 
such a wide variety of activity was occurring. Among 
the more important events, it is significant to note that 
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during the weeks before the first Mariner Mars 1971 
launch (May 8), the efficiency climbed to a peak. The 
inference is that tests and practice performed both by 
the DSN and the Mariner Mars Project with high-speed 
data had substantially improved the quantity of error- 
free and loss-free data arriving at the SFOF. The ensuing 
two- or three-week period reflects the return to test and 
development activity following the loss of the spacecraft. 
Again, as Mariner IX launch occurred (May 31), a notice- 
able upsurge was seen, to the extent that in the last week 
of recorded activity a figure of 99.46% was achieved. 
This is only slightly below the theoretical limit estab- 
lished earlier, and would indicate that the network as a 
whole is (or was) operating at just about peak efficiency. 

There are clearly a mass of other trends and variations 
that can be developed and studied from the tabulated 

data. It is not the purpose of this article to try to con- 
sider all of them, since this would require an intimate 
knowledge of all activities at all locations at all times. 

V. Conclusions 

The first conclusion is that this survey can be consid- 
"Even ered an appetizer for what is yet to occur. Second, ,' 

good operating procedures, adequate training, and prac- 
tice, operations personnel can provide the expected corn- 
plement to a well-designed system. Third, all operations 
improve as important events approach and occur. Fourth, 
since the actual measured performance approacl-aed thc 
theoretical limit, then the assumptions that were used 
to arrive at that limit are reasonably aeewate. 

References 

1. McClure, J. P., "Ground Communications Facility Functional Design for 
1971-1972," in The Deep Space Network, Space Programs Summary 37-66, 
Vol. 11, pp. 99-102. Jet Propulsion Laboratory, Pasadena, Calif., Nov. 30, 1970. 

2. Nightingale, D., "High-Speed System Design Mark IIIA," in The Deep Space 
Network, Space Programs Summary 37-66, Vol. 11, pp. 103-105. Jet Propulsion 
Laboratory, Pasadena, Calif., Nov. 30, 1970. 

3. Nightingale, D., and McClure, J. P., "Ground Communications Facility System 
Tests," in The Deep Space Network Progress Report, Technical Report 32-1526, 
Vol. 111, pp. 190-192. Jet Propulsion Laboratory, Pasadena, Calif., June 15,1971. 

JPL TECHNICAL REPORT 32-1526, VOL. I V  



Table 1. Tabulated error statistics 

Week 
ending 

- 
Mar 13 

- - 
Mar 20 

M a r  27 

- 
Apr  3 

Data blocks 

received (Count 1) 
Data block 

errors (Count 2) 
Data blocks out 

of sync (Counl 3) 

Carrier off 

time (Count 4) 

1220 
26 

2 
61 1 

11 14 
1 

- 

Efficiency, 

% 
Overall average 

efficiency, % 

Aor 25 
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Table 1 (contd) 

Week 

ending 

Data blocks 

received (Count 1) 

207099 
338607 
4961 86 
379374 
195007 
107690 
- 

Data block Data blocks out 

errors (Count 2) of sync (Count 3) 

1158 68 
162 442 

2981 3598 
1084 677 
262 32 
183 10 
- - 

Carrier off 

lime (Count 4) 

74 1 
116 
507 
19 

180 
10 
- 

DSS 

May 2 

May 8 

May 15 

May 21 

May 30 

Jun 6 
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Multiple-Mission Telemetry 

W. Frey, R. Petrie, A. Lai, and R. Greenberg 
DSIF Digital Systems Development Section 

This article contains a status update of the Deep Space Instrumentation Facility 
( D S I F )  &fultiple-Mission Telemetry (MLMT). Although the equipment covered in  
this report has been described in  detail in  earlier Deep Space Network (DSN)  
Space Programs Summary articles, it is now appropriate t o  provide information 
on the changes and new developments to  the MMT system. Block diagrams 
depicting the various DSIF station MMT configurations and telemetry processing 
equipment aclcled to support the Mariner Mars 1971 flight project are also included 
;n this article. 

I, Introduction 

The blultiple-Mission Telemetry (MMT) Mariner Mars 
1971 update has been successfully completed and the 
equipment is currently supporting the Mariner Mars 1971 
flight project at the prime Mariner Mars 1971 DSIF 
stations The MidT equipment added to the stations to 
support the missaon is shown in Figs. 1 to 4. Four basic 
configurations have been implemented with the signal 
Pioiv of each depicted in the figures. Detailed descrip- 
tions of the equipment involved were covered in Refs. 1 
and 2. T"n purpose of this report is to provide an update 
on the status of the MMT Mariner Mars 1971 imple- 
mentation. 

The major elcments of addition and change to the 
DSIF MultipPc-Mission Telemetry System configuration 
for- Mariner Mars 1971 were: 

(1) Subcarricr Demodulator Assemblies (SDAs). 

(12) SymboXync"srronizer Assemblies (SSAs). 

(3) Block Decoder Assemblies (BDAs). 

(4) Telemetry and Command Data Handling (TCD) 
modifications. 

(5)  MMT test software. 

(6) High/low density digital tape recorders. 

The current status of each of the above items is described 
below. 

II. Subcarrier Demodulator Assemblies 

Additional SDAs were procured to support the Mariner 
Mars 1971 mission requirements. Ten new units were 
obtained and implemented in the net. Deep Space Sta- 
tions 12, 41, 62, 14, and CTA 21 received and installed 
two new SDAs. 

In addition, all SDAs were implemented with new 
wide-band coherent amplitude detectors which provided 
better dc  drift stability. The interface circuitry on all 
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SDAs was also modified to provide an additional output 
port of an unintegrated data stream to the Symbol Syn- 
chronizer Assembly. 

III. Symbol Synchronizer Assemblies 

The production model SSAs were fabricated and tested 
by Motorola, Inc., Government Electronics Division, 
Scottsdale, Arizona. A total of 19 SSA units and 9 sets of 
subassembly spares were procured by JPL under the 
Motorola contract. 

block diagram originally presented. However, cestaln 
engineering changes have been implemer~ted to the TCP 
subassemblies to provide for better interface with the 
TCP computers : 

All SSA units, subassembly spares and supporting doc- 
umentation (e.g., O & M Manuals) have been supplied 
and installed in the DSN. The Deep Space Stations 
(DSSs) implemented with SSAs are: DSSs 12, 14, 41, 42, 
51, 61, 62, 71, and CTA 21. Implementation was carried 
out jointly by Motorola, JPL, and station personnel. ( 
Training sessions at each DSS and at the GDSCC Train- 
ing Center were held to familiarize site personnel with 
the theory and operation of the SSA. 

(1) The TCP PIN/POT Interface BuEer Subassem- 
blies have been modified with the addition sf cable 
driver logic to provide for better buiTered POT 
line signals to the HSDPBID I/O Assemblies. 

(2) The H S D P B D  1/0 Assemblies have been modi- 
fied with an automatic shut-down to eliminate a 
hang-up condition in the transmit mode as a result 
of either a computer halt or an eperator-incurred 
halt. Modifications are also in ?regress in the 
HSD/WBD 1/0 Assemblies to elminate suseepti- 
bility to noise. 

3) The TCP's Millisecond Clocks have been ~aacpdificd 
to operate with negative logic I-pps and l-kpps 
input signals from the Frequency Timing Subsys- 
tem (FTS). 

The DSIF Maintenance Facility has been supplied The modifications as previously outlined in Ref. 2 have 
with all the necessary test fixtures and test procedures been implemented at all specified DSIF stations on 
with which to maintain all the SSAs in the DSIF. schedule. The engineering changes listed above have 

been implemented and checked out at CTA 21. Subse- 
Procurement action is presently underway to obtain quent implementation at all other DSBF stations is pres- 

two additional SSAs and one set of subassembly spares ently being scheduled. 
for MMT implementation at DSS 11. 

IV. Block Decoder Assemblies 

All BDAs were delivered on schedule and installed at 
DSSs 12, 41, 62, 14, 71, and CTA 21. There were no 
major problems at installation and system integration. 
The few failures were primarily due to circuit module 
component breakdown. Failures were disposed of by 
simple substitution. System checkout and evaluation 
indicated that the BDAs operated in accordance with 
specifications and operating curves. The operating BDAs 
have given no indication of any degradation from ex- 
pected operating characteristics. All BDA spare assem- 
blies, test fixtures, and documentation have been deliv- 
ered to the network. 

V. Telemetry and Command Data Handling 
Subsystem Modifications 

The original article covering the modifications that 
were made to the TCD subsystem as a part of the MMT 
1971 update was presented in Ref. 2. There are no 
functional changes to the TCD modification functional 

VI. MMT Test Software 

As a part of the Mariner Mars 1971 MMT imple- 
mentation, test software was developed to run in the 
TCP computers to verify proper operation of the new 
MMT assemblies added. This program exercises all 
equipment interfaces to the TCP computers and provides 
performance measurements to determine if the hardware 
is performing to specifications. The software assisted in 
the prototype development phase of the MMT eqump- 
ment and was used to verify performance of the produe- 
tion model equipment when it was installed in the DSTF. 

This test program has been identified as DOI-5087-TP 
by the DSIF program library. Program documentation 
was completed December 1, 1970 and transferred to the 
DSIF program library. The symbolic listing and mag- 
netic tape containing complete source in;~u"ceeeompanted 
the transmittal to the library. 

The documentation covering the program capabilities, 
operation, and program listing was released by the DSIF 
program library in March 1971. 
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Via. High/Low Density Magnetic Tape Recorders 

la order to provide the capability to create an ODR 
for telcnetry data at the stations at the high data rates 
tc be received at Mariner Mars 1971 encounter, new 
hlgh-denssty tape recorders were procured. DSS 14 has 
been provided with two high-density recorder units to 
slapport the Martnea Mars 1971 mission. Each unit consists 
oi dual tape recorders. The new recorders operate up 
to a recording density of 800 characters per inch versus 
200 characters per inch on the old low-density recorders. 
Tks provides an advantage of being able to record a 
suiig'he reel  01 tape at the Mariner Mars 1971 high data 
rate for 65 minutes while the low-density unit would 
c~anplete recording of a single reel in just 21 minutes. 

Thus, a great saving in tape usage is obtained. In addi- 
tion, since each high-density unit has dual recorders, 
each TCP computer can switch over to the second 
recorder without any loss of data when a reel is full. 

The dual high-density units were also installed on the 
TCP computers at CTA 21 and DSS 71 to assist in space- 
craft compatibility testing and pre-launch checkout. At 
the stations where the high-density units were installed, 
the existing low-density units were replaced. The removed 
low-density units were then installed at the Mariner Mars 
1971 prime 28meter stations (DSSs 12, 41, and 62) to 
provide a dual low-density recording capability on each 
TCP computer for recording the lower data rates that 
occur at these stations. 
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I" EQUIPMENT ADDITIONS 

* MOVED FROM DSSs 21, 14 2i 71 

Fig. 1. MMT 1971 configuration signal flow diagram (DSSs 12, 41, and 62) 

EQUIPMENT ADDITIONS 

Fig. 2. MMT 1971 configuration signal flow diagram (DSS 71) 

JPL TECHNICAL REPORT 32-1526, VOL. IV 



EQUIPMENT ADDITIONS 

Fig. 3. MMT 1971 configuration signal flow diagram (DSS 141 

HIGH RATE TLM 

EQUIPMENT ADDITIONS 

* SDAs ARE NEW EQUIPMENT AT DSS 61 

Fig. 4. MMT 1971 configuration signal flow diagram (DSSs 42, 51, and 61 1 
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Multiple-Mission Command System 

J. Wilcher 
R .  F. Systems Development Section 

I. Woo 
DSlF Digirol Systems Development 

The Multipk-Mission Command System (MMCS) Project was established in 
January 1969 to design, test, and install throughout the Deep Space Network ( D S N )  
a command system capable of supporting all foreseeable spacecraft with a single 
command system. In order to prozjide support for the Mariner Mars 1971 (MM '71) 
Mission the equipment was required by  early Fall of 1970. These objectives have 
all been met. All DSN stations considered prime for the MM'71 Mission have been 
implemented with the dm1 MMCS capability, including the PN sync units required 
for the M M  '71 Mission. The DSN stations considered as backup stations for M M  '71 
have been implemented d t h  dual MMCSs; however, only one PN sync unit per 
station was prcrvided. 

