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Foreword

This special issuc of COMSAT Technical Review affords us the dual
pleasure of saluting the past and greeting the luture. The INTELSAT
120-Mbit/s ThMA system is the culmination of over 20 years of work
(including research, development, design, field trials. and instatlations) which
led to its current operational status. This project. a real rour de force in both
engineering and international cooperation, required exceptional skills in the
laboratory as well as in the conference room. Because of this, the TDMA
INTELSAT project has also been an incubator of teaders, many of whom
have gone on to carcers of distinction in the communications industrics of
several countries.

In the forward-looking industry of satcllite communications, TDMA con-
stitutes an essential tool for the enhancement of digital satcllite communi-
cations and for moving further into the new era of worldwide integrated
digital services., The expansion of diverse advanced techniques and their
introduction and use will enable the INTELSAT system to cope with the
competitive future which the communications industry is facing in the 1990s.

As much of the work was done at INTELSAT and COMSAT. it is
appropriate for us who have witnessed its development to join hands in
presenting this special issue.

LR b et



Introduction

S. J. CAMPANELLA, G. QUAGLIONE, J. L. DICKS, AND
P. L. BARGELLINI

This spectal two-part issue of the COMSAT Technical Review contains
papers on INTELSAT’s 120-Mbit/s time-division multipie-access {TDMA)
system, which was developed for stations with relatively heavy, typically
multidestinational traffic of 100 circuits or more per destination.

The system architecturc was developed by a working group of experts
from many of the INTELSAT Signatories. From late 1978 to mid-1982,
under authorization of the INTELSAT Board of Governors (BG) and its
Technical Committee, the working group met many times with Mr. Bruno
Driolt of Telespazio as chairman to develop ail elements of the system. Close
attention to operationai dctails ensured the design of a THMA system that
would provide reliable, fault-free service under conditions of extrocme stress.

Design considerations

The working commitice studied many design details in depth, including
the following:

* choice of bit rate and modulation technigue,

* transmuission channel design and analysis using the INTELSAT v
72-MHz bandwidth transponders,

= muitibeam network acquisition, synchronization, and control,

= traffic burst time plan (BTP) structure and distribution,

» dual reference station architecture for multibeam operation.
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« traffic terminal design for multibcam operation,

» network control channel design,

« traffic burst position control by path length delay compensation for
traffic terminal location,

cooperative feedback between traffic terminals and reference stations
for burst position control,

digital speech interpolation (DS interfaces accommodating up to
eight CEPT-32 primary multiplex interfaces,

digital noninterpolated (DNI) interfaces accommodating up to
8.192 Mbit/s of digital data transmission in steps of 64 kbit/s,
Doppler and alignment buffers for terrestrial clock/satellite clock
interfaces,

rate 7/8 Bose-Chaudhuri-Hocquenghem coding for forward error
correction (FEC) and detection,

coordinated BTP change procedure without service interruption, and
compatibility for satellite-switched (88)/TDMA operation without
traffic terminal modification.

.

The 4-year effort by the Technical Committee culminated in the preparation
and subsequent approval by the BG of the 120-Mbit/s TDMA/DSI System
Specification B(G-42-65, which has subsequently undergone two revisions.

System development

The point of departurc in the development of the specification was the
experience gained in the 1978 field trials of a 60-Mbit/s ThMA system in the
Atlantic Ocean Region. France, ltaly. the Federal Republic of Germany, the
United States, and the United Kingdom participated in thesc tests, which
provided valuable information on controlling a network of TOMA terminals,
scheduling traffic bursts, synchronizing burst position, measuring bit error
rate (BER) performance of burst mode quadrature phase-shift keying (GPSK)
in nonlinear transponders, and performing subjective guality assessments of
telephone voice transmission with ps1. Tests involving open-loop acquisition
and synchronization of traffic burst position led to the control of traffic burst
position by transmitting a compensatory propagation delay value to individual
stations, which allows precise synchronization at the satellite. Information
gathered by these trials provided the basis for the 120-Mhit/s INTELSAT
TDMA system design.

On the basis of INTELSAT specification BG-42-65, the introduction of
120-Mbit/s TDMA at the operational level was planned for the Atlantic Ocean
Region in the INTELSAT worldwide system. Operational service actually
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began in the Atlantic Ocean Region in October 1985 between the U.S. and
the U.K., followed in December 1985 by service in the Indian Ocean Region
on the primary satellite. The TpbMa reference terminals in the system, bt‘our
in e:;ch ocean region, were provided by the Nippon Electric Company (NEC)
and include a TDMA system monitor built by COMSAT. TpMA traffic terminals
are l?eiqg built by NEC, Mitsubishi, Thomson CSF, M/A-COM Telecom-
munications, and SPAR. Ltd.

Operation of the 120-Mbit/s TDMA system is supported by the INTELSAT
Operations Center 1bDMA Facility (1ocTr) located in Washington, D.C. The
100, which is connected to all of the Thma reference stali:ms in the three
ocean regions. forms a common network that performs the fellowing tasks:

disseminates traffic BTPs to all ThmA traffic terminals in all ocean
regions,

= commands the exccution of coordinated BTP changes, and

collects and displays critical system status data from the transmission
syst‘cm monitors, and traffic terminal status data trom the reference
stations.

Future TDMA developments

The 120-Mbit/s TbMA operational system of the INTELSAT v era will be
followed by the introduction of the s$/TDMA system in the INTELSAT VI cra
which is expected to commence in 199(). Satellite-switched operation has thf;
a(%vantage of providing fully variable interconnectivity among all the beams
O.i a mulitibeam satcllite without the need for transponder hopping, thereby
mmplifying the operation of traffic terminals. In addition, it allows uncon-
SFralP?d traffic routing in single voice channel increments, leading to
significantly improved traffic fill cfficiency for the entire system. The greater
Fhe number of becams the greater is the potential for savings in terms of
1mpr0\.fed conncctivity and fill efficiency. Introduction of satellite-switched
operation in INTELSAT VI will permit operation of the 120-Mbit/s TDMA system
with only two reference stations (one primary and one secondary), rather
than the four presently required. ’

Al least three new applications of TbMaA techniques are being studied for
possibie introduction during this or the next decade: low-ratc TDMA, $SS/TDMA
networking via an intersatellite link, and video TbMA.

Low-rate TINMA

‘ Implementation of a low-rate TbMA (LR/TDMA) mode with demand as-
signment can enhance  the INTELSAT  Business  Services Open
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Network. Although in the present single-channel-per-carrier/frequency-divi-
sion multiple-aceess (SCPC/FDMA) or multiple-channcls-per-cartier (MCPC)/
FDMA systems, traffic growth can be accommodated by establishing fully
connccted networks and by allocating variable network capacity among
stations, LR/TOMA with its freedom to adjust capacity in the time domain
would provide greater flexibility for supporting a variety of user interfuces
and data rates.,
The main features of the envisaged LR/TNIMA system are as follows:
* transmission rate between 3 and 12 Mbitss,
« coherent Qpsk modulation and possibly binary phase-shift keying
(BPsK) modulation for small earth stations, and
» kEC coding with a net coding gain of 3 10 5 dB for a code rate of
not less than 1/2.

It is expected that such an LR/TDMA system would be controlled at three
functionally defined hicrarchical levels. Globally. the entirc sysiem would
be under the supervision of a network control center operated by INTELSAT.
Within any given ocean region, at least one synchronization control station
per beam would also carry regular traffic. Within a given beam coverage,
cach traffic terminal would generate its own demand-assignment requests.
The network controb center would provide the centralized control functions
for the dissemination of satellite position information, management of the
BTP, processing the demand-assignment requests, and continuous monitoring
of network status. Emphasis would be placed on design simplicity, versatility,
and the low cost of terminals. Central demand-assignment multiple-access
control within a beam coverage could be accomplished by adding this
capability to one of the traffic terminals.

Intersatellite link (echnelogy

Intersatellite link (1SL) technology could benefit future INTELSAT system
configurations by enhancing connectivity. It will be importunt t investigate
the technical features that permit interconnecting multiple $s/TpMA networks
via such links. A crucial problem is the synchronization of on-board clocks,
which cnables a TDMA terminat to treat 1SL bursts as if they were local TDMA
bursts. The major factors influencing synchronization in an 1s1. SS/TDMA
system are the Doppler shift caused by intersatellite range variation, and the
instability of the TDMA terminal clock and of the on-board oscillator which
provides switch-state timing.