I. Introduction 

The Multiple-Mission Command System (MMCS) Proj- 
ect was established in January 1969 to design, test, and 
install throughout the DSN a command system capable 
of supporting all foreseeable spacecraft with a single 
command system. In order to provide support for the 
Mariner-Mars 1971 (MM '71) Mission the equipment was 
required by early Fall of 1970. These objectives have all 
been met. All DSN stations considered prime for the 
MM '71 Mission have been implemented with the dual 
MMCS capability, including the PN Sync units required 
for the MM '71 Mission. The DSN stations considered as 
backup stations for MM '71 have been implemented with 
dual MMCSs, however, only one PN sync unit per station 
was provided. 

performance characteristics. The system was divided into 
three subsystem or assembly groups for individual evsalrra- 
tion and then combined for total system evaluation. These 
are as follows: 

(1) Transmitter subsystem 

(2) Exciter assembly 

(3) Telemetry and command processor and command 
modulator assemblies 

A. The Transmitter Subsystem 

Performance measurements of the transmitter subsystem 
were made to evaluate the RF bandwidtl.1, rnodeaPation dis- 
tortion and modulation bandwidth. Tl~ese measurements 
were made on both 10 and 20-kW transmitters. 

I!. System Verification Test 
B. Exciter Assembly 

As an integral part of the MMCS implementation effort, 
system verification tests were conducted. These tests were Performance measurements of the exciter assembly 
designed to establish a means of evaluating the system's were made to evaluate the RF bandwidth, modtl%ation 
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distortion, and nr,odulation bandwidth. These exciter mea- 
surements are applicable to DSS 71 and CTA 21, which 
do not have transmitters. 

C. TCP and Commtxrnd Modulator Assemblies  

The TCP 2nd command modulator assemblies were 
evaluated using a special program referred to as the 
MMCS demoristration test program (Ref. 1). This program 
was de5igxsed to evaluate the operation of the TCP and 
ccnlanand modulator assemblies in all of its various oper- 
atlonal ~ap~abiyitres, i e., bit rate, subcarrier frequencies, 
rnudulatror~ mdeu, synchronous or nonsynchronous symbol 
clack, slrbednier hcguency verification, etc. The program 
also corataans fu~~ctions for verifying the system interface 
such as exciter status and confirmation loop check, trans- 
lnltter status checks and system monitor and control inter- 
face cheeks 

All of the prime MM '71 deep space stations have 
been fully tested and have been transferred to DSIF oper- 
ations. The MM '74 backup DSSs have been implemented 
and tested; lmwever, they will not be transferred to DSIF 
operation until the Fall of 1971 due to extensive recon- 
figuration effort required at these DSSs. 

l % i ,  Command Modulator Assembly (CMA) 
The CMA implementation was completed in the 

DSBF with the DSS 14 installation in December 1970. 
Because of subsequent problems encountered during 
-Mariner Mars '71 operational support testing, three en- 
gineering modifications have been made to the CMA. 
These modifications were required to: (1) generate the 
PSK-PN rnodul,~ted output waveform independent of 
the pliaase relation between the subcarrier and twice sub- 
carrier signals :2) provide better interface on long cir- 
custs between the CMA and the exciter; and (3) improve 

command transmission reliability. The description of each 
modfication is as follows: 

A. PSK-PN Output Modification 

Inverted PSK-PN modulated output waveform (data "1" 
waveform for data ''0'' or vice versa) could be generated 
in the CMA dependent on the relative phase adjustment 
between the fundamental subcarrier and twice subcar- 
rier signals that drive the PN generator. The modification 
consisting of logic changes ensures that the pseudo- 
Manchester coder and decoder start at the proper state 
independent of the phase relation between the two sub- 
carrier frequencies. 

B. CMA-Exciter Interface Modification 

Long and unterminated signal wires from ihe exciter 
caused intermittent false sampling in the CMA. Pull-up 
resistor and capacitor networks were installed in the Veri- 
fication buffer to maintain the input lines at positive volt- 
age whenever they are switched to open state. 

C. Command Transmission Reliability Modification 

Negative spikes (below ground level) resulting from 
ringing on long interassembly wiring in the CMA caused 
unwanted circuit response to occur. The modification, con- 
sisting of diodes clamped to ground and a capacitive filter, 
were installed in the data input lines of the command 
register to protect against spikes which carried them be- 
low ground. Additional diodes clamped to ground were 
installed in the parallel output (POT) buffer for the input 
lines from the TCP. 

A TCP/CMA interface study is presently in progress 
in order to improve the input interface signal character- 
istics. Future changes are expected to result from hhis 
study. 
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Computer-Controllable Phase Shifter 

R. C. Coffin 
R .  F .  Systems Development Section 

A voltage-variable phase shifter having a linear voltage-to-phase characteristic 
has been built and tested. The design uses a phase detector in a feedback 1oo)i 
configuration to linearize an RC phase shifter. The phase-shift characteristic is 
72 degrees/volt operable over the range of 0 to 5 volts. Linearity is within *I.$%. 
The design technique can be applied over frequencies extending from the audio 
range up  to greater than 100 MHz. 

In the era of Block IV perkormance specifications, it will 
be necessary to operate the ground stations by remote 
control. System configuration, failure analysis, and fault 
isolation will be controlled by computers. To facilitate 
automatic operation, it is first necessary to develop the 
capability to control certain functions remotely. One of 
the items to be automated is that of phase control. Several 
methods have been previously reported in Refs. 1 and 2. 

Another approach to phase control is to build a non- 
linear voltage-variable phase shifter and then linearize it 
by feedback. Figure 1 shows that the output of the non- 
linear voltage-variable phase shifter is compared with its 
input in a phase detector. The error, which is the differ- 
ence between the phase detector output and the control 
input, is then applied to the voltage-controlled phase 
shifter. 

output frequency by two, it would be possible to achieve 
stable 360-deg operation; however, it is possible that 
under that configuration the phase characteristic might 
be slightly nonlinear due to end eEects in the phase detec- 
tor. Hence, it is recommended that division by at least 
four be used. Figure 2 shows the plhast: shifter utiiizeng 
this divide scheme. 

It is possible to be in one of four reglons of the phase 
detector characteristic since the divide eha~n~s are capable 
of starting up in different phases. In order to assure that 
the dividers are in the proper phase, it is necessary to 
monitor the feedback. The monitor cil-cuitry compares 
the feedback voltage to preset limits and ~csynlachronizes 
the dividers if out-of-range is detected. The monitor will 
guarantee proper phasing upon removal and reapplication 
of either dc or RF power. 

The implementation shown in Fig. 1 is incapable of A breadboard and a production prototype phase shifeer 
operation over a full 360-deg range since the phase char- have been built using the block diagram of Fsg 2 A b~aEer 
acteristic of the detector changes slope during that range. amplifier is used at the 10-MHz input and a Irenith~g am- 
One of these slopes will place the loop in a positive feed- plifier is incorporated as part of the voltage-variable 
back mode causing it to run away. By dividing the input/ phase shifter in order to restore losse. 'The voltage- 
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variable phase shifter is a transformer-coupled RC phase 
shlfkr wit11 low-frequency PIN diodes serving as variable 
resistors. 

Test resenlts nndicate that the phase shift versus control 
voltage deviates from a straight line (0 to +5 V = 360 deg) 
by less than 21.5%. Maximum phase shift is greater than 
430 deg, Output level versus phase is within rt0.8 dB and 
2 5 %  power supply variations change the output level by 
fcss than rt% dB Phase stability versus +5% power sup- 
ply variation 1s less than 1 deg. Phase stability measure- 
ments over 511O0C temperature range show that the 
phase characteris tic remains within rt 1.5%. 

The phase shilter described above provides a linear 
phase versus control characteristic. However, the cost is 
evident in the size. The production prototype is built on 

three printed circuit boards. Two of the boards contain 
the voltage-variable phase shifter and its attendant arnpli- 
fiers. The third board contains the divider chain, opera- 
tional amplifiers, and monitor circuits. The entire circuit 
requires about 20 square inches of circuit board. 

The primary advantages of this approach are its fre- 
quency capability and linearity. Linearity has proven to 
be very good (within 1.5%) and repeatable, unit to unit. 
The basic concept, that is, comparison of output and input 
in a phase detector, is applicable to any frequency. It is 
only necessary that a voltage-variable phase shifter and 
frequency dividers be built at that frequency. The upper 
frequency range is limited by the divider chain and is in 
the neighborhood of 150 MHz. The lower range, which 
can be extended into the audio frequencies, is limited 
by the design of reasonable size voltage-variable phase 
shifters. 
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VOLTAGE-VARIABLE 
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Fig. 1. Conceptual linear phase shifter 
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Fig. 2. Linear phase shifter 
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Data Decoder Assembly 

C. R. Grauling 
DSlF Digital Systems Development Section 

Future deep space missions (e.g., Pioneer F/G) will be using convolutional 
coding. The present configuration of the Deep Space Network (DSN) is not 
suited to  perform the decoding of this class of codes. This function (amongst 
others) will be performed by the Data Decoder Assembly which is scheduled 
for installation in the DSN in  September 1971. This article presents a description 
of the Data Decoder Assembly and its implementation. 

8, Bntrsduction This article presents a description of the implementa- 
tion of the DDA. The major DDA component is a small 

?'he D~~~ ~~~~d~~ ~ ~ ~ ~ b l ~  (DDA) is a new addition microprogrammable digital computer. The discussion is 

the USIF Telemetry and Command Subsystem sched- in three parts Each part is a description the hard- 

led ion: ~nsta'llntion in the DSN in September 1971. The ware, firmware, and software development, respectively. 

DDA w19E be capable of performing three mutually - - 

exclusive fui~ctidons: sequential decoding of convolution- 11. DDA Hardware 
,ally encoded data, block decoding of 32/6 or 16/5 
blosthogonal block coded data, and high-rate data for- 
~itattlng sf coded or uncoded data for transmission on 
the Wideband Data Link with simultaneous recording 
of the data on magnetic tape. The sequential decoder 
Suaactlon will be implemented at approximately 25,000 
co~?lputatior~s per second and will be useful at data rates 
ohup  to 2048 bps. The block decoding function will be 
ilsed at the 26-m antenna sites only and will be capable 
ui deeding at data rates of up to 2048 bps. The high- 
late data formatting function is required at the 64-m 
..ntea~na sites only and will be implemented at rates of 
r? to 250 Lbpss 

The DDA consists of a single standard DSIF equip- 
ment rack. Each rack contains the following equipment: 

(1) DDA Central Processing Unit (CPU)-Interdata 
Model 4 computer. 

(2) Interface electronics assembly. 

(3) Power supplies. 

(4) HSDL/WBDL buffer (at 64-m antenna sites only). 

Figure 1 is a block diagram of the DDA. The DDA 
Central Processing Unit and interface electronics assem- 
blies are briefly described below. 
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A. DDA CPU hardware in this coupler. This coupler provides tae 
proper format for the following modes uneoded, block 

The CPU is an Interdata computer coded, or convolutionally coded (rates 1/2, i/3. or l.'1, 
with the following optional equipment: frame synchronized or unsynchronizedi. 

(1) Two high-speed direct memory channels (selector 
channels). 

(2) Magnetic tape controller and selector channel (at 
64-m antenna sites only). 

(3) Sixteen-line interrupt module. 

(4) Four 16-bit programmable input/output (I/O) 
channels. 

The computer is microprogrammable and has a full 
instruction set which is an emulation of a subset of the 
IBM 360/20 instruction set. In addition there is a set of 
special DDA instructions which are used to implement 
functions in which computation speed is critical, such 
as the sequential decode function. 

B. interface Electronics Assembly 

The interface electronics assembly consists of a set of 
functional subassemblies. Each functional subassembly 
consists of a single IC socket panel with wirewrap 
interconnections. Each socket panel contains from 100 
to 150 sixteen-pin dual in-line package integrated cir- 
cuits. The socket panels plug into a wirewrapped back- 
plane assembly which accounts for all the interconnec- 
tions betwee* subassemblies and external equipment. 
Each functional subassembly is briefly described below. 

1. FTS/DDA coupler. This subassembly provides a 
means by which the DDA CPU can obtain Greenwich 
Mean Time (GMT) from the Frequency and Timing 
System (FTS). GMT is always available in binary-coded 
decimal (BCD) format via this coupler. This subas- 
sembly also contains a millisecond counter and hun- 
dredths of a second counter. The millisecond counter 
clears at one-second intervals and is readable by the 
DDA CPU. The hundredths of a second counter auto- 
matically clears at midnight GMT and is both readable 
and loadable by the DDA CPU. This coupler also gen- 
erates three interrupts synchronous with the 1-kpps, 
100-pps, and 1-pps signals which are available from the 
FTS. 

2. SSA/DDA coupler. This functional subassembly 
provides the interface necessary to allow symbols to be 
transferred directly into the DDA CPU core memory 
via a selector channel. Some data formatting is done in 

3. Decoded data bufler (DDB). Tlzi5 functtonal sub- 
assembly provides the hardware data formatting and 
the selector channel interface required for e&cient trans- 
fer of data from the DDA CPU to the Telemetry a;rd 
Command Processor (TCP). A single iG-Pslt conk01 
word allows the program to define DDA CPU core 
memory areas as sets of characters of 1, 5, 6, 6, or 16 
bits, as well as define the number of characters so be 
packed in a 24-bit word and the number of traihng 
zeroes to be appended to each 24-bit word 

4. TCP/DDA coupler. This funct~oaaF. subassen~bly 
handles all communications between the TCP and DDA 
It  contains the circuitry required to decode the 1'0 
controls generated by the XDS-920 in the TCP and per- 
form the required input/output operations Transfers of 
data from the TCP to the DDA a e  acco~~~phslaed 
through the use of interrupts to the DDM CPU The 
TCP can, at any time, issue a command, energrzg: out- 
put M (EOM) instruction followed imnredlate'iy by a 
parallel output transfer (POT instruction) The data is 
stored in a register in the coupler and the coupler ge.11- 
erates one of three interrupts to the DDA CPU dege~d-  
ing on which EOM had been. issued. The interrupt 
processor in the DDA CPU then reads the data out of 
the register into the DDA CPU core memory 

The TCP/DDA coupler contains the hardware n e ~ ~ s -  
sary to generate interrupts to the TCP. There are two 
interrupts which the DDA can generate. The genesahon 
of these interrupts is controlled via the interrupt status 
word (ISW), which is a 16-bit hardware regastcr ina the 
TCP/DDA coupler. The ISW is loadable by the DDA 
and readable by the TCP (via a dedicated command 
and parallel input sequence). Interrupts to the TCP are 
generally generated whenever the ISW is loaded by the 
DDA. The two most significant bits of the ISW are used 
to determine which of the two interiripts is to be gcn- 
erated. The remainder of the bits can be used as a 
message to the TCP concerning the interpretation of 
the newly generated interrupt. In this rrnanner, it is pos- 
sible for the two available interrupts to be used for 
multiple functions. 

Data transfers from the DDA to the TCP are: always 
via the DDB. The normal procedule is for else DDA 
CPU to issue a format command to the DDB, sei: up 
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the DDB selector channel and then load the ISW, A. TCPAutoload 
thereby generatmg the proper interrupt to the TCP. 
Tl c TCP response is to take the data as fast as it can 
vna 11-s parallcl input channel. The TCP coupler mon- 
itors t h ~  TCP parallel input activity and controls a TCP 
busy flag which stops the selector channel whenever 
the DDB data registers are full and there is a word 
ready for transfer to tthe TCP. 

5, Interrupt coupler. This subassembly provides the 
voltage level cor~vcrsion circuitry for the 24-line parallel 
input bus and interrupts to the TCP and the interrupts 
associated with devices connected to the TCP emulator. 
This module also provides the acknowledge interrupt 
circmtry for interrupts generated by the FTS/DDA and 
TCP/DDA couplers to the DDA CPU. The DDA master 
clock is also located on this module. 

6. TCP emulator (at 64-m antenna sites only). This 
functional subassembly is built on two circuit panels 
and provides four identical 1/0 channels which are 
elcctrieally indis.tialguishable from the parallel input/ 
parallel output (PIN/POT) channels of the XDS-920 
eo~laputer uscd in the TCP. Special firmware is provided 
to operatc tthe TCP emulator, providing emulation of 
the four XDS-920 parallel 1 /0  instructions. The TCP 
emulator makes it possible to plug a Block Decoder 
Assembly (BDA), HSDL/WBDL, or Symbol Synchro- 
nizer Asscrnbly t SSA) into the DDA without hardware 
modification. 

I I I ,  DDA Firmware 

The primary factor involved in the choice of the Inter- 
data computer was the computational speed and flex- 
ibilnty available through microprogramming. A set of 
fifeen user-defined instructions has been built into the 
processor's rcad-only memory which allows the proces- 
sor to perform rela~tively complex computations such as 
the sequential decode and tail correlation for frame 
syn~hronization acquisition at a rate which is approxi- 
mately six times faster than the equivalent computation 
could be done using the standard instruction set. In 
addition to the extra instructions, the processor's 
interrupt-handling firmware has been modified to in- 
clarde the option of treating external interrupts on a 
priority basis. The special priority interrupt system firm- 
ware provides the queuing and servicing of interrupt 
processes in order of priority as defined by the interrupt- 
ing device address In this section this special firmware 
is briefly described. 

This instruction is used to transfer an entire program 
from the TCP to the DDA. It is intended to be executed 
in the event of the occurrence of a program load inter- 
rupt from the TCP. Once execution of this instruction 
has started, the processor is put into a loop testing for 
the occurrence of program load interrupts. Each pro- 
gram load interrupt causes the processor to input a 
halfword (16 bits) from the TCP/DDA coupler. The 
first two halfwords are treated as beginning and ending 
addresses. Subsequent halfwords are stored in conseeu- 
tive memory locations starting at the beginning address. 
The instruction terminates when a halfword is stored 
in the ending location. All other external interrupts 
which occur during the execution of this instruction are 
acknowledged but no action is taken. 

B. Compute Tail Correlation 

This instruction makes use of the so called "quick 
look property of the class of convolutional codes cur- 
rently being used to compute the likelihood that a given 
position in the received symbol stream is the end of a 
frame of coded data. Repeated execution of this in- 
struction at all possible positions in the symbol stream 
is sufficient to find frame synchronization with arbi- 
trarily high confidence. 

C. Sequential Decode 

This instruction implements the sequential decoding 
algorithm. It is necessary that there exists a properly 
formatted data buffer containing the received symbols 
and tail sequence associated with one spacecraft data 
frame. It is also necessary that the processor's general 
registers be loaded with all the parameters required by 
the instruction such as the location of metric tables, the 
impulse response, and the tail length. The execution 
time of this instruction is a variable depending upon 
the frame size and the details of the noisy received 
data. It is therefore necessary that this instruction be 
interruptable. This is accomplished by having the sequen- 
tial decode firmware periodically test for the pres- 
ence of an external interrupt. If an interrupt is detected, 
the firmware stores some of the processor microregisters 
in memory and does a premature exit with the location 
counter pointing to the interrupt return instruction. 
After the interrupting process has been completed, the 
interrupt return instruction is executed. Interrupt return 
is another user-defined instruction which restores the 
microregisters and transfers control back to the sequen- 
tial decode instruction for continuation. Upon normal 
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completion of the sequential decode instruction, the lo- A. Memory Fill  - 
cation counter is incremented sufficiently to skip over 
the interrupt return instruction and the associated micro- 
register storage area. 

D. Conditionally Or Block 

This instruction is used to load tail sequence into the 
received data buffer prior to the execution of sequential 
decode. It can also be used to add the comma-free vec- 
tor jnto received data buffers for the block decode. The 
instruction performs a logical "exclusive or" of a pro- 
grammable data mask into a buffer of up to 32 consecu- 
tive memory locations conditioned upon presence of 
ones in a 32-bit programmable register. 

E. TCP Emulator Instruction 

There is a set of four user-defined instructions which 
operate in conjunction with the TCP emulator hardware 
to completely emulate the PIN-POT I/O channel of the 
XDS-920 computer used in the TCP. 

F. Halfword I / O  Instructions 

There is a set of four I/O instructions which are used 
to initiate data transfers over the 16-bit I/O channel 
between external devices and memory. These instruc- 
tions are the counterparts to the standard 1/0  instruc- 
tions which are %bit byte oriented. 

IV. DDA Operational Software 

Although the DDA has considerable special-purpose 
hardware and firmware to assist in performing the re- 
quired functions, the primary control of the DDA is 
implemented in software. In this section, the opera- 
tional program which impIements the sequential decode 
function is discussed in order to illustrate the role that 
is played by software in the DDA. Figure 2 is the func- 
tional block diagram of the operational program which 
is used in the sequential decode mode. The various 
blocks (except the DDA Executive) shown in this figure 
may be thought of as subprograms. The system is imple- 
mented by having the DDA Executive Loop continu- 
ously checking for enabled subprograms and executing 
them when found. In general, subprograms may be 
enabled by interrupt processors or by the execution of 
other subprograms. The following is a brief description 
of each of the blocks. 

This subprogram is enabled by the occurrence of a 
program load interrupt and initialization intern@. 
(These interrupts are generated by the TCP coupler, 
see Section II-B-4.) 

B. Acquire Frame Synchronization 

This subprogram is enabled under any of the isllow- 
ing conditions: The whole system is initialized (such as 
at the beginning of a pass), the sequential decoder has 
declared itself out of synchronizatiort due to excessive 
erasures, or the TCP has commanded tbat the sequential 
decoder go out of synchronization due to an anticipated 
data rate change. Once enabled, this subpro, =frail? $6- 
quires frame synchronization by repeated execution of 
the compute tail correlation instruction (see Section I I I - B )  
at all possible positions in the input system stream. The 
likelihood functions obtained in this fashion are re- 
tained and compared against a series of threshold values 
in order to find a likelihood value that implies a prob- 
ability of synchronization which is saaficier~tliy high to 
declare that synchronization has indeed been acquired. 

C. Sequential Decode 

This subprogram decodes a frame 01 convolrnfisnally 
encoded data. It is enabled whenever fame  symchro- 
nization has been acquired and a new frame of dnta 
properly formatted for sequential decoding has been 
loaded into core by the SSA coupler. This subpro, Oram 
sets up the general registers and executes the sequential 
decode instruction. Normally, the .qequentiaE decode 
instruction is completable and upon cornpietion this 
subprogram sends a message to t l ~ e  1.1 queue that a 
frame of decoded data is ready for transfer to the TCP. 
In the event that the sequential decode fnstrrnction is not 
completable (due to an excessively ~loisy frame of data), 
the sequential decode is artificially terminated and the 
erasure subroutine executed. 

D. Erasure 

This subroutine is executed when the sequential de- 
code subprogram is unable to decode a frame in the 
allotted time. This subroutine sends a message to the- 
1-2 queue that there is an erased frame ready for 
transfer to the TCP. If this subroutine is executed three 
consecutive times without a successful sequential de- 
code, the decoder is declared out of syn~chrsnization 
and the acquire synchronization subprograln is enabled. 
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E ,  Merno~y Recall 

Thls subprogram is enabled by the memory ~eca l l  
interrupts krom the TCP. Recalled areas of DDA core 
are prepared for transmission over the 1-2 interrupt lines. 

F., 1-1 Queue and 1-2 Queue 

These two subroutines control the transfer of data to 
tJ?e TCP by stacking 1-1 and 1-2 transfer requests. 1-1 
1s i-eserved for decoded data; 1-2 is used for all other 
t-ansfers such as erasure data and special data re- 
q~ested by the TGP. 