Two ditferent system design approaches for the synchronization schemes
have been suggested. A master-slave correction method uses as reference the
clock in the master satellite to synchronize the slave’s transmit clock to the
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on-board switch-state timing through a loopback synchronization window.
This 1L transmits rcference bursts to the slave satellite. A ground-controtled
scheme slaves all on-board clocks to a common, high-stability ground
reference clock. Both schemes require an on-board buffer to absorb the
timing offsets caused by the distance variation, The minimum buffer size
needed is approximately 4 ms, which is equivatent to 480,000 bits of data
storage for a 120-Mbit/s burst rate. Thus, memory technologies characterized
by high density per chip. low power dissipation, and high resistance to
radiation arc essential for this kind of application.

Video TDMA

The growth of video fraffic in the INTELSAT system has been rapid,
much higher than that for telephony. In addition to the cenventional demand
for occasional-use international television trunsmission. INTELSAT provides
transponder-leased services for television and community antenna distribution,
clectronic news gathering, video conferencing and telephony, and similar
video applications. Since these services In their digital form require a variety
of bit rates ranging from less than | Mbit/s {or teleconferencing video to
around 100 Mbit/s for high-definition television, the provision of future video
services via an FDMA system which would require different modems for
different transmission ratcs has a number of limitations. The best method of
meeting these requirements appears to be a demand-assignment video 1TDMA
system which would provide higher operational flexibility, as well us making
available increased capacity to handle system growth.

Previous studies sponsored by INTELSAT indicate the following ap-
proaches show considerable promise for possible future video TDMA systems:

a. Two assignment schemes, one for reservation traffic performed by
a coordinated BTP chunge procedure, the other for instantancous demand
traffic based on a single-channel-per-burst method without a coordinated
KTP change.

h. Video TDMA terminal equipment designed essentially on the basis
of a simplified INTELSAT Tbma terminal, with the addition of a
preamble generator signaling channel for demand-assignment control.

¢. A simpiified synchronization system controlled by only one of the
two reference bursts from two reference stations, with each traffic
terminal continuously transmitting a synchronization traffic burst re-
gardless of whether or not traffic exists.

d. On-board regeneration with a bascband switch matrix on {uture
satellites to enable small earth stations to participate in the video Thma
transmission system,
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Further studics and developments are needed in the arcas of carth stations
and the universal digital video codec with switchable bit rates and protocols
for the demand-assignment procedures, including the case of ss/rpma
operation. To promote penetration of a video TDMA system., it would also be
essential to develop low-cost terminals that make extensive and flexible use
of lurge-scale intcgration circuits.,

Advanced satellite concepis

Satellites with many spot beams are another future innovation warranting
further study. The need to serve communitics of widely distributed, small-
aperture, low-power. low-cost carth stations located near the origins ot traftic
will involve large-aperture satellite antennas used to achicve high values of
gain-to-noise temperature ratio and ¢.i.r.p. To simultaneousty achicve the
propertics of high-gain spot-beam operation and widely dispersed carth
stations. the system could consider the use of hopping beams with multiple-
frequency ToMA transmission. To accommodate the origins of high-intensity
traffic, such a system could use fixed beams with multiple-irequency TOM
transmission. One scenario that might be envisaged would consist of two
such satellites operating as geostationary orbit gateways, onc over the
Americas and the other over Europe/Alrica, connected by an I1sL, to provide
a comprehensive, economical international communications network.

Contents of the special issue

In this two-part special issue of the COMSAT Technical Review, the first
paper cxplains the architecture of the INTELSA'T system. The papers which
follow discuss specific aspects of the system and its operation, from terminal
acquisition and synchronization, network control facihties, and modem and
codec performance. to terrestrial interface architecture and the system monitor.
The final paper outlincs the advantages of ThMA In the current system and
the even greater benefits expected in the INTELSAT v) ¢ra through the
introduction of $8/TDMA. A nofe on recent cvaluation tests of THMA/DSI
between the United States and the United Kingdom concludes the presentation.
A glossary is provided at the end of cach part of the issuc.

The efforts of all contributors are greatly appreciated and it is hoped that
this special ToMA ssuc will constitute another milestone e the development
of satellite communications. Advances in spacceraft design and construction,
combined with reduced complexity of the earth segment implementation at
large, und in particular progress in solid-state technology in both the digital
and analog arcas. will make low-cost equipment available for Thma carth
stations on @ much broader scale than presently exists.
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introduction of TDMA in the INTELSAT system,
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The INTELSAT TDMA/DSI system

B. A. PonTaNo, 5. 1. CAMPANELLA, AND J. L. DICKS

(Manuscript received Seplember 16, 1983)

Abstract

The INTELSAT 120-Mbit/s time-division multiple-access (Tpma)idigital speech
interpolation (15$1) system is described. This system consists of ThMa traffic terminals.
ToMa reference and monitor stations, and an INTELSAT Operations Center ToMA
Facility (10cTF), System performance requirements with associated modem charac-
teristics are provided. An overall system description is given illustrating the burst
and frame format and explaining the acquisition and synchronization functions. The
paper discusses the technical characteristics and interworking of the reference stations
and traffic terminals. and describes the traffic terminal interfaces, including psi. The
1ocTk and ats coordination functions, such as synchronous burst time plavn change,
are explained,

Introduction

. E()r more than a decade, INTELSAT has studied the paossible use of time-
division multiple-access (TpDMA)/digital speech interpolation (Ds1) in its
salcllite network [1]-]9]. A series of Tomarst field trials were conducted in
1978 and 1979 which demonstrated that TODMA/DSI circuits operating with DS)
gains of 2 and 2.4 gave users a quality of service comparable to that of
conventional FDMFMFDMA circuits | 10]. Most importantly, the ficld trials
demonstrated the feasibility of incorporating THMA/DS] operation into the
INTELSAT network. The results of these tests also indicated a strong need
to simplify the equipment design in order to reduce complexity and cost
while tmproving reliability.
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TDMA/MSI would first operate with INTELSAT V satellites having spot beams
with fixed connectivitics, and later with INTELSAT vi and follow-on satcllites
in a satellite-switched TDMA (35, TDMA mode. In either case, the methods of
frame acquisition and synchronization would need to operate in a spot-beam
environment in which bursts cannot be reccived by their originating trans-
mitting terminals. Additionally, the transmission system must be compatible
with 72-MHz transponders, and must achicve CCIR performance on satellite
links which would be interference limited duc to a fourfold frequency reuse
on INTELSAT v and a sixfold frequency reuse on INTELSAT V1. Finally, the
traffic terminals would have to permit eventual use of the 14/11-GHz frequency
bands. All of these factors led to a system design which differs significantly
from the prototype equipment used for the TDMA field trials [T1]-[13].

System overview

The INTELSAT TMA/DSI system consists of up to eight independent
TDMA networks operating in three ocean regions: Atlantic, Indian, and Pacific.
Each network comprises four reference stations, a satellite, and a number of
traffic terminals. The system will operate with satellites that have four
coverage arcas: east hemispheric beam, west hemispheric beam, cast zone
beam, and west zone beam. Zone beam coverage areas will be contained
within hemispheric beam coverage areas and use the same frequency buand
and opposite senses of polarization. Figurc 1 shows a satellite with typical
cast-to-west and west-to-cast connectivities of both the zone and hemispheric
beams. In this way, two dual-polarized refercnce stations located in each
zone coverage arca can monitor and control both zone and hemispheric beam
transponders. Each reference station will generate one reference burst per
transponder, and each transponder will be served by two reference stations.
This arrangement provides redundancy by enabling tralfic terminals to operate
with either reference burst. The two pairs of refercnce stations provide
network timing and control the operation of traffic terminals and other
reference stations.

Some of the reference stations include a TDMA system monitor (TSM) to
monitor systermn performance and diagnose system faults. In additon, the
TSM can provide assistance to traffic terminals during lincups.