6. DDA Executive Loop 

The flow chart of the DDA Executive Loop is shown 
in Fig. 3. Since all data transfers to the TCP must occur 
through the DDB, I-l and 1-2 transfers are mutually 
exclusive-priority being given to decoded data over 
the 1-1 interrupt line. Each cycle of the Executive Loop 
begins with monitoring of the transfer queues and initi- 
ation of transfers when possible. Subprograms are then 
accessed on a priority basis and executed when enabled. 
When all enabled subprograms have been executed, the 
Executive Loop begins a new cycle. 
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Fig. 1. Data Decoder Assembly block diagram 
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Fig. 2. DDA operational program functional block diagram 
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Fig. 3. DDA Executive Loop flow chart 
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Addendum 

Referring to "MSFN/DSN Integration Program for the DSS 11 26-m Antenna, 
Prototype Station," by R. Weber in The Deep Space Network Progress Report, 
Technical Report 32-1526, Vol. 111, pp. 197-202, June 15,1971, the following infor- 
mation is added: 

The 5-MHz signals required for the subcarrier demodulator 
assemblies, which must be coherent with the receiver, will be pro- 
vided by the MSFN timing system. 

The Original Data Record (ODR) will be recorded on magnetic 
tape instead of the originally proposed APS-910 paper tape punch. 
This will pennit the recording of a much higher tracking data 
sample rate, such as one sample per second, and therefore meet 
the Pioneer F requirements. The ODR data will be duplicates of 
the data being transmitted to the SFOF via the 4800-bps high- 
speed data lines. The magnetic tape units will consist of one new 
equipment rack, which will be added to the control rooms of each 
of the three integrated stations in the vicinity of the APS-910 
computer. 

The processing of the 29-point Antenna Pointing Predict mes- 
sage, as received on the high-speed data (HSD) lines, may be 
processed and used to drive the Antenna Position Processor (APP) 
simultaneously with the recording and high-speed data transmis- 
sion of tracking data. However, it is not presently possible to 
receive the 29-point message cut a paper APP drive tape and 
verify the tape simultaneously with the recording and transmission 
of tracking data. 
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Operation of the DSN Command System From the 
Space Flight Operations Facility 

W. G. Stinnett 
DSN Engineering and Operations Of f ice  

Presented is a general description of the operation of the Deep Space Network 
(DSN) Command System from the Space Flight Operations Facility as configured 
for support of the Mariner Mars 1971 mission. Included are brief descriptions of 
functional capabilities along with the use of these capabilities by  DSN and Flight 
Project personnel. 

I, introduction (5) Automatic verification, confirmation, and alarms 
from the DSS requiring minimal direct network 

Tlie Space Flight Operations Facility (SFOF) Mark IIIA 
personnel participation during spacecraft com- 

Command System has been developed at JPL to meet the 
manding. 

requirements of the DSN and Mariner Mars 1971 Flight 
Project. Althotigh full Mark IIIA requirements have not 
as yet been iealized, operational experience has shown 
that one of the aeq design goals has been accomplished: 
<he controll of the use of the DSN Command System from 
the SFOF. Thns zapability has led to, or will lead to, the 
foilowing signsri-ant network operational improvements: 

This article discusses the Command System control that 
exists in the SFOF for use by DSN and Flight Project 
personnel. The material is presented in a sequence that 
is representative of the nominal support given for a DSS's 
track during which spacecraft commanding is to take 
place. The major items in the sequence are: 

(9) Mission-independent procedures, thus minimum (1) SFOF Command System initialization. 
impact on network operational support for new 
flight projects. (2) Pre-acquisition Command System operations. 

(2) Minimurn participation by Deep Space Station 
(DSS) personnel in the operation of the DSN Com- 
mand Sys tern. 

(3) High-speed data message control from the SFOF 
of the mission configuration and standards and 
limits utilized by the Telemetry and Command 
Processor (TCP) at the DSS. 

(4) Direct entry and control of spacecraft commands 
into the DSN Command System by Flight Project 
personnel at the SFOF. 

(3) Flight project entry of command data. 

II. Basic SofWare/g la rdware  Characteristics 

The Command System software in the IBM 360-75 com- 
puter is organized in a manner that allows command sys- 
tem data to be sent to or accepted from a unique TCP at 
a DSS. Multiple streams (likewise multiple active TCPs) 
of data are possible if the software is initialized to do 
so. The discussion presented here will assume only one 
stream of data to and from a unique TCP. 
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Command system data are entered into the system via IV. Pre-acquisition Command System Operations 
an IBM 2260 1/0 device [cathode ray tube (CRT) with 
keyboard], a card reader, or from files of data generated 
by other software programs. Control of the use of these 
data in the system (e.g., transmission to a TCP) is nor- 
mally done from the 2260 1/0 device but can be done 
from a card reader. 

Data can be displayed on the 2260 CRT, digital TV 
(DTV), line printers, or character printers. The type of 
data displayed on the 2260 CRT is generally administra- 
tive data. The data displayed on the other devices are 
formatted output and contain infonnation concerning the 
contents of Command System high-speed data blocks. 

III. SFOF Command System Inifialization and 
Access Security 

Before any high-speed data messages can be received 
from or sent to a TCP at a Deep Space Station, the Com- 
mand System in the SFOF must be initialized. The 
Command System software in the SFOF is designed to 
work with multiple streams of data on a non-interactive 
basis. These independent processors (9 available) are each 
designed to work with a unique TCP in the network. Each 
requires initialization by the Computer Operations Chief 
prior to use. The parameters of initialization of an SFOF 
Command Processor are: 

After the DSS countdown checkouc ancl SFOF c o r n -  
mand processor initialization, the Command System 1.: 

available for pre-acquisition checkout prror to Bight pro;- 
ect use. Included in this checkout are the foliow~ng 

(1) Ensure good high-speed data lmk between 1116 

SFOF and the DSS. 

(2) Send mission configuration messages to the TCP 

(3) Send command system standards and Inmats me.- 
sages to the TCP. 

(4) Exercise the system end to end wrth a test cam- 
mand. 

(5) Ensure system is capable of suppol-ti~g flight p o i -  
ect command activity. 

The DSN Command System Analysrs Croup, m coordi- 
nation with members of the DSN Operaeioas Control 
Team, inputs data into the SFOF Command System and 
initiates transmission to the DSS necessary for ~ystprn 
control and checkout. During this prc-acqursition cbeek- 
out, station personnel have no required operational ftlnc- 
tion except to monitor the operation of stztlca eqe;xprnc2nt 
The system can be controlled entirely from the SFOF. 
Only in the instance of the discovery of a problem is 
there a requirement for direct intervention hy DSS opera- 
tions personnel. 

(1) Station and TCP (a, P, or y )  designation. The first item of checkout is to ensure a good HSDL to 
and from the DSS. A recall request configuration message 

(2) Spacecraft number to be utilized in the high-speed is utilized for this purpose. Inherent within the design of 
data blocks. the SFOF Command Processor is the sbility to automati- 

(3) Flight project 1 / 0  device number allowed access to 
the software. 

(4) Command Analysis Group 1/0 device number 
allowed access to the software. 

The 1/0 devices mentioned above in (3) and (4) are the 
only devices capable of entering command data into the 
system. The Aight project device is allowed entry of data 
concerning commands, command enable/disables, and re- 
call data. The Command Analysis Group 1/0 device is 
allowed entry of data concerning configuration, standards 
and limits, test commands, and recall data. 

After initialization by the Computer Operations Chief, 
the SFOF Command System is then made available to the 
Command Analysis Group for purposes of sending HSD 
messages to configure the TCP software and test the sys- 
tem end to end. 

cally retransmit messages if the verification message (mvs- 
sage reflected back from the TCP) does not match what 
was transmitted from the SFOF. If a failure occurs in tj2e 
verification process (i.e., the verification message is not 
received or does not match what was t rans~~i t ted) ,  the 
failure is isolated to a facility where immediate steps are 
taken to correct the problem. 

The next operational item in the pre-acquisitnon check- 
out is to send the mission configuration and standards and 
limits data to the DSS. Existing at the DSS is multiple- 
mission hardware controlled by the software in the TCP. 
The parameters controlling this hardware are contained 
within the mission configuration and standards and Iirniis 
messages. Although multiple-mission software presently 
does not exist for the TCP or at the SIFOF, the operation 
of the system utilizing the Mariner Mars l971 TCP opera- 
tional program and the SFOF software has suceessfuiBy 
demonstrated that control of the hardware at the DSS 
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c m  be accsmpl~shed from the SFOF. With the exception 
of entry of &ght project commands, the entry of these 
data f-rom the SFOF is perhaps the most powerful tool 
cafIccteng Command System Network Operations. As soon 
as ,a Multiple-Mission Command System TCP Program is 
avariabie, 1~1th the corresponding capability to generate 
all o the~  supportecl project commands from the SFOF, the 
t~ansmasslon of mission configuration and standards and 
Irmrts ddta fro111 the SFOF will affect network operations 
s~gn~f ic~~ntIy  Network-wide, multiple-mission command 
procedures will be appropriate for support of all projects. 

After the proper mission configuration and standards 
and limits data have been transmitted to the DSS, system 
operation is checked with the use of a test command. The 
system is configured exactly as for flight project support 
witlh the exception that the DSS RF output to the trans- 
mitter is inhibited. The test command is transmitted to 
the DSS and enabled. Proper verification and confirma- 
tion is monitsreld to ensure correct operation. After suc- 
cessful testcommand confirmation, the system is declared 
green for Bight project use. 

V, Flight Project Entry of Command Data 

The direct entry of spacecraft commands into the DSN 
Gomnaand Systern by Flight Project personnel has proven 
to be an extremely eficient method of operation. 

The automatic verification, confirmation, and alarming 
prrsvicked by the present system has led to "monitor only" 
operations by network personnel. All data concerning 
eorrmands are enbered by Flight Project personnel, with 
intervention by network operational personnel only upon 
the occurrence of a system problem. Perhaps the effi- 
ciency of this mode of operation is best described by a 
hnstory of the Command System support of Mariner ZX as 
of the date sf writing of this article: 

Total commands transmitted 599 
Maxim ,tm commands transmitted 

d~r i r l g  a station's track 481 

The significance of the data above is that, on one occa- 
sion, 451 commands were transmitted to the spacecraft 
in la:ss than 7 hours. 

The Flight Project can enter commands from an IBM 
2260 1/0 device, a card reader, or from command data 
files generated either by card reader or by other software 
(COMCEN Program in the case of Mariner Mars 1971). 
Com1-6naads are transmitted to the DSS by specific oper- 
ator instruction in the case of 2260 or card reader con- 

trol. This mode is normally used during light command 
activity. If heavy command activity is scheduled, the nor- 
mal mode of operation is by the use of command data 
files. A large file of commands can be "attached to the 
Command System and automatic transmission to the DSS 
will occur based upon status messages received from the 
TCP. These messages inform the software in the SFOF 
when there is sufficient storage available in the TCP to 
accept more commands. Upon receipt of this message, the 
SFOF automatically transmits more commands to the 
TCP without operator intervention. The only operator 
instruction necessary is to initiate file transmission. 

In addition to the transmission of command data to the 
DSS, the Flight Project has direct control of the command 
enabling process. Three modes of enabling are possible. 
At project option, commands can be enabled immediately 
(enable instruction is transmitted with the command 
data), automatically based upon a successful verify cycle, 
or manually by project operator specific instruction. The 
immediate enable mode is not normally used. This mode 
could be used in the case of a spacecraft emergency 
where a command is required immediately. The auto- 
matic enable mode is normally used during heavy com- 
mand activity. The commands are transmitted to the 
DSS, and if the verification message matches what was 
transmitted, the SFOF Command System automatically 
constructs an enable message and sends it to the DSS 
without operator intervention. In the manual mode of 
enabling, the project command operator sends the com- 
mands to the DSS. When he is satisfied the commands are 
loaded properly in the TCP, he enters a specific instruc- 
tion to enable the commands. 

In addition to direct control of the command and en- 
able messages transmitted to the DSS, the project can at  
any time send a message to the DSS to recall the com- 
mands from the TCP. In this manner, the project can 
know at all times what commands are loaded and their 
enable status. 

VI. Future Plans 

Operational planning is directed toward some future 
date at which time all network-supported projects will 
utilize the DSN Command System as described in this 
article. In order to accomplish this goal, software will 
have to be developed to accommodate all projects. I t  is 
hoped that by mid-1972, Mariner Mars 1971, Pioneer F, 
and Pioneer VZ-ZX missions will all be utilizing the DSN 
Multiple-Mission Command System. With the realization 
of these goals, the DSN Command System will be multi- 
ple mission in operations as well as functional capabilities. 
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Doppler Tracking System Mathematical Model 

C. W. Bergman 
DSlF Operations Section 

The mathematical model that can be used to calculute the expected Deep Space 
Instrumentation Facility (DSZF) doppler tracking system phase noise uM is given by 

The rrns phase noise a, is due to the receiver input noise and is a function of the 
received signal strength. The strong signal phase noise u , ~  is characteristic of station 
configuration and for practical purposes is independent of signal strength. The 
value of U A  is determined experimentally. The test results confirm the validity of 
the model. 

I. Introduction 

A model of the DSIF doppler tracking system has been 
developed. The purpose of the model is to predict the 
doppler system phase noise uM, which is measured with 
the Doppler System test. A block diagram of the system 
is shown in Fig. 1. 

The results of this work show that the system rms phase 
noise uy can be accurately modeled by 

where uR is the rms loop phase noise due to received 
noise, and is the strong signal phase noise, which is 
dependent on station configuration. 

! I .  Rms Loop Phase Noise 

As given by Tausworthe (Ref. 1, p. 82) 

In Fig. 2, rms loop phase noise an is plotted as a func- 
tion of m,  the signal level in dB above threshold, for 
oL, = 12,48, and 152 Hz is the VC:O loop filter band- 
width at threshold). As shown by Burt (Ref. 2), measured 
results agree closely with the theoretical calculation for 
UR > 10 deg. With increasing signal level, o - ~  falls below 
the strong signal phase jitter uA (Ref. 3). 

I l l .  Strong Signal Phase Noise 

At high S/N ratio, m > 40 dB, the receivcr phase noise 
U, is small compared to other sources of noise J P ~  the 
system. The experimental results indicate that the total 
system noise can be obtained by taking the square soot 
of the sum of the squares of the separate sources. Because 
the receiver VCO loop bandwidth varies with signal 

JPL TECHNICAL REPORT 32-1526, VOL. IV 7 81 



stlength, the strong signal phase noise also varies with 
Sandwidth, however, in so far as the accuracy of Eq. (1) 
is concemixsed, the strong signal jitter can be assumed 
constant, 

For the system doppler test there are four station con- 
figurations : 

(1) Test translator (closed-loop test). 

(2) Zero-delay device (closed-loop test). 

(3) Test transmitter with common frequency standard. 

(4) Test transmitter with separate frequency standard. 

station configuration can be altered by the selec- 
tion of one of the three bandwidths. 

IV. Test Results 

Most of the testing to date has been done with the 
receiver test, which measures the doppler phase noise 
at the output of the 12.5-MHz phase detector (Point 1 in 
Fig. 1). 

The relationship between the noise as measured by 
the receiver test, oil, and the noise as measured by the 
system test, u ~ ,  is 

The value of uA for the test translator configuration 
with = 12 HZ was measured and found to be 4.0 deg. 
The predicted values of 

'Thus, the strong signal phase noise can be identified as 

vi~bcre j indicates the system configuration and k indicates 
the VCO loop filter bandwidth used. 

Almost every iolock in the diagram of Fig. 1 contributes 
to the system phase noise. An important use of the doppler 
tracking systzrn model will be to permit comparison with 
measured data in isolating faulty component parts. 

The identifiable sources of strong signal noise are given 
in Table 1. 

are plotted in Fig. 5. Also plotted are the predicted 
value of 

The measured values of the phase noise as a function of 
received signal strength above design threshold are also 
plotted and are seen to agree well with the predicted 
value of u&. 
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Table 1. Sources of strong signal noise 

pliers, and VCO mum noise from other 

As measured 

Quantization error For values of U M  > 2.2 this 
error is a constant. Far 

unr > 2.2 the error is a 

function of the mean volues 

of the phase as shown in 

Fig. 4. 
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Fig. 1. Block diagram of doppler system 
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SIGNAL STRENGTH ABOVE DESIGN THRESHOLD, dB 

Fig. 2. Rms loop phase noise referenced to S-band vs signal strength 
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Fig. 3. Rubidium standard fractional frequency deviation 
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Fig. 4. Quantization error 
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Fig. 5. System model 
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Numerical Evaluation of the Transient Response for a 

Third-Order Phase-Locked System 

A. C. Johnson 
DSlF operations Section 

A third-order phase-locked receiver is presently being investigated for possible 
use in tracking high doppler rates. This report presents additional data pertaining 
to the transient analysis of a model of a third-order phase-locked receiver. 

Specifically, the instantaneous response of the system is calculated for an input 
p h s e  function of the form 

1 
6 ( t )  = oo + 0, t + -A,tZ 

2 

The results presented may be compared with those of the uswll second-order loop. 
I t  is hoped that this report will contribute some insight into the nature of the oper- 
ation of third-order loops at least in the in-lock region. 

I, Introduction where 

A third-order phase-locked receiver is presently being 
investigated for possible use in tracking high doppler 
rates. This report presents additional data pertaining to 
the transient analysis of a model of a third-ordcr phase 
locked receiver presented in Ref. 1. 

B o  = initial phase offset 
no =I initial frequency offset 
A, = frequency rate, Nz/sec 

Specifically, the instantaneous response of the system is 
calculated for an input phase function of the form The results presented may be compared with those of the 

usual second-order loop. It is hoped that this report will 
1 contribute some insight into the nature of the operation e ( L )  = 8, + 0, t + - not2 2 of third-order loops at least in the in-lock region. 
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I\ .  Mathematical Model 

A. Linear Transfer Function 

1  + 72s 1 
F (s)  = - -- 

I + 7,s + ( I  + 7,s) ( S  + r:;s) (1) 

From Ref. 1, a "realizable" open-loop filter transfer 
function for third-order phase-locked systems is of the The definition of the parameters T I ,  T,, and 7-3 are given 
form in Ref. 1. The resulting closed-loop transfer function L ( s )  

rk (1 + 6 )  + r (1 + Sk) 72s + r ( T ~ s ) ~  
L  (s) = 

rk (1  4- S )  + (r  + rsk + E S ~ ) T Z S  + ( r  + E + S k ) ( ~ ? s ) ~  + ( T ~ s ) ~  

where 

T = AK T ; / ~ , ,  AK is loop gain 

k = 7 2 / 7 3  

E = ~ 2 / 7 ~  W =  r +  S k ( r + ~ )  
i's> 

In terms of the closed-loop transfer function L (s) there V = r + e + S k  

is the following relation between the input phase 0 ( t )  
and the phase error 4 (t) The relation (7) expresses the condik-iola "sat L is) has 

a pair of criticalIy damped roots. 

+ .(s) = - L  (s)l 0 (8 )  (3) 
C. Calculation of Transient Response 

where The calculation of the transient response is done by 
impIementing the Heaviside expansion f omulas : 

In general there will be non-zero initial conditions for the case q (s)  has no repeated roots sod 
which can be expressed in the form: (Ref. 1) 

5 (a)/[( .  - T)I r ! ] )  t r e x ~ a t )  -+ H ($1 (let! uz r = o  

( 1  + 718) ( 8  + 73s) 

(4) 
for the case when q (s)  contains n + I repeated linear 
factors. 

Here, K' is the gain from the output of the open loop 
filter F (s),  and the values of U1, U,, U, depend on initial Here 

capacitor voltages. 
P (4 + (s)  = (s  - a)"+" 

Thus the total phase error satisfies the relation: 4 ($1 

(5)  
The inverse Laplace transform is obtained for 

(P ( 8 )  = [l - L (41 ( 0  (4 + U (4) 

B. Calculation of Loop Parameters 
I [ l - L ( ~ ) l e , / s ,  11- L ( S ) ] Q ~ / S ? ,  

The loop parameters k  and r must be calculated in 
terms of the parameters 6, and E. 

- K'U, 
s ( 1  + 7,s) (6 + T~ 

k =  

JPL TECHNICAL REPORT 32-7526, VOL. IV 



Each of the above transforms is the quotient of poly- Thus the computational problem consists mainly of the 
nomials p (s)/q (s), where the degree of q (s) is greater numerical evaluation of the roots of q (s), and in the de- 
than the degree of p (s). Also, it may+ assumed that termination of the numerical values of the polynomials 
the leading coefficient of q (s) is 1. P (sk) and d ( ~ k ) .  

In case q (s) has no repeated linear factors, the compu- The JPL Library subroutine, POLZER, is used for the 
tation of the transient error, based on formula (9) is numerical evaluation of the roots s of q (s). In every case 
straightf onvard. considered, the roots were accurate within five decimal 

places. From a practical point of view, the errors made 
For the case when q (s) has repeated linear factors, in evaluating the roots of q (s) are insigdicant, since the 

values of system parameters are seldom known to a high 
degree of accuracy. 

4 (8)  = (s  - a)2 qo (4 (13) 

where 

Letting 

$ (8 )  = (8 - a)2 P (s)/q (8)  

it is seen that 

The problem of implementing the general formula (10) 
on a digital computer appears to be quite difficult. There- 
fore, the evaluation of the transient response is limited to 
those cases where q (s)  has at most roots or order two. 

Ill. Data Analysis 
( I 4 )  The data is presented in graphical form. The graphs 

display the response of the system to the inputs: 

where and 

h (s) = 
P (4 - qo (8)  [Y (a) (8 - a) + J. (41 

(8 - aI2 40 (8)  

- ' (t) = t (Figs. 1-5) 
.no 

-= ' (t) - t 2  (Figs. 6 and 7) 
A0 2 

for various values of the parameters E and 6, and for zero 
is the sum of the partial fractions corresponding to the initial conditions. 
remaining factors of q (s). 

Since ) h (a) 1 is finite, one can write 
There are five curves per frame. These are numbered 

from 1 to 5 and corresponding parameters used to obtain 
the curve appear on the plot frame. 

P (8) - qo (8) [J.' (a) ( s  - a) + $ (41 = (8 - aI2 ho (8)  

( I 7 )  It is interesting to note that the maximum transient 

Thus 
error is reasonably independent of the parameters E and 
8 in the regions. 

ho (4 h (s) = - 
40 (8)  

To find h (s), one may equate the coefficients of like As a practical example of the way these curves may be 
powers of s in Eq. (17). If q, (s) has repeated linear factors, used, consider the case for the response to a frequency 
the above procedure is applied to the rational function rate input when 6 and E are near zero, say 8 = 0 and 
h (s). This process may be continued until p (s) /q  (s) is E = 0.001. Then the peak response from Fig. 6 is 
decomposed into partial fractions. Once the partial frac- 
tion decomposition is completed, formulas (9) and (10) 4sswE 
may be applied to obtain the inverse. - = 1.22 

A0 
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Also, a reasonable assumption is that the maximum phase counter, which is 30 Hz/sec. However, for a bandwidth 
error for lock-on is 1 rad. If we also assume a DSIF re- of 20 Hz the maximum frequency rate is approximately 
ceiver bandwidth of 10 Hz, then the ma& frequency 52.6 Hz/sec. 
rate is 

Figure 8 is a plot of the transient response for the 
second-order loop where the input phase function is 
0 ( t ) / ~ ,  = t2/2.  The response in this case is independent 
of the parameter 6 and approaches a stable value of 

It is interesting to note that this will not meet the about 1.56 as E +  0 .  For non-zero values of E the steady- 
maximum one-way doppler rate expected at Jupiter en- state response is unbounded. 
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w,t, sec 

Fig. 1 .  Variable signal level, 6 = 0.1, E = 0 to 0.1 
(third-order phase-locked system) 
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Fig. 2. Variable signal level 6 = 0.05, E = 0 to 0.1 
(third-order phase-locked system) 

JPL TECHNICAL REPORT 32-7526, VOL. IV 



uLt, sec 

Fig. 3. Variable signal level 6 = 0.02, E = 0 to 0.1 
(third-order phase-locked system1 
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w t ,  sec L 

Fig. 4. Variable signal level, 6 = 0.10, E = 0 to 0.1 
(third-order phase-locked system) 
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Fig. 5. Variable signal level, 6 = 0, E = 0.001 to 0.1 (f) /n, = t ,  

6 = t2/2 (third-order phase-locked system) 
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Fig. 6. Variable signal level, 6 = 0 , ~  = 0.001 to 0.1 
(third-order phase-locked system) 
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wLt, sec 

Fig. 7. Variable signal level, 6 = 0.001 to 0.1, E = 0 
(third-order phase-locked system) 
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Fig. 8. Variable signal level, 6 = 0, E = 0.001 to 0.1 
(second-order phase-locked systern) 
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QSlF Operations Support of Mariner Mars 1971 
D. W. Johnston 

DSIF Operations Section 

This article is an abbreviated description of DSIF Operations activities in  prep- 
aration for, and up  to and including, Mariner Mars 1971 launches H and I. New 
DSPF hardware is covered briefly, with rather more detailed coverage of the DSIF 
training, testing, operational documentation and performance aspects of the prepa- 
rations. 