Traffic terminals transmit and receive bursts containing traffic and system
management information. The terminals contain interfaces that connect the
TDMA system to the terrestrial networks. The TDMA/DST system uses two
types of interfaces: a psI interface which accommodates voice traffic and a
limited amount of nonvoice traffic, and a digital noninterpolated (DNI)
interface which accommodates both data and noninterpolated voice traffic.
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RB1 (FROM REF. 1, WEST)

| PBQ (FROM REF. 2, WEST)

t
RB2 (FROM
REF_ 2, EAST)

RE1 (FROM
REF. 1, EAST)

ZONE
BEAM

RB1, RB2 -~ REFERENCE BURSTS
REF. 1, REF. 2 = REFERENCE STATIONS

Figure 1. TDMA System Configuration

ZONE
BEAM

The principal features of the system may be summarized as follows:

a. Frame length is 2 ms.
b. Four-phase, coherent phase-shift keying (Cpsk)

modulation

without differential encoding is ¢mployed at a nominal bit rate of

120.832 Mbit/s.

¢. Forward error correction (FEC) is applied to the traffic portion of

sclected traffic bursts.
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d. Open-loop acquisition and feedback closed-loop synchromzation
are used for traffic and reference terminals.
¢. Bursttime plan (RTP) rearrangement can be performed automatically

without loss of traffic.

f. Each pair of reference stations can control up to 60 terminals,

including other reference stations.

g¢. Each traffic terminal can transmit up to 16 bursts and receive up
to 32 bursts per frame. Onc DSE or DNI unit can generate one sub-burst
per frame and receive up to cight subbursts per frame.

h. Each traffic terminal can transponder-hop across up to four

transponders.

i, A Dsiinterface can accommodate channel groupings of up to 240

terrestrial channels.

J. A DN interface can accommodate channel groupings of up to 128

terrestrial channels.

L. Plesiochronous interconnection to the terrestrial network can be

provided.

Table | summarizes the major functions of the reference stations and traffic

terminals.

TABLE |. REFERENCE STATION AND TRAFEIC TERMINAL FUNCTIONS

REFLRENCE STATION FUNCTIONS

TRAFIFTC TERMINAL FUNCTIONS

Perform sulellite position determination
needed for acquisition.

Provide open-loop acquisition information to
trattic terminals and other reference stations.
Provide synchronization information to traffic
terminals and controlled reference stations.
Provide TDMA sysiem moniioring.

Provide network management by transmitting
appropriafe mossages or codes to traflic ter-
minals and other reference stations,

Pravide common synchronization across mul-
tiple satellite transponders {permitling tran-
sponder hopping).

Provide voice and teletype orderwires.
Provide access ta the IOCTFE for network
voice and teletype orlerwires and tor trans-
mitial of status information.

Perform acquisition and synchronization un-
der control of a reference station,

Cenerate and receive bursts containing traflic
and housekeeping intformation.

Perform transponder hopping, where neces-
SATY.

Coordmate and implement synchronous
burst-time plan changes with the reference
station.

Pravide voice and teletype orderwires.
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Transmission system considerafions

This section describes the major transmission aspects considered in
developing the INTELSAT TnMAMDSI system.
Performance requirements

The INTELSAT TnMmamst system is designed to operate with C-band
72-MHz INTELSAT v satellite transponders. Table 2 swmmarizes the perform-
ance requirements which were considered in the transmission design.

TaBLE 2. TRANSMISSION DESIGN PERFORMANCE REQUIREMENTS

BER Perlormance Objective
(CCIR Rec. 522)

The bit error rate at the vutput of the hypothetical
reference circuit should net exceed the values of:

One part in 10° 10-min. mean value for more than
20 ol any month.

One part in 17, I-min. mean value for more than
0.3% of any month.
One part in 0% 1-s mcan value for more than 0.01%
of uny yeur.
Out-of-Band Emission Constraints 23 = 0.02 (a0 — 10) dBWid kltz at 6 Gz, where o
Is the elevation angle in degrees.
bxternal Interference Criterion
(adjacent satellites and terrestrial )

The aggregate interierence pewer level averaged over
any 10 min. should not exceed., for mere than 20% of
any month, 104 of the ol noise power level at the
input to the demodulator that would give rise 1o a
BER of one part in 10%.

The performance objective is specificd in order to achieve a clear-sky bit
error rate (BER) of 107% The amount of up-link fade and down-link carrier-
to-noisc degradation and the allowable carrier-to-cochannel interference ratios
should be such that the BER objective of 10 ¥ iy not exceeded for the short-
term propagation conditions. The short-term BER objective of 1071 for 0.3
percent of the worst month given in CCIR Recommendation 522 is not
considered to be a limiting case.

The out-of-band emission constraints shown in Table 2 relate to the ¢.i.r.p.
of the out-of-band cmission that results from spectral spreading of the psk
carrier due to high-power amplifier (HPa) nonlinearities, as well as inter-
modulation products resulting from muiticarrier operation of an 1ea. These
limits arc chosen so as not to degrade the performance of adjacent chamnels.
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The maximum acceptable limit of external interference, given in Table 2,
is consistent with the current INTELSAT practice in FDM/FM transmission
planning. The total external interfercnce contribution should not exceed 10
percent of the thermal noise level at the demodulator for a BER of one part
in 100,

An important element in assessing overall link performance for the
INTELSAT TDMA/DSI system is the expected modem performance. In a linear
system, a Nyquist filter with x/sin x spectrum compensation is considered
an optimum modem filter combination. However, this combination may not
be optimum when either the earth station HPA or the satcllite transponder
traveling wave tube amplifier (TwTa) is operated at or near saturation, since
the output signal waveform of a nonlinear device is distorted duc to AM/AM
and AM/PM conversion characteristics. This increases intersymbol interterence
and generates interfering sidelobes.

Modem design and performance

Based on the results of computer simulations and hardware measurements
of various filter combinations, four near-optimum filters (Table 3) were
selected for further study. Figure 2 shows the BER performances of the four
filter combinations obtained by a computer simulation. The combination of
the half-40-percent cosine rolloff’ with a bandwidth time product. 87, of |
was chosen for both the transmit and reccive filters (cases 1 and 2 in
Table 3), since this combination provides the best performance in the
nonlinear channel and in the modem back-to-back test.

TaBLE 3. MODEM FILTER CHARACTERISTICS

TrANSMIT FILTER Recrive Fulver

Firarr FIL.TER
CASE BT CHARACTERISTIC  COMPENSATION BT CHARACTLERISTI  COMPENSATION

1 1 40% halt-cosine (x/sin x)"? 1 )% half-cosine (%/sin x)42
2 1 40% half-cosine X8I0 X i A% half-cosine None
3 1.13  30% cosine (x5 Xy 1 508 cosine (xisin X3
4 1.13  30% cosine xfsin X 1 50%: cosine x/siil X

Various methods of providing compensation were considered with the
above filter combinations, and were alse examined prior to selection of a
particular method. Case 2 of Table 3 shows full compensation of x/sin x
applied to the transmit filter, and no compensation at the receiver filter;
whercas, case 1 shows half x/sin x compensation applied to both transmit
and receive filters. Although the BER performances of cases | and 2 are
similar, case 2 with full compensation of x/sin x at the transmit side was
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Figure 2. BER Performance of Filter Combinations

;elccted because it simplifies the modem implementation for those using
lD]PU]SC modulators with baseband filtering. For more detail regarding modem
design, refer to the paper by Wolcjsza er al. [14] in this issue.

Speetral spreading

The INTELSAT v TDMA/DSI system is designed to operate with adjacent
transponders carrying FDM/FM and TDMA transmissions. When the HPA is
operat‘ed close to saturation, the regenerated power spectrum causes interfer-
ence in the adjacent transponders. Since earth stations normally do not
provide any filtering at the output of the HpA, the power specfrum spread
caus:ed by the HpA spills over into the adjacent transponders.

Figure 3 shows the band spreading duc to HPA nonlinearity for the specified
mode?n filter for 4-, 8.5-, and 12-dB input backoffs. The out-of-band cmission
resulting from the HPA nonlinearity would satisfy the constraints sct forth in
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Figure 3. HPA Ouiput Spectra for the Proposed Transmit Filter

Table 2 when the Hia is operated with an input backoff greater than 8.5 dB.
However, for multicarrier operation, in order to ensure that the intcrmodulation
products do not excecd thesc constraints, the upa may also have to be
operated with an input backoft greater than 8.5 dB.