A direct result of the application of knowledge and 
experience aecurnu$ated by the DSIF during preparations 
for the now considerable number of past lunar and deep 
space missions has been the development of a logical 
stacdard pattern and sequence of events. 

Basically, the major events in readying the DSIF for 
a mission are: 

(1) Evaluation of new mission spacecraft parameters 
and possible requirements for new DSIF hardware 
(HW) and software (SW). 

(2) Design; prototype fabrication and checkout of 
necessary additional new HW. 

(3) Design of new SW. 

(4) Procurement of production models of HW includ- 
ing spares, documentation, etc. 

(5)  Generation of engineering (mission independent) 
training program, initially for DSIF instructors, 
then DSS personnel. 

(7) Generation of operations (mission dependent) pro- 
cedures (DSN Operations Plan, Vol. VII). 

(8) Acceptance testing of SW programs. 

(9) Implementation of any necessary mission inde- 
pendent DSS personnel training. 

(10) Implementation of mission-dependent DSS person- 
nel operational training (if possible with live space- 
craft). 

(11) Installation of HW at DSSs (per DSN Operations 
Plan, Vol. VI, DSIF Configuration Document). 

(12) Delivery of SW to DSSs and implementation of 
HW and SW integration tests at DSSs (DSN Test 
Plan, Vol. VI). 

(13) Implementation of DSS on-site training. 

(14) Starting DSIF operational verification tests (OVTs). 

(15) Supporting DSN system tests. 

(16) Finalizing DSIF OVTs. 

(17) Supporting DSN OVTs. 

(6) Generation of operations (mission dependent) train- (18) Supporting MOS, OVTs and ORTs. 

ing plan (DSN Test Plan, Vol. VI). (19) Supporting launch and tracking. 
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Mariner Mars 1971 (MM-71) preparations followed this 
outline as closely as possible, but slippages in delivery 
of HW, SW, documentation, and in particular, loss of 
SFOF support, seriously restricted the early DSIF train- 
ing, making numerous tradeoffs necessary. 

II. New DSlF Hardware (HMO for MM-71 Era 

The MM-71 mission design called for increased capabil- 
ities at  the DSSs, the main requirements being to process 
four spacecraft subcarriers (one engineering and one 
science from each of two spacecraft) simultaneously, sci- 
ence up to 2 kbits/s at the 26-m stations, and 16.2 kbits/s 
at DSS 14, higher command activity, and repetitive occul- 
tation experiments. 

These added requirements plus the continuing state- 
of-the-art improvements resulted in the following new 
equipment being installed prior to MM-71 launch: 

(1) Open-loop receivers and peripheral equipment (at 
DSSs 14, 41, and 62). 

(2) Additional SDAs (total of four at 12, 41, 62 and 
six at DSS 14). 

(3) Command modulator assemblies (CMAs). 

(4) New TCP HSDL buffers (for use with 4800 bps 
modems). 

(5)  Dual high-density digital recorders (DSSs 14, 71, 
and CTA 21). 

(6) Dual low-density digital recorders (DSSs 12, 41, 
and 62). 

(7) Symbol sync assemblies (SSAs). 

(8) Block decoder assemblies (BDAs). 

(9) Simulation conversion assemblies (SCAs). 

(10) DSIF monitor system, Phase 1 (HW and SW). 

(11) Updated station monitor console (SMC). 

(12) Updated timing system (FTS 11). 

(13) Dual Block I11 masers. 

The foregoing equipments were installed and, with the 
exception of the open-loop receivers, operational before 
launch. The open-loop receivers will be operational at  
the end of June 1971. 

T e  various DSIF mission-independent software pro- 
grams and the mission-dependent MM-71 software are 

described in "DSIF Mariner '71 Operational. Program" 
by R. Chafin. Also the DSIF/S/C compaiibi1i;ty activities 
associated with MM-71 preparations are not covered in 
the article. 

III. DSIF Training 

A. Mission-Independent Training 

Formal training for two engineers from each DSS wzs 
carried out during August 1970. This covered detailed 
theory of operation, calibration, maintenance and general 
operation of most of the equipments listed lap Subsection 
11. After completion of the course the engineers returned 
to their respective stations with trainling packages and 
proceeded to instruct the station personnel on the oper- 
ation and maintenance of the equipment in their respee- 
tive areas of concern. 

At this time the new equipment was delivered and in- 
stallation started at  the prime MM-71 stations, 

B. Mission-Dependent Training 

The mission dependent training took place at JPL and 
GDSCC during November and early December 1970. The 
trainees were: One Operations supervisar, one senior R F  
operator and two senior digital instrumentation operators 
from each of the MM-71 prime stations, i.e., DSSs 12, 61, 
41, 51, 62, 71 and MSFN ACN, plus the DSIF elements 
of the DSN OCT, i s . ,  five assistant DSIF chiefs and five 
station controllers. Approximately six engineers from the 
DSIF Operations section also took par* in the training to 
varying degrees. 

1. Program objectives. The purpose of this training 
was to: 

(1) Train operators in the use of MhA-'71 software and 
the recently updated hardware under realistic op- 
erational conditions. 

(2) Familiarize operators with MM-71 spacecraft R F  
parameters. 

(3) Check, verify and finalize MM-71 operational pro- 
cedures with teams of DSS operators. 

(4) Develop and exercise any special procedures re- 
quired to work around spacecraft non-standard 
performance or spacecraft/DSIF design. incornpati- 
bilities. 

(6) Ensure immediate recognition and isolation of acy 
inadvertent simulation-induced 1pzobXems during 
DSIF/DSN/MOS tests. 
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(7) Familiarize members of the DSN operations orga- 
nization, including the OCT, with pertinent aspects 
of the above. 

1, Description of kaining program. The training 
covered by this section is outlined in Sections 11, I11 and 
1V of Document 610-88, "DSN Test and Training Plan 
$or Mariner-71 Project," Qol. QII of DSIF Operations Test 
Procedures, In general, the training consisted of lectures, 
classroom instruction, review of procedures, hands-on 
equipment famibarization, practice of procedures, obser- 
vation, aad tours of facilities. 

A list of the speakers of the lecture portion of the pro- 
gram is contained in Table 1, which also lists their sub- 
jects. The classroom instruction, for operators only, con- 
sisted of familiarization with the SCA and TCP software 
programs, and was integrated with '?lands-on" training 
on the computers. This phase was conducted at the Gold- 
stonc Network Training Support Facility and the DSS 12 
control room, and Lasted four days. 

While the operators were at CDSCC, the supervisors 
were reviewing MM-71 documents. These were: 

(1) 610-82, DSIF stations configuration 

(2) 690-83, DSlF operating procedures 

(3) 610-88, DSlF test and training plan 

Toms oE the Spacecraft Assembly Facility (SAF) and the 
Space Fligl-it Operations Facility (SFOF) were conducted 
5y C. Wade EarSe and L. WiIIiam Pellman, respectively. 

Three da)s were utilized in performing station count- 
tiowdns on the hftiltiple Mission Telemetry and Command 
Subsystems at DSjS 12. 

The finid 12 days of training were conducted at the 
CTA 21. Both a live MM-71 spacecraft and the Simula- 
tlon Center nn the SFOF were used as data sources. The 
trxnees operated: station equipment in accordance with 
MM-41  Operatmg Procedures and DSIF Standard Oper- 
ating Proccciurcs and daily sequence of events. This phase 
was conducted on a team, or crew, basis; teams not in- 
(volvecl in countirLg down the station or "tracking" periods 
ilbserved acrrvlties at CTA 21 or in the SFOF. 

3. Lscturc series presentation. The series of lectures 
'ssteed ?pa Table 1 were presented at JPL, Pasadena. Lec- 
cures I through 13 were delivered at Von Karman Audi- 
torltlrn an3 were attended by all trainees. Lectures 14 
iLilsrough 15 were given at various locations in Build- 

ings 126 and 230 and were attended by the Operations 
Supervisors only. Visual aids, namely slides, were used 
extensively. 

4. Goldstone presentation. On Nov. 5, 1970 operator 
trainees attended classroom instruction on the SCA and 
TCP Software Programs. Each student received approxi- 
mately three and one half hours on each program. 

On Nov. 6 through Nov. 8, the following on-site train- 
ing was held in the control room at DSS 12. 

SCA. All individuals received 4 h of group training on 
the SCA mnemonic inputs. Eight hours were spent using 
the SCA as a data source for the TCP, with the students 
configuring the SCA, RCVR, SDAs, SSAs, BDAs and 
CMAs, as if in an actual countdown. 

TCP. All individuals received 12 h training on the 
TCP/CMA software covering the telemetry and com- 
mand portions of the program. 

The major problem area was in the command portion 
of the software. The software and documentation was 
incorrect and certain interrupt patches were omitted. 

For the Station Countdown 11 to 13 November 1970, 
all operator trainees plus the operation supervisor of the 
stations participated in the countdown tests. The group 
from each station had the opportunity to do each eount- 
down twice for a total of 6 h actual hands-on practice. 
Included in the training was two hours theory on Y factor 
techniques. 

SMC/CRT. The participating students were given an 
introduction to the CC-30 display system by video tape. 
Then a brief explanation was given as to how the moni- 
tor program will interface with the SMC/CRT, followed 
by a demonstration program from the DIS. In addition, 
convergence of the CC-30 color TQ display was taught by 
hands-on training. The summary was presented by video 
tape. 

5. CTA 21 presentation. Training was conducted at 
CTA 21 from Nov. 16 through Dec. 2,1970 in three phases 
using equipment configurations as follows: 

Nov. 16 through 21 CTA 21/Spacecraft at SAP/ 
SFOF. 

Nov. 23 through 25 CTA 21/Simcen/Spacecraft 
at SAF/SFOF OPS Control. 

Nov. 30 through Dec. 2 CTA 21/Simcen/SFOF OPS 
lmcen. Control; CTA 21/S' 
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A final critique covering DSIF operator training for launches, one trajectory correction maneuver and approxl- 
MM-71 was held on Dec. 3,1970. mately 4 wk of tracking. 

A typical sequence of events was used from Nov. 16 The main exception was the operatioil of the command 
through Nov. 30. Minor modifications were made from system. In the early training and testing numerous con-  
time to time to facilitate changes in configuration. This mand alarms and aborts were experienced These were 
sequence simulated a normal spacecraft pass with the gradually eliminated by modifications (patches) to the 
following nominal schedule of activities: DSIF TCP and SFOF 360/75 software programs asd - 

0800-1100 PST Station countdown 

1100-1700 PST Tracking 

1700-1800 PST Daily critique 

As a result of the daily critiques, training activities dur- 
ing Dec. 1 and 2 concentrated on hands-on operation of 
the SCA only. Each team was allotted 2 h to operate the 
SCA in the stand-alone mode and as a data router in the 
Simcen long-loop mode. The trainees returned to their 
respective DSSs the second week in December 1970 and 
using the training packages provided, initiated the DSS 
on-site training programs. Two weeks were allocated to 
on-site training and the DSIF operational verification tests 
started on Jan. 1, 1970. 