Coding requirements

Based on the INTELSAT v TDMA link budgets for clear-sky and rain-degraded
propagation conditions, the performance required for the FEC code is derived
from Figure 4. A number of coding schemes were examined in terms of
performance, hardware complexity. and their suitability for INTELSAT V TDMA
application. Figure 5 gives the performance of several of these schemes.
Bascd on cost, risk, and performance considerations. the rate 7/8 BCH code
was selected. This code is a (128, 112) double error correcting and triple
error detecting code.,

System description

This section provides a functional description of the TDMA burst and frame
structure, the method of acquiring and synchronizing TDMA bursts, and the
TMA system requirements and associated benefits of transponder hopping.
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Figure 4. Derivation of the FEC Coding Performance Requirements

Burst and frame format

Figure 6 shows the structure of the TDMA {rame, which contains reference
bursts and traffic bursts. RB1 and rB2 designate the two reference bursts in
the frame. Each rcference burst is generated by a separate reference station
find u1.1der normal conditions both reference stations are active. One station
15 designated the primary reference station, the other the secondary (back-
up)lrcfercnce station, The TDMA terminals receive the secondary reference
station only when the primary reference station fails. The minimum guard
tlr_nc between bursts is 64 symbols, which ensures that bursts will not imgrl‘crc
with each other because of aceuracies in the synchronization system.
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Figure 7 shows the structure of the burst format for both the reference and
traffic bursts. The reference burst comprises a preambic and a control and
delay channel (¢DbC). The preamble consists of five parts: the carrier and bit
timing recovery sequence, the unigque word, the teletype orderwire channels,
the service channel, and the voice orderwire channels. The traffic burst con-
sists of the preamble and a traffic scction made up of DS and/or PN sub-bursts.

| 176 Je— 24— |+-B+|=B+}e32 |+ 32—+ |« B+]+——SYMBOLS
CARRIER AND BIT uw | TTY| 8C| vow vOwW  |CDC
TIMING RECOVERY
REFERENCE BURST
CARRIER AND BIT uw  [TTY|sCc| vow vOw TRAFFIC DATA

TIMING RECOVERY

|- 2ms =!
[
TRAFFIC TRAFFIC TRAFFIC) [TRAFFIC
RB 1 RB 2 BURST BURST BURST BURST RB Y RB 2
1 2 3 n
).

«

RB 1: REFERENCE BURST FROM REFERENCE STATION 1.
RE 2. REFERENCE BURST FROM REFERENCE STATION 2.

Figure 6. Structure of TDMA Frame

TRAFFIC BURST

DSl
ASSIGNMENT CHANNELl

| '

DSl DNI 1

! ] I

Figure 7. Burst Format

Dsi 2 DS 3 DNl 2

SUB-BURSTS | )

The carrier and bit timing recovery sequence is designed to enable the
modem to acquire and synchronize to received bursts. The 24-symbol unique
words arc used to differentiatc between reference bursts and traffic bursts,
resolve the fourfold phase ambiguity inherent in Qpsk modulation, and mark
the beginning of a multiframe. Eight teletype orderwires and two voice
orderwires are allocated 8 symbols and 64 symbols, respectively, in each
reference burst and traffic burst. Eight symbols form a service channel which
is used to exchange control and housckeeping information throughout the
TbhMA network. Finally, in the reference burst, eight symbols are allocated
for the cpe, which is used to control the traffic terminal’s acquisition and
synchronizatton.
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The 24-symbol unique word contains two consecutive 12-symbol patterns
which serve three purposes. The last symbol of a word marks the position
of a burst relative to the start of the frame. Next, the pattern of the first 12
symbols is used to resolve the fourfold phase ambiguity. Finally, the pattern
of the second 12 symbols relative to the first is an identifier used to distinguish
hetween reference bursts and traffic bursts. For 15 consccutive frames, all
bursts use the same identifier (UW0), but on the 16th burst (called a multiframe
marker) the identificr changes to identify the burst as RB1, RB2, or a traffic
burst. A multiframe is defined as the 16 frames starting with the multiframe
marker. Figure 8 shows the multiframe format.

The unique word missed detection probability for the INTELSAT TiMA
system s specified to be less than 1 X 10- % at £,/N, = 7 dB in an 1¥ back-
to-back loop with a unique word detection threshold of 5. In a nonlinear
channcl, the unique word missed detection probubility is specified to be less
than 1 x 10-% at £ /N, = 8 dB.

The eight symbols allocated to the service channel carry the types of
messages shown in Table 4. A service channcl message consists of an 8-bit
function code, a 22-bit paramcter, and a 2-bit parity check, which together
form a 32-bit codeword. This word is transmitted over one multiframe (16
TOMA frames) at a rate of 2 bits per frame. For protection against errors,
each bit is repeated cight times in every burst.

The cpC in the reference burst is used to control ThMA traffic terminals
for acquisition and synchronization. The cpe cyclically addresses each con-
trol traffic terminal and reference station in successive multiframes using a
32-multiframe cycle referred to as a control frame. A 32-bit CDC message
{Figure 9) is transmitted in a manner similar to that of the service channel
message. Except for terminal number 0, which is used for reference station
status codes and the BTP number, cach message is destination-directed to the
particular terminal identificd by the terminal number. These destination-
directed messages control terminal operation by means of a 2-bit control

code and a 22-bit word that provides the transmit delay.

Aeguisition and s¥ynchronization

Acquisition is the process by which a TOMA terminal initially places its
burst into the assigned position within the TDMA frame. This process must
be executed without interference to other bursts in the frame. A terminal
may enter the acquisition phase if it receives. via the €, an acquisition
control code from the reference station, together with a value of transmit
delay. The transmit delay is the nime betwecn the reception of a reference
burst and the transmission of the acquiring terminal’s own burst. The refercnee
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TABLE 4. SERVICE CHANNEL MESSAGES

CONTENTS OF TiHE PARAMETER

Funeion DATA BLOCK (22 bits)
Cont TRANSMISSION
(8 bits) Tyre Fiest 8§ Bits Last 14 BiTs PrIoRITY®
00000000 [neftective Message Not Used Not Used Fifth
00000001 Transmissiom of Delay Used  Value of Value of First
{from all terminals) Delay Used Delay Used

Burst Time Plan

2000010 Reguest for “‘Ready to  Terminal New BTP NA
Change'™ (from primary ref-  Number Number
crence station to selected
terminals)

00000011 “Ready to Change’ (from  Terminal New BTP Third
sclected terminals) Number Number
00000100 Notification of BTP c¢hange  Countdown Not Used INAP
(trom primary reference sta- 00010000
tion to all terminals) 00001111
0000001
0000000
Alarms
Q0000101 High-BER  Alarm  (from  Terminal Burst Fourth
traffic terminals to traffic  Number Number
terminals)
00000110 Unique Word Loss Alarm  Terminal Burst Second
¢from traffic terminals to  Number Number

traflic tceminals)

00000111 Sclective Do Not Transmit  Terminal Bursl NAD
Code (SDNTX) (from ref-  Number Number~
erence station to selected
traffic terminal)

“For traffic terminals.
"Not applicable for traffic terminal transmission.
«Code L111LILTETITIT for the burst number is used to switch alt all bursls transmitted by the

lerminal.

station calculates the value of the transmit delay based on a knowledge of

satellite position. This method is referred to as “*open-loop™ acquisition.
Either of two methods of satellite position determination can be employed.

One method uses TT&C data to gencrate a sct of coefticients which can be

used 1o predict the satellite position for periods of up to several days. These
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Figure 9. CDC Structure

coefficients are updated and sent to the reference stations, which use them
to C_a.lculate satellite position. This method is capable of predicting Lsutcl]ilc
Position to within 1 km. The other method of satellite position determination
uses ranging data taken from either the reference stations or the cooperatin
traffic stations. These data, values of transmit delay (D,), are a by- mdu?t
of the synchronization process. . & )
During the acquisition process. the terminal transmits only its prcamble
(Shorj burst). The reference station measures the position of ihc short burst
within the frame and transmits a new value of delay which causcks the sho}l
burst to move to its nominal position. When the reference station has verified
that the short burst is in its nominal assigned position, the station transmits
t‘hc syncl?ronizatinn code to the terminal. Reception of the synchmni;fkuriorl]
LOdej notifies the tcrminal that the acquisition phase is complete and that
traffic sub-bursts can be added to the preamble. ‘
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Synchronization is the process by which bursts are maintained in their
assigned position within the frame. The reference station monitors the position
of the burst in the frame and continuously modifies the transmit delay values
to maintain the bursts in their proper positions. This process is referred to as
““feedback closed-loop™ synchronization. A morc detailed description of
acquisition and synchronization is given by Forcina and Bedford [15] in this
issue.

Transponder hopping

Transponder hopping permits improved tratfic interconncetivity with min-
imal hardware complexity in a nonglobal beam system such as the INTELSAT V.
The traffic terminals are designed to hop across a maximum of four
transponders, which can be separated in frequency and/or polarization, Since
the THMA/DSI system employs mutually synchronized reference bursts in all
transponders, traffic bursts transmitted into different transponders will be
separated by fixed time intervals. This allows reference stations to control
the position of only onc of the terminal’s bursts. since the others are
synchronized by fixed time offsets.

TDMA reference and monitor stations

Each TDMA reference and monitor station (TRMS) consists of refercnce
terminal equipment (RTE) and in some cases a TSM. The TRMS cquipment
was devcloped and built by Nippon Electric Corporation (NEC), with the
TSM being manufactured by COMSAT as a subcontractor to NEC. The RTE
provides network timing and controls the operation of traffic terminals and
the other reference stations. The refercnce stations also provide timing and
control for synchronized BTP changes. The TSM is used to monitor system
performance, diagnose system failures. and assist users in cxecuting their
traffic terminal lineups.

Each reference station is equipped with sufficient redundancy to provide
a high degree of reliability. However, in order to satisfy INTELSAT’s
continuity of service criteria, each reference station operating in a given
coverage arca will have one backup reference station. This lcads to the
concept of two reference bursts per frame (primary and secondary). Although
one of the two stations has a standby role, both stations are simultaneously
active. In the cvent of a failure in the primary reference station, system
control passes to the sccondary refcrence station without disturbance to the
network.

Figure 10 iy a general block diagram of the rRTE. The RIT equipment
consists of two on-line signal processing cquipment (SPE) units, a Jocal timing
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Figure 10. RTE Configuration

Spurge, a control and display console (CaDC), and an cnginecring service
Clrcqn (ESC) subsystem. An spE will accommodate up to four transmit and
receive chains. Transponder hopping at the IF or r¥ level is not employed at
re.ference stations, and consequently. each up- and down-chain is equipped
with separate modems. Each signal processing unit generates reference bursts,
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but the output of only onc of the units is sclected for transmission. The other
unit serves as an active backup.

To detect abnormalities in its own operation, each SPE is equipped with a
monitor and diagnostics (MAD) unit which monitors number of spE
conditions. Upon detection of a failure condition, the standby SPE is switched
on-line. The switchover to redundant REAE cquipment is controlled by local
switchover logic which is independent of the MAD unit. Since the switchover
time of the tocal redundancy is considerably shorter than that of the RTE
switchover unit, no interaction occurs between the Rear equipment and the
RTE,

The canc provides the operator interface to the RTE equipment. Local
equipment status and TDMA system status are provided on video display units
(vDUs) in the display console. The local cquipment status displays include
mimic diagrams of equipment configuration, protocol status, and a facility
for examining the events which led to a failure condition. This display
continuously stores the last 4 s of the state of the protocols within the
terminal. The system status displays include lists of controlled stations and
their current status. events during a Bte change, and the status of all four
reference stations in the network, together with a facility for examining the
event which led to a traffic station failure.

The ESC subsystem provides voice and data communications over the
TbMA network for all reference and traffic stations. This facility is extended
by leased voice-grade circuits to the INTELSAT Operations Center TDMA
Facility (10cTF), and not only provides day-to-day communications, but alse
serves ag the principal means for the 10CTF to disscminate the TDMA BTPs 0
the reference and traffic stations.

The TsM is designed to measure relative burst power level, burst carrier
frequency, burst position, pseudo BER, and transponder input backoff. The
system monitor data can be displayed locally, and is also accessible for
display at the 10CTF. Operation of the monitor can be controlled locally or
remotely from the IOCTE.

Figurc 11 is a block diagram of the 1sM. The measurement subsystern is
sequenced through the various reference station down-chains by the VHF
switch. For each down-chain, burst measurements arc gated by the Tbma
controller. The measurement data are processed within the TSM processor
prior to display, storage, and transmission to the 10CTF. The performance
requirements of the Tsm are presented in Table 5. A more complete description
of the implementation and its operation will be given by Barnett ¢ al. |16].
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TABLE 5. TSM PERFORMANCT: REQUIREMENTS

PARAMETER ACCURACY

Relative Burst Power Level +0.25 dB
Carrier Frequency

Reference Burst *3 kHz

Traflic Burst *{.2 kHz
Burst Position Error + | symbol
Pseuwdo BER *20%
(over 10 * 1o 10 * range)
Transponder Operating Point + 1 dB
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Traffic terminals

Tratfic terminals arc used by INTELSA'T s signatories to route their voice
and data traffic through the INTELSAT ToMA system. The traffic terminals
are procured by signatories from a variety of manufacturers, who build the
equipment to INTELSAT performance specifications.

The traffic terminals arc required to acquire and synchronize to the frame
under the control of a refercnce station. Once synchronized, the terminal
transmits bursts and sub-bursts in accordance with a wrP prepared by
INTELSAT. The sub-bursts. which contain the traffic from that station.
originate from cither NS or DNT units.

Digital speech interpolation unit

Most traffic uses DSI to make the most efficient use of satellite capacity.
DSt takes advantage of the intermitient nature of speech by assigning satellite
channels only to active voice channels. Each st interface unit can accom-
modate up to 240 terrestrial channels. The usable capacity of the DSI unit
may vary from onc terrestrial channel to its maximum capacity in Increments
of one terrestrial channel. The corresponding maximum capacity of a Dsl
unit is 127 satellite channels, with the actual utilization varying {rom one
satellite channel to its maximum capacity. Individual DS1 units may be
designed for either multidestination or single-destination operation. Units
operating in the multidestination maode are capable of transmitting to eight
destinations in onc sub-burst and receiving cight sub-bursts.

Fach DSt sub-burst contains an assignment channel (DS1-AC) Jocated at the
beginning of the sub-burst and occupying 128 bits (equivalent to one satellite
channel). The assignment chunnel carries assignment messages and Ds1 alarm
messages. Assignment messages are used to inform the receive-side DSI unit
of the terrestrial-channel-to-satellite-channel associations made at the trans-
mitting side. The DS-AC consists of 128 bits which carry three 16-bit
assignment messages. Rate 172 Golay coding is used to correct all -, 2-,
and 3-bit errors. This coding is used on all links, unlike rate 7/8 BCH channcl
coding which is only used on selected worst-cuse links. Figure 12 depicts
the structure of the DSI-AC,

Each Ds1 unit contains a special assignment channel check procedure which
is used to check automatically the end-to-end Dst channel assignments. The
procedure consists of a special channel on the transmit side of the Ds1 which
generates a request for assignment once cvery 10 5. At the receive side, a

special receive channel expects to receive the assignment cvery 10 s It

assignment is not received, an alarm is raised and sent back to the onginating
DSL unit.
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The ratio of the number of terrestrial channels 1o the number of satellite
channels to be employed by each 1$1 unit in the system will be set such that
cqmpctitive clipping lasting more than 50 ms will occur on less than 2 percent
of the voice spurts. To meet this requirement while maximizing sﬁte!litc
capacity, the ps1 units employ bit reduction. When the number of simulta-
neously active terrestrial chunnels exceeds the number of satellite channels
z‘ﬂ.llncuted for the st units, additional satellite channels can be derived bst
“stealing’” the least significant bit of the 8-bit voice channels. These overload
ghannels are used 1o prevent freeze-cur, where no satellite channel is available
for an ucr_lve terrestrial channel. This process reduces the affected satellite
channels from § bits to 7 bits during periods of overload.