IV. DSlF Testing 

Table 2 summarizes the number of operational tests 
supported by the various stations. 

V. Operational Documentation 

The main changes in the documentation for MM-71 
were in the DSN Operations Plan, Vols. VII and VIII. 
Volume VII was subjected to a major revision which 
resulted in the basic document containing only DSIF 
MM-71 procedures for use on a day-by-day basis. This 
is supplemented by ten appendices covering rarely (or 
once only) used procedures e.g., MSFN ACN com- 
manding, launch procedures e t ~ .  The second part of the 
document (addendum) is composed entirely of useful 
background information, e.g., spacecraft RF, Command, 
subsystem descriptions and parameters, etc. 

The DSN Operations Plan, Vol. VIII basic content 
followed the MM-69 philosophy to a greater degree by 
containing only limited samples of launch predicts, and 
went into great detail on the initial acquisition study. The 
various documents were published as shown in Table 3. 

- - 
eventually reissues of both programs. However. approxi- 
mately 6 wk prior to launch it became apparen"chat a 
'bit verify" alarm/abort problem still extsted. This trig- 
gered an intensive 24-h/day trouble shooting exercise at 
GSDCC, CTA 21, and some of the overseas stations The- 
problem was isolated to a noise probPem inherent in the 
TCP/CMA basic hardware design. A modification was 
hastily fabricated and personnel rushed to the prime 
MM-71 stations where it was installed and soak tests 
carried out prior to the ORT. 

During the extensive soak tests a specrfic version of 
the bit verify abort problem (abort on Srse bst of first 
command in block) was observed on a randnrn/periodrc 
basis. This was isolated to a software induced hardware 
(timing) problem where an erroneous bit vernfy abost 
could occur because of the phase relatnonship between 
the DSS 1 PPS timing and the CMA CMD modn&atie.e~ 
frequency (random) coupled with the ermaailativc effect: 
of the phase difference (periodic). A software prograeli 
"fix" was generated. However, due to tlze lack of time PO 

carry out extended checks on the fix befoie Eauneh nt wai: 
decided that any unknown side effect of tlic fix would 
be a greater risk than the known possibility of an erronc- 
ous command abort, and the fix was not rncoqorated fer 
launch and midcourse. Both launches and the "I" mid- 
course correction were supported without any command 
problems. 

After the midcourse correction a spacecraft GC&$ 
update was carried out involving transmission of approxz- 
mately 450 ground commands. These commands were 
planned to be sent continuously on 30-s centers, and i.n 
the early part of the exercise a total of 5-bit verify aborts 
occurred. These were noted as occurring approximately 
every 21 min, and simple arithmetic quickly tied this to 
the nominal subcanier frequency over spacecraft actual 
frequency, which gives 1 1/1277, giving a coinei8ewL 
periodicity of 21 min, 17 see. The commands were then 
continued with a break of 2 min every 20 rnir,, thus avoid- 
ing the problem. 

W. Operational Performance of New Equipment Phase four of the DSIF TCP operational program will 
The new equipment has performed very satisfac- incorporate a permanent fix for this problem together with 

torily under operational conditions during OVTs, both other refinements. 
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Table 2. Operational tests 

TabUe 8 .  Lecture presentations 

Speaker 

R. K. Mallis 

W. T .  Wlayes 

J. H. Dwxbury 

D. M. Sco,ff 

W. H. Chilly 

C. E. Geuy 

1. I. Emig 

J. W. Buckley 

W. C. Chernoff 

M. C. TRorrnan 

E. Garcia 

D. L. Gordon 

R.  L. Ckofin 

D. Nightingale 

R. Mi. Buri 

W. B. Miller 

W. H. Higa 

3. G. Leflang 

Topic 

Introduction and Section 337 Organization 

Mission Operations 

Spacecraft Systems 

Spacecraft Radio Subsystem 

Spacecraft Command Subsystem 

Spacecraft Telemetry Subsystems 
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DSIF Mariner Mars 1971 TCP Operational Program 

R.  L. Chafin 
DSIF Operations Section 

The Deep Space Instrumentation Facility (DSIF) Mariner Mars 1971 Telem- 
etry and Command Processing (TCP) Operational Program provides the software 
necessary to support the Mariner Mars 1971 mission operations by processing all 
telemetry data from the spacecraft and providing a means to command the space- 
craft from both the Space Flight Operations Facility and the station. The program 
is designed for use with the multiple-mission telemetry and multiple-mission 
command hardware. This article describes the organization, operation, and capa- 
bilities of this program. 

1. introduction A. Executive 

The DSIF Mariner Mars 1971 TCp Operational Pro- The executive program provides the basic framework 
gram (Fig. 1) was developed to provide on-site processing for the Mariner Mars 1971 operations program. It controls 
of telemetry and command data for support of the the execution of the TLM and the CMD subprograms and 
Mariner Mars 1971 Project. It was designed to be used controls the I/O activity. It also controls those functions 
with the MMT and MMC hardware. which are common to both the TLM and the CMD 

programs, such as the HSD and the magnetic tape output. 

Ii. Program Description This program operates under a real-time environment, 

The program is used in an XDS 920 computer with a which generates interrupts to interface with the system 

16,000-word core memory. The program was written with hardware. These interrupts generate Bags to indicate 

the objective of developing the telemetry and command routines needing servicing. The executive program 

sections separately. The telemetry and the command sequentially polls the TLM and CMD subprogram flags 

sections are combined in the same software package with and executes those subprograms needi~ng servicing. 

an Executive. They were tested separately for functional 
integrity, then tested as a complete package for inter- The HSD blocks, which are generated in the TLM 
ference between sections. and CMD programs, are buffered by the executive and 
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output on the HSD lines. The RSD blocks are grouped 
in 5-block records and recorded on magnetic tape for 
the Original Data Record (ODR). 

The e~recaative controls the 1/0 typewriter typeins and 
cypcouts On typeins, the executive inputs the typein 
statement, te\ts the first character for the desired destina- 
non, (1.e , TI,Ed, CMD, or EXC) and transfers the mes- 
~ n g e  to the appropriate program. Typeins starting with 
T go to thc zbalanel 1 telemetry, D go to the channel 2 
telernctry, C gip 'to command, B goes to both, and E goes 
:O the executive The TlLM and CMD programs provide 
:hc typeout message to the executive, which, in turn, 
>utputs them on the P/O typewriter. 

B, Telemetry 

Tlae dowi?ihnk transmitted by the spacecraft contains 
one or two telemetry data streams. During the cruise 
~~isslonz phase only one subcarrier is used, containing the 
ixngrneenrsg d ~ t a  During the orbital mission phase a 
second subcarrrer, containing the science data, is added. 
The station necewer locks up to the S-band carrier and 
provndes the subcarriers to the SDA (Subcarrier Demod- 
ulator Asse~nbly), one SDA to each subcarrier. The 
V m n e r  hiia~s 1931 TCP operations program processes 
cach data stream separately. Channel 1 processes the 
engineermg data and channel 2 processes the science 
data The telemetry program frame syncs the engineering 
data and the Bow-rate science data and provides a TTY 
output as backup for the HSD output. 

1, Channel 1. The channel 1 bit synchronizer consists 
of a cornbinat~on of hardware and software. The inte- 
:rated data stream from the SDA is sampled by the 
ADC (Analog to Digital Converter). The channel 1 sub- 
program makes sin estimate of the bit transitions, calcu- 
la tes an error from the input data, and outputs a correction 

to the numerical controlled oscillator. In terms of 
a phase-loclced loop, the software provides the error 
iletector and the filter; the numerical controlled oscillator 
rs the VCO The channel 1 telemetry program determines 
the Jlogic ~ ~ I E P I C  and the time of the incoming data and 
,iccumulates a digital data stream with appropriate time 
cags. The data is formatted into HSD blocks for out- 
putting and recording. The analog data values are ac- 
cumulated arid processed to obtain an estimate of the 
PNR (signal-to-noise ratio). 

2, Channel 2. The channel 2 bit synchronization is 
accomplished irn the SSA (Symbol Synchronizer Assembly). 
FOP uneoded science telemetry, the data is input to the 

channel 2 program as a parallel digital number of 24 
bits. For block-coded telemetry, that digital symbol data 
from the SSA is transferred to the BDA (Block Decoder 
Assembly) for decoding. The digital output from the 
BDA is input to the channel 2 program in a parallel 
24-bit format. The channel 2 program formats the data 
into HSD blocks for outputting and recording. Data 
statistics are accumulated in the SSA and BDA. These 
statistics are input to the channel 2 program and are 
used to obtain estimates of the SNR for the telemetry 
stream. 

3. Frame sync. Frame sync is obtained on the engi- 
neering data and the low-rate science data, using the PN 
bit sequence which is part of the Mariner Mars 1971 
telemetry format. The engineering data stream is fully 
decommutated. The low-rate science is partially decom- 
mutated with pre-selected data parameters available for 
TTY output. 

C. Command 

The command program receives spacecraft commands 
from the SFOF by HSD, stores the commands, and out- 
puts the commands to the CMA (Command Modulation 
Assembly). The CMA forms the command signal from 
the subcarrier frequency modulated by the command 
data and a PN sync signal. 

1.  Modulation index control. The command signal 
modulation index is controlled by the command program. 
The level of the command signal, which determines the 
modulation index, is controlled by a digital attenuator, 
and is set by the program. 

2. Configuration control. The CMA configurations are 
stored in the configuration table. There is one config- 
uration table entry for each mode. When a mode is 
entered, the appropriate configuration word is sent to the 
CMA. There it sets the relays, which generate the 
desired configuration. The configuration table can be modi- 
fied by HSD input or by manual 1/0 input. The program 
provides an output of the contents of the configuration 
table upon either HSD or operator request. 

3. Command stack. The stored commands are con- 
tained in the command stack. The program receives 
commands by either HSD input from the SFOF or by 
manual I/O entry. Commands are either timed com- 
mands or priority commands. Each new command is 
placed in the command stack following the preceding 
commands. Priority commands are output when they are 
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enabled. A series of enabled priority commands will be 
queued and output according to their entry into the com- 
mand stack. Enabled timed commands will be output 
according to the transmission time associated with the 
command. 

The program will provide a recall of the command 
stack upon request. The recall can be either by HSD or 
by manual I/O request. The recall response output, for 
an HSD request, is by HSD, for an 1/0 request it is by 
local RO display. 

The status of the command stack is monitored and 
appropriate warning alarms are generated when the 
stack is near full, full, or contains commands which 
should be transmitted, but cannot be transmitted for 
some reason. When a particular command has been suc- 
cessfully transmitted, an NSD command confirmation 
message is output to the SFOF and the command is 
removed from the command stack. 

4. System check. During the operation of the com- 
mand program, the status of the station command system 
is continually checked. The parameters being checked 
are: transmitter ON, CMD modulation ON, correct ex- 
citer channel, and correct subcarrier frequency and bit 
rate. Discovery of any of these parameter outside their 
limits or in an incorrect state produces an alarm. The 
alarm message is sent to the SFOF by HSD and also 
displayed on the local RO display. 

5. Commanding checks. During the time a command 
is being clocked out, the same system checks are being 
made. An anomalous system condition aborts the outgo- 
ing command. An abort HSD message is sent to the 
SFOF. The abort message contains the command that 
was attempted, the reason for the abort, and the bit on 
which the command was aborted. 

The outgoing command signal is monitored by the 
command program. The subcarrier level and the PN 
sync level are checked each bit time. The outgoing com- 
mand signal is demodulated and checked bit by bit 
against the command, which was intended to be sent. 
Any failure produces an abort. 