The DS unit may be used to carry noninterpolated traffic by preassigning
1crres.tr~1a] channels to satellite channels. The noninterpolated channels arE
transmitted at the end of the sub-bursts and the number of channels is
cxpandable in onc-channel steps o a maximum ol 127 sateliite channcl;. A

detdiled description of the INTELSAT is gi i
‘ s¢ S DS system 18 given by Rieser :
Onufry [17] in this issue. ) ’ o

Digital noninterpolated units

_Small—capucity links and preassigned data can be accommodated by a DNI
l..ll'lll.. The capacity of a DNI unit may range from 1 to 128 satellitc channels
1 single-channel increments. The DN unit may also be wsed for forming

hlgh(,,] hl[ rate (.l 1 b
mne ents Uf ()4 ]\l)][!’S Ll]) o a
1dnNnels 1M incren MaXxXumun (J[
8-1 92 Mblt.‘b.
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Terrestrial interfaces

The INTELSAT system uses the plesiochronous method for interconnecting
national digital networks. The networks are interconnected by means of
butfers sized to accommodate the surplus or deficiency of bits arising from
the ditference in bit rates between two networks. This is accomplished by
repeating a block of pulse-code modulation (pcMm) bits if the buffer is nearing
depletion, or deleting a block if the buffer is full. The block length 1s chosen
to be equal to the Pem frame period, since deleting or repeating pCM frames
(termed slipping) will not cause significant disturbance to the network.

To further limit the disturbance, slipping is only allowed cvery 72 days
(CCITT Rec. G.811). This i turn dictates that the national networks and
the TOMA frame rate must be held to within onc part in 10'" of their design
frequencies over 72 days. Thercfore, one refercnee station must derive its
frame timing from a high-stability clock which provides the time reference
for the ToMA network.

Plesiochronous interfacing of the TDMA terminals also tequires the use of
Doppler buffers to remove path length variations caused by satellite movement.
The TDMA/DSI system buffers can accommodate up to 1.1 ms of peak-to-
peak path length variation.

INTELSAT Operations Center TDMA Facility and sys-
tem eoordination

As an organizational focal point for the TDMA system, the IGCTF controls,
coordinates, and helps maintain the correct operation and interworking of
cach ToOMA network within the system. To support these activities, the 10CTF
performs the following major functions:

a. monitoring of RTEs, and hence ToOMA networks, through the use
of high-specd data lines, and

b. voice and teletype (TTY) communications to each RT1: and traffic
terminal in each network.

Figurc 13 shows the overall TDMA system configuration. The 10CTF can
operate with up to eight 1hMa satellite networks and is coupled to cach
reference station in the network via voice-grade packet-switched data links.
A network packet recirculator/concentrator (NPRC) is provided for each
network. The output of NPRC forms an interface between each satellite
network and the 10cTF. In addition, cach reference station serves as a gateway
terminal for the TDMA voice and TTY ESC system, and is connected to the
10CTE via Icased voice curcuits,
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Figure 13, Overall TDMA System

Operators at the 10CTF monitor and 10 some degree control the status of
the‘RTEs and the associated TpDMA networks, The monitoring capabitity is
derived from the transfcr of displays and alphanumeric data from the RTEs
to the 10CTF via the data lines. 10¢Tr operators can thus view the uperatim;
of the network from the perspective of any or all RTEs. This unique perspective
allo‘\‘;vs the operators to assist in providing maintenance support for RTEs and
traffic terminals. This perspective also allows a limited amount of reﬁmrc
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control, specifically the coordination of synchronous time plan chunges and
system startup following an outage. In both cases, commands and responses
arc exchanged over the data lmes. In addition, the 10cTe utilizes the £SC
voice orderwire (VOW) TTY circuit (o verbally control all significant terminal
activities that can affect THMA system operation. Finally, the 10CTF generates,
stores, distributes, and verifies critical BTe information which configures the
operation of cach reference and traffic terminal in the network. For details
on the design of the 100TF, refer to the upcoming paper by Hodge er af.
[18].

System eoordination

System coordination functions are concerned with facilitating and main-
taining the correct operation and interworking of the TDMA network. These
functions arc in three groups: VOW TTY communications, interterminal alarms,
and automatic burst time rcarrangements.

Orderwires

The TDMA system provides for two independent voice orderwires and up
to cight independent T1Y orderwires on each transmitted traftic and reference
burst. These circuits arc used by the terminal operators to coordinate
commissioning, operation, and fault finding of the cquipment. Automatic
signaling and call routing are provided by switching computers in cach carth
station. The 10CTE gains access tw each network by using the reference
stations’ switching computers as gateway cxchanges. This gives the 10CTH
full voice and TTY communications with all reference and trafiic terminals
in the TDMA system.

Alarms

All TOMA terminals are capable of exchanging two types ol alarms
corresponding to loss of unique word and the occurrence of a high BER on a
received burst. The alarms are selectively addressed to the terminal originating
the burst. using the service channel. Unique word alarms are generated when
a particular burst’s unique word is declared lost for more than 500 ms. The
alarm message is sent every second until the unique word is declared present.
High-pEr alarms are generated whenever a burst is perceived to have an
crror rate worse than 1 X 10 *. This alarm message s sent cvery 4 s until
the BER improves.

The reference stations have the capability within the display equipment to
log all alarm conditions, and can assist traffic terminal operators in diagnosing
faults. The reference station displays are made available to the 10CTE, which
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can also log the alarm incident and assist in fault finding, especially when o
larger scale network problem cxists. ’

BT distribution and change

A BTP for the INTELSAT system contains all the operational parameters
for all the terminals in the network. Each BTP is represented by a unique
numl_)e.rj and current time plan number verification is part of a termtnal’s
acquisitton procedure. Thus, whenever a BTP change occurs, all stations must
be updated.

To ensure that critical elements of the BTP have becn correctly loaded into
the terminals, critical elements are grouped into a special format and
transmitted over a secure data circuit using the CCITT X.25 data protocol
which provides crror correction and automatic repeal request {ARQ) facilities.l
When successfully reeeived, the data are translated into a form suitable for
use by the terminal and stored in the background memory which will be used
to control the terminal. These data will then be retransmitted back to the
10T to cnable the operators to perform a bit-by-bit comparison with the
original transimission.

The INTELSAT Tomamst system provides [ully synchronous, real-time
BTP arrangements. This involves changing the position and/or length of some
or all bursis within the frame of any ThmA transponder. lmmuﬁutclv prior
to the implementation of a new B1P, the controlling primary reference Station
sends a “*start of plan change™ message to the primary in the other coverage
arca, After an appropriate dclay which synchronizes the messages, h()}h
reier?ncc stations send a “request for ready to change™ message to the
t‘en.n'mals over the service channel (Figure 14). This Lmessagc activates a
I-ac.lmy which permits the terminal to react to 4 countdown si ur:al. When this
facility i_s activated, the terminal transmits a **ready to chan;c" signal over
the service channel. When both reference stations have confirmed that all
terminals involved in the time plan change are enabled and the new time
plan has been correctly placed in the background memorics of the terminals
concerned. the other reference stattons declare “ready to change.” To
mfprm the controiting reference station that it is ready to change, the other
reference station sends a message over the service channel for | 5. When the
controlling primary station receives this message, it declares ““ready to initiate
countdown, " -

Elgure 15 shows the BTP rearrangements sequence. The controlling reference
station sends “initiate countdown® to the refercnce station. and after delays
Necessary 1o synchrontize the countdown. both stations send **notification o-I'
tlmc. plan change™™ 1o all terminals using a countdown scquence over the
service channel. When terminals receive the final countdown message, they
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adopt the new transmit time plan on the next transmitted fru{nc, while on
the receive side. the plan is adopted 12 muitiframes after the final MESSAgEe.
This results in a synchronized system-wide change without interruption to
the network.

Concelusions

With the introduction of the 120-Mbit/s Thma system. INTELSAT hus‘
rcached a major milestone in system evolution. The incnrpnrqtion ol‘
TDMA/DS! into the system increases voice channel efficiencies by a .Tzlctnr of
approximately 3 over conventional FDMA with frcqucncy.modula'lmn. Thc
TDMA system currently operates on the INTELSAT ¥ su.@]htcs having hemi-
spheric and zone antcnna beams with fixed connectivitics, and th(.: sys.lcm
design allows for eventual operation with the INTELSAT VI satellites in a
dynamic ssTpoMa mode. .

With terrestrial networks converting to digital operation on a worldwide
basis. the INTELSAT TpDMADSI system offers a common tink which can
cffectively provide direct interconnections between networks of this type. B\
the early 1990s it 1s forescen that a major portion of INTELSAT trafiic ijl“
be carried by TDMA/DSI, The use of either 32- or 16-kbil/s low—rate.vowc
encoding will likely be introduced to further enhance the system with an
additional increase in channel efficiency.

Aeknowledgments

The INTELSAT TDMA system was developed by many individuals from
all purts of the world. Contributors included INTELSAT staff members,
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manufacturers, all of whom worked hard to make INTELSAT TDMA a reglity.

References

[11 T. Sckimote and J. G. Puente, A Satellite Time-Division Multiple-Access
Experiment,”’ [EEFE Transactions on Communications Technology, Vol. COM-
16, No. 4, August 1968, pp. 581-388. .

{21 W. G. Schmidt, **The Application of TDMA to the INTELSAT IV Satellite
Serics,”” COMSAT Technical Review, Vol. 3. No. 2. Fall 1973, pp. 257275,

[3] O. G. Gabbard and P. Kaul, **Time-Division Multiple-Access.” [EEE Confer-
ence on Electronics and Acrospace Systems, Washington, D.C.., October 1974,
Conference Record, pp. 179-184. A

[4] S. ). Campanella, *"Digital Speech Interpolation,” COMSAT Technical Review,
Vol. 6. No. |, Spring 1976, pp. 127-158.

INTELSAT TDMADS! SYSTEM 397

[5) k. Faricllo, A Novel Digital Speech Detector for Improving Effective Satellite
Capacity,” IEEE Transactions on Commiications Technology, Vol. COM-20,
No. . February 1972, pp. 55-60.

[6] G. D. Dill and A. Tomozawa. “Time-Division Multiple-Access Frame and
Burst Synchronization for Spot Beam Operation.™ IEEE Conference on Elec-
tronics and Aerospace Systems, Washington, D.C.. October 1974,

[71 W. G. Schmidt ei af., "MAT-1: INTELSAT s Experimental 700 Channoel
TDMA/MA System,”” INTELSATAEE Internationul Conference on Digitul
Satellite Communication. London. England, November 1969, Proc, pp. 428-
440,

(8] D. 1. Schacfer, ““Techniques for THMA System Monitoring,” COMSAT
Technical Review, Vol. 9. No, 2A, Fall 1979, p. 387-412.

[9] S. J. Campanella and K. Hodson, " Open-Loop TIPMA Frume Acquisition and
Synchronization,” COMSAT Technical Review, Val. 9, No. 2A. Fall 1979, pp.
341 -385.

[10] S. ). Campanclla er af., *The INTELSAT TDMA Field Trial.”” COMSAT
Fechnical Review, Vol. 9. No. 2A, Fall 1979, pp. 293-340,

[11) B, A Pontano ef af., “"The INTELSAT TDMA/DSI System,”” IEEFE Journa!
on Selected Areas in Communications, Vol. SAC-1, No. 1, January 1983, pp.
165173,

[12] S. Prasanna er of.. “INTELSAT V [20-Mbit’s TDMA Transmission Design,™
Fitth Intcrnational Conference on Digital Sutellite Communications. Genoa,
Italy. 1981, Proc.. pp. 345-332.

[13] G. Forcina er al., ~* Acquisition, Synchronization and System Management for
the INTELSAT TDMA System,” Fifth International Conference on Digital
Satellite Communications. Genoa, laly, 1981, Proc.. pp. 377-386.

[14] C. ). Wolejsza. Jr. 1. 8. Snyder, and J. M. Kappes, **120-Mbit/s TDMA Modem
and FEC Codec Performance,” COMSAT Technical Review. Vol. 15, No. 2B,
Fall 1985 (this issuc).

[15] G. Forcina and R. Bedford, “TMA Terminal Acquisition and Synchroniza-
tion,”” COMSAT Technical Review, Vol. 15, No. 2B, Full 1985 (this issue).

[16] 1. S. Barnett ¢r al., “*The INTELSAT TDMA System Monitor,” scheduled for
publication in COMSAT Technical Review, Vol, 16. No. 1. Spring 1986.

[17] J. H. Rieser and M. Onufry, “Terrestrial Interface Architecture (DSI/DND).
COMSAT Technical Review, Vol. 15, No. 2B. Fall 1985 (this 1ssue).

[18] G. D. Hodge er al.. “"TDMA Network Control Facility.™ scheduled for
publication in COMSAT Techiical Review, Vol 16. No. 1, Spring 19586.



398 COMSAT TECHNICAL REVIEW VOLUME 15 NUMBER 2B, Fall. 1985

Benjamin A. Pontano received a B.S.E.E. degree
from Carnegic-Mellon University in 1965, and M.S.E.E.
and Ph.D. degrees from the Pennsylvania State Uni-
versity in 1967 and 1970, respectively. He originally
joined COMSAT Laboratories in 1969, and was ap-
painted Manager of the Laboratory Simulation Branch.
He rejoined COMSAT Laboratories in 1984, and iy
currently a Principal Scientist engaged in the siudy of
future satellite systems for domestic and international
applications. During the interim, Dr. Poatano was with
INTELSAT for over 10 vears. where he was actively
involved in development of the INTELSAT TDMA system and design of the INTELSAT
VI spacecraft system.

S. J. Campanella received a B.S.EE. from the
Cutholic University of America in 1950, an M.5.EE.
from the University of Marvland in 1956, und a Ph.D.
in Electrical Engincering from the Catholic University
of America in 1965, He is currentlv Chigf Scientist and
Vice President of COMSAT Laboratories. Previously,
he served as Executive Director of the Communications
Technology Division. He has contributed significantly
to technologies for TDMA network control, satellite-
switched TDMA, and TDMA terminud development. Dr. A
Campanella is a Fellow of the IEEE and AAAS. He
teaches ar George Washington University and holds numerous patents in digital
processing technigues,

Jack L. Dicks received a B.S. degree in Mathematics
and Engineering Physics from Sir George Williams
College in Montreal, Canada. He joined the Engineering
Division of INTELSAT in 1978 as Manuger of the
Communicutions Engineering Department. In this po-
sition, he has been responsible for all aspects of the
conpnrunications svstems design and development for
both the INTELSAT V and VI satellites und ussociated
earth stations throughout the system. This involved the
infroduction of many new transmission techniques, both
analog and digital, the most notable being development
of the 120-Mbitts TDMA system, whick is now being succeeded by SSITDMA. He
has represented INTELSAT on numerous occasions at such ITU forums as the CCIR,
and most recently participated in WARC-ORDB &5.

Before joining INFELSAT, Mr. Dicks was with COMSAT for 10 vears where he
was primarily responsible for transmission planning for the INTELSAT I, IV,
IV-A, and V satellites. Prior (o this, he was on the engineering staff at Teleglobe
Canada, responsible for the planning, installation, and testing of submarine cable
svstems and the introduction of the Mill Village earth station.

[l'.ld(.‘?f: communication satellites, digital transmission, synchro-
nization, INTELSAT, time division multiple access ’

An experimental TDMA traffic
terminal*

R. P. RipinGs, R. R. LiINDSTROM, AND T. R. DOBYNS

(Munuscript reeeived August 12, 1985)

Abstract

Busic concepts, critical design issues, and implementation criteria for an experi-
mental 120-Mbivs time-division multiple-access (Thma) traffic terminul developed
by COMSAT Laboratories per INTELSAT Specification BG-42-65 (Rev. 2) are
?rescntcd. The terminal consists of a Tbma controller, modem, digital speech
interpolation (ps1) module, and special test equipment. The architectures of the TMA
controller, operator console, psi interface, and the special test cquipment are illustrated.
The special test cquipment consists of a reference burst gencrator and a bit crroe rate/
crror-f{"ec interval measurement unit. The reference burst generator makes it possible
to perform tests in a satcllite loop configuration. Speed of operation, especially in
Tcgard to the unique word detector and the forward error correction unit, was 4 critical
item in the terminal design. Other critical items were the interfacing of 32 st modules
to the Toma controller, and the design of a receive-side reti.ming unit with a
ficmodu[ator interfuce which required no clocks after the last symbol of data. The
Impact of the COMSAT Laboratories terminal and its support in the INTELSAT
120-Mbit/s T>Ma system implementation are also dealt with.