6. Standard and limits tables. The limits of the 
parameters, which are checked during the system and 
commanding checks, are stored in the standards and 

by means of a recall request. Again, tlre response l o  a 
recall request can be either HSD output ~ i r  B o ~ . L ~  RO 
output. 

7. Incoming NSD message processing. The :t7ersrnT-lg 
HSD blocks are checked for a GCF erlor lndlcatrnii 
They are also checked for proper stahon ITb) and spncc- 
craft ID. If all checks are passed, thcx i~loch IS nctuir~ed 
to the SFOF as a verification that the IPSD block n a s  
received and the data in the block is ro~tted to C ~ C  ~ I O ~ ; I C F  

destination. If the checks are not passed, an appropr~ate 
alarm is generated (placed in the verihcatlon n~eswgd) ,  
which is sent to the SFOF. Rejectioin of ehc rncoinr lg 
HSD block by the command prograin rs rnd~cated by a 
specific bit in the alarm code include6 ria thc ~ e ~ ~ f i c a n o n  
message. In this case, the verification message ~ndlcd~cs 
that the original message was received T ~ J .  the coimn~dnd 
program, but was not acted upon because of <IPI 6 '101  In 
the format. 

III. Operation 

A. Initialization 

There are a very large number of par ai~~eselr ~equir cd 
by the Ma?-iner Mars 1971 operations piogrnm In ordce 
to simplify the operation of the progiain s tanda~d con- 
figurations and operating conditions v ?re seIected and 
canned into the program. A simplified inrtiaElzatron was 
designed for nominal operations. Gapabillty of iinod~fyrnrg 
the standard configuration is included m the dcsrgn m 
order to accommodate nonstandald coi~ditloas Tlw 
nominal or standard telemetry initiahzstron typeins ale 
keyed to the different nominal nnssio~ rl~aascs 

Cruise DCN/XX,Y,ZZ$ 33% bps e~lginccring datd 

DOL/XX,Y,ZZ$ 8% bps engnneeung dat i ,  51; 
bps uncodcd scaenc c d a t ~  

DOH/XX,Y,ZZ$ 33% bps englneeeing data. 30 
bps uncoded sclense data 

Orbital 
DSD/XX,Y,ZZ$ 8.1 kbps blatlc ; o d d  spectlai 

science data 

DTV/XX,U,ZZ$ 16.2 kbps block coded 
recorded scic ncc Zaia 

where 

limits tables. The table contains canned-in nominal limits. 
XX = the station number 

These limits can be modified by either RSD or manual 
1 / 0  inputs. The contents of the table can be reviewed Y = the TCP computer being used 
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ZZ = the spacecraft number CHS/D$ disables only command output 

$ = the typein terminator THS/D$ disables only channel 1 telemetry 

DHS/D$ disables only channel 2 telemetry 
Irr the siinpiest configuration, the above typein is all that 
1s icqu~rcd to initialize the telemetry program. For nor- The TTY output is not normally enabled. *here is a 
mJ-1 O P C ~ A t ~ O K i ~ ,  One more typein is required the complete set of typein statements that control the TTY 
AGC callbration data for the AGC (voltage) to signal output and the generation of headers. 
level (dBrn) conveision. The telemetry program is started 
with the typcin TRUN$. On starting, the telemetry pro- 
g.nm acquires the telemetry data streams and initiates 
the EBSD output and the ODR recording. 

The cornrnzl~d program is initialized with the typein 

$his typein identifies the station number, computer, and 
spacecraft number to the command program. 

The connnlaand signal modulation index is measured by 
st.~tic;m instrumentation and adjusted with a typein in- 
st~tretion. The command program is started with the 
tygcin CRUN$. The normal comnland operation is con- 
trolled remotely Iby HSD from the SFOF. Local manual 
control is available as a backup. 

B.  Operation Modes 

There are two telemetry modes, operating and initial- 
ization. The telemetry program processes the telemetry 
data during the operating mode. The processing is 
stopped during the initialization (or reinitialization) 
mode. During initialization typein statements are ac- 
cepted to modify configurations, bit rates, etc. During the 
operating modes these input requests are ignored. The 
operating mode is initiated with a TRUN$ typein. Rein- 
itialization is requested with typeins which stop the 
processing of the selected telemetry channel. 

For example, 

DIN/$ stops both telemetry channels 

DINl$ stops channel 1 

Piormstaaldard typeins are available to change the telem- DIN2$ stops channel 2 
etry system col~figurations. For example, TS1/1,2,2$ modi- 
fics the channel B configuration to Receiver 1, SDA 2, The command modes are more involved. They can be 
computer B. Other telemetry bit rates are available, such described as follows: 

- 

as 3.0125, 2.025, 4.05, 8.1, 16.2 kbps, etc.; TB 2/10 is an 
cxamplc selecting 1.0125 kbps for telemetry channel 2. Calibrate 1 .  This mode is entered at the start of op- 

The bit loop SSA and BDA parameters, such as band- erations and is used to adjust the modulation index 

width, are canned in for each bit rate, but can be modi- of the command signal. 

fied by nonstandard typeins. 

Nominal configurations and parameters are canned in 
the program. Normal operation is to control the config- 
urations and stai~iciard and limits parameters by HSD 
from the SFOF. B-h'owever, nonstandard typeins are avail- 
able to change these items at the station manually. 

The HSD aild ODR magnetic tape recording functions 
are normally enabled so that no operator action is re- 
quired to initiate these functions. Typeins are available 
to control these activities. Each telemetry channel (i.e., 
4 or 2)  or command can be controlled separately or 
bosh together 

For example-, 

BHS/D$ disables all HSD output 

Calibrate 2. This mode outputs parameters to the 
CMA. For example, going to CAL 2 mode allows a 
new subcarrier frequency to be sent to the CMA. 
Also, this mode is used when no commanding is 
anticipated, as when the station has no uplink. 

IDLE 1. This is an idle mode where the spacecraft 
command loop is locked but no commanding can be 
accomplished. The system checks are made and 
alarms generated. 

IDLE 2. This is the mode used when the station is in 
a commanding period but is between commands. 
System checks ark made and alarms generated. The 
command system is ready to transmit commands. 

Active. This is the mode used when a command is 
being transmitted. System check and command sig- 
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nal checks are made, and if any anomaly is detected, The performance of the command system rs monstored 
the command is aborted. by the station personnel with a telepriljter (RO) uutp~re. 

The RO presents the significant co~nrnand activity (such 
Abort. This is entered when a command is as commands entering the command stack md com1nan6s 

aborted. The PN 'ync code is inverted for seconds transmitted). Also the RO allows thc i-perator v~sibilsty 
to signal the spacecraft to inhibit that command, into the contents of the command stack, coafiqura:ron 
and 28 zeros are sent. cable, and the standards and limits tablc 

Figure 2 illustrates the mode sequence for the command 
program. The station brings the program to the CAL 1 
mode and sets up the modulation index. After CRUN$ 
is entered by the station, the SFOF controls the mode 
by HSD. The command system is taken through CAL 2 
and IDLE 1 and is ready for commanding. When a com- 
mand is available for transmission, the program goes to 
active and transmits the command. The return is to 
IDLE 2 for a successfully completed command. The 

The previously described performance data, together 
with the telemetry and command program activity status, 
is sent to the station monitoring program in the dig~tali 
instrumentation system (DIS) computer by means sf a 
direct computer-to-computer link. Thc scation n~onator 
program displays the data on a CRT display for the 
station manager and sends the data to the SFBF a4 2 

part of the DSN Monitor System. 

abort mode is entered directly from the active mode, 
E. Inputs 

upon detection of an anomaly. After the abort mode is 
con~pleted, the program reverts to the mode specified The inputs to the telemetry progiam arc ehe two 
in the abort return address. This will normally be telemetry data streams and the I/O linitralization The 
IDLE 1. If IDLE 1 is the abort return mode, then no telemetry data streams are: 
further commanding can be accomplished until action is Channel 1 Engineering data, uncoded either 8;' or 33% 
taken to place the program in IDLE 2. 

bps. 

C. Manual Operation Channel 2 Science data, one of the following: 

The telemetry program is completely under manual (a) Coded 50 bps. 
station control. Normally the only action required is dur- 
ing initialization. In the operating mode the operation of 
the program is automatic. 

The command program is normally operated remotely 
from the SFOF. In order to provide a backup capability 
in the event that communications are lost with the SFOF, 
a manual operating capability is included. The manual 
capability is normally locked out with a key-operated 
switch on the station manger's console. When manual 
operations is selected, the command program can be 
controlled locally. Commands can be entered into the 
command stack, enabled, and transmitted. The command 
system modes can be controlled by 1 / 0  typeins and 
commands can be aborted by operator initiative. 

D. Performance Monitoring 

The performance of the telemetry system is monitored 
with the estimated SNR produced by the program, the 
lock status information obtained from the receiver, SDA, 
bit loop, SSA and BDA, and from the received signal 
level obtained from the receiver AGC. This information 
is packed into the RSD blocks and is transmitted along 
with the telemetry data. The lock status information is 
also output with the TTY data. 

(b) Block coded 1.0125, 2.025, 4.05, 8.1, 
16.2 kbps. Recorded science, selected 
video, or spectral science. 

The inputs to the command program are the B/O init~al- 
ization, HSD messages from the SFOF, and manual 
operating 1 / 0  inputs. The HSD messages are: 

Command Contains up to 8 new csmxnaa~ds 

Enable/disable Enables or disablcs a eonamatad in 
the command stack 

Configuration Modifies the configuration table 

Standards and Modifies the stanelards and iimrts 
limits table. 

Recall request Requests recall of either the can-  
mand stack, the configuration table, 
or the standards and lin~its tablc. 

F. Outputs 

The output of the telemetry program corrsists of ESD 
blocks. There are two telemetry formats TThc engirlcerrng 
data and the low-rate science data RSD blocks coi~tain 
168 bits in each block. The higher-rate sercncc data HSD 
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blocks contain 936 bits. The time to accumulate data 
fsom the spaccer,~ft to fill up  one RSD block is as follows: 

Tile HSD blocks consist of 1200 bits of header, data, 
overhead, dnd filler. The RSD operates at a rate of 
4500 bps. therefore, a block is output every 0.25 s. From 
the above table it can be seen that only 2025-bps data 
and un-ider can be sent by NSD. All higher data rates 
must use a wide-band (WB) line, which is only available 
between KISS 14 and the SFOF. The WB line operates 
at 58 kbps and IS capable of transmitting a block every 
0 024 s 

Time to accumu- 
Data rate, bps 

late data, s 

The output of the command program is the command 
data stream and the HSD messages, which report com- 
nund ,ictivity to the SFOF. These messages are: 

Bits per HSD 
block 

ConfirmJabor-t Reports the successful transmission 
of a command (confirm) or an un- 
successful transmission (abort). 

Al,arms Detection of an anomalous system 
condition generates an alarm mes- 
sage containing a code indicating 
the cause of the alarm. 

Recall response A recall request will generate a mes- 
sage or series of messages in re- 
sponse. They will contain the 
contents of the command stack, 
the configuration table, or the  
standards and limits table as re- 
quested. 

Verification Every received NSD message is 
turned around and sent back as a 
verification that the block is re- 
ceived. Any alarms generated by 
the message or any outstanding 
alarms are added to the verifica- 
tion message. 

All NSD blocks, both incoming and outgoing, are 
recorded on magnetic tape as an Original Data Record 
(ODR). All manual inputs are formatted into equivale~lt 
NSD records and also recorded on the ODR. 

The backup TTY outputs data in three formats. 

(1) 8% or 33% bps engineering data only. 

(2) 50 bps science data only. 

(3) 8% and 50 bps data confined. 

Only one TTY line is required for each of these data 
formats. 

IV. Conclusion 

The Mariner Mars 1971 TCP Operational Program 
provides the software necessary to support the Mariner 
Mars 1971 mission operations by processing all telemetry 
data from the spacecraft and providing a means to com- 
mand the spacecraft from both the SFOF and the station. 
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