Introduction

The 120-Mbit/s time-division multiple-access (TDMA) traffic terminal
developed by COMSAT Laboratories to verify the INTELSAT operational

*This papcr is based on work performed at COMSAT Luboratorics under the joint
sponsorship of the Communications Satellite Corporation and the International
Telecommunications Satellite Organization (INTELSAT). Views expressed arc not
necessarily those of INTELSAT.
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protocols of Specification BG-42-65 (Rev. 2) (1] incorporates a new design
approach for the 120-Mbitis forward crror correction (vi¢) codec. A bus
approach for interconnccting the TOMA terminal with a large number of
digital specch Interpolation/digital noninterpolation (PSDNI) modules was
developed. In the pst module. particular development effort was focused on
an adaptive threshold speech detector. Special attention also was given to
the unique word (Uw) detector and its operational reliability at the 60.416-
MHz* data rate. Testing and verification were performed in conjunction with
the development of a reference station emulator (RSE) [2]. Several of the
designs developed for the laboratory terminal have been incorporated into
the operational ToMA equipment of the U.S. Signatory.

Summary of the INTELSAT TDMA system

The BG-42-65 (Rev. 2) traffic terminal uses INTELSAT v satellites operating
at 6/4 GHz with 72-MHz bandwidth hemi- and zone-beam transponders. The
system specifications ure summarized in Table 1. Redundancy in the cvent
of a reference terminal failure is provided by primary and secondary reference
terminals in a designated transponder. Traffic terminals transmit and receive
bursts from two types of terrestrial interfaces: DS intertaces. used primarily
for voice traffic, and DNt interfuces used primarily for data traffic. Traffic
terminals normally take timing and control from the primary reference
terminal; however, if a terminal fails to receive the primary reference burst
for a given peried of time, it will switch and take timing and control from
the secondary reference terminal.

TaBlLE |. TDMA System FeaturEs

Bu Raie

Frame
Multitrame
Control Frame
Modulation
Demodulation
Phuse Resolution
Acyuisition
Synchronization
Unique Word Length
BTP Change
FEC

120.832 Mbitss

2w

32 ms (16 frames)

1024 5 (32 mululrames)
Four-phase PSK
Coherent

Unigue word

Open loop

Control from reference terminal
24 symbols
Synchronized

128/112 BCH code

*Hereafter referred to In the text as 60 MHz.
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Reference terminals send control information to traffic terminals in the
control and delay channel (Cpe), addressing control information to a specific
terminal in a designated multiframe once a control frame (I s). Each reference
burst addresses the same terminal in the same multiframe. Both reference
and traftic terminals communicate network supervision information in the
service channel (s¢). The ¢pe and s¢ messages are sent at 2 bits per 2-ms
frame over a 16-frame multiframe (32 ms).

Traffic terminal deseription

This description covers the architecture of the TpMA controtler, operator
console. DSI interface. and speeial test equipment consisting of a reference
burst generator and a bit error rate/crror-free interval (BER/LED measurcment
unit. The burst modem and the psi/pNT module are discussed in other papers
i this issue [3], |4].

Figure 1 is block diagram of the traffic terminal equipment. The baschand
traffic is digitally encoded into 8-bit, A-law companded pulse-code madulation
(rem) at the channel banks and sent o the Dst module in CEPT 2.048-Mbit/s
sertal format. The ST module interfaces a maximum of 240 input channels
to an ailocated\ number of satellite channels based on the speech activity in
the presence of speech the channel. An adaptive speech detector determines

FROM
DOWN- TO UP-
CONVERTER CONVERTER

——
BER BER/EFI MODEM MODULATOR
TEST SET[* UNIT > REFERENCE
> TOMa BURST
DS CONTROLLER GENERATOR
INTERFACE
PCM osi
CHANNEL — 1
BANKS MODULE ~ ™
— : COMPUTER :
| |
| i
I |
DSI CONSOLE i '
L _J

OPERATOR CONSOLE
Figure 1. Traffic Terminal Block Diagram
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in the channel, and if speech is detected the input channel is connected

an available satellite channel. The psi traffic is then stored in compression :5_5 E _ .
memories located in the Dsi interface. The controller reads the compression ; o & s 85
memories, thereby multiplexing the traffic into TbMA bursts which arc o0 A N i Eé;
transmitted at 120.832 Mbit/'s using four-phase phase-shift keying (PsK) F= ¢ 2 2 o o A= x
] . . . . N 5 —f— L 0 z w 5’ @
modulation, The receive traffic is demultiplexed from the Topma burst and w g & 9 c 5 g
routed through the DSI interface to the expansion memory located in the DsI g Z E z z 4@ %Dg
module. The digitized traffic is then converted back to analog at the pem 2 8 5 2 £ gé,@
channel banks. H x E z o 2 oy R
The THMA terminal is monitored and controlled from an operator console ?-cj N OS 5 § g Eg §
consisting of a CRT. keyboard, and minicomputer. Special attention was FEE »ox "
given to the monitor displays to ensure that all real-time information accurately g
reported terminal status. an especially important feature when the terminal § o §
is used to cvaluate network protocol performance. In order to trace fault E g »
conditions, the minicomputer stores time-tagged test results with terminal oy 3
status conditions. In addition, the minicomputer storcs a number of burst =3 o “ L =
time plans (BTPs) for various test scenarios, ;’g F %cic) ;3-
A reference burst gencrator was included to provide a stand-alone test Egg DE =
system independent of the INTELSAT reference stations. 1t transmits primary \m 1T 7 * U B E §
and secondary reference bursts with the necessary protocols for acquiring ] VILE|d y ég = g
and synchronizing traffic bursts in 1, RF, and satellite loop configurations. g ! §§ e | PoER o o
It also has the capability of testing the acquisition and synchronization g g'@ { §% || II TO % 5
protocols of the ThDMA controller. e 3] | | ." ] %
End-to-end link performance was analyzed in terms of the BER and EFls. i l | & §
The BER/EFI measurement unit used during field testing of the terminal [5] ! | b &9 &
interfaces a continuous-mode BER test set to the ThMa controller, enibling Fé -5 : ! x | i z g
BER and EFI measurements on the traffic portion of the Thma burst. The ik %E §§ > ! %gg ! i o 2
data were stored on a floppy disk for later analysis. o5 .E_ES I © s |- SE o .
5 | & | T g = g ':
TDPMA controller LZ A L. — o} :SL
Performance of the TDMA controller is measured in terms of its ability to _ %é f I i
achieve and maintain synchronization, accept new BTPs, and interface traffic EUE gg %g = §
data to the ps1 modules. This unit controls transmit start time, preamble iz e gg wou ﬁg
generation, FEC coding. and data scrambling, in addition to supplying control £ g 255 §§§ G
signals to the RF equipment for transponder hopping. It generates apertures™® T g 2% é% —~ "7
for dctecting Uws, descrambles received data, and processes orderwire 5lLEe =
channels. " §E§ T
Figure 2 is a functional block diagram of the TdMA controller. Digital data 2o Sz P W v
. . . . . 0 wo W AN Wl <
are received from the demodulator in two scrial bit streams. P and ¢, at a x 2 5 g 20
= e g = S a
< fia

*An aperturc is a 65-symbol interval within which uw detections are allowed.
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60-MHz rate. The # and © data and the veceive 60-MHz clock are fed to
the uw detector and phase ambiguity resolver. Once the uw has been detected.,
the phase can he resolved. The retiming circuit reclocks the P and @ data
from the recovered modem 60-MHz clock to the local 60-MHz clock. The
Uw detect signal resets the retiming circuit prior to retiming the received
data. The recovered clock is generated in the demodulator during the received
burst, and the retiming circuit eliminates the need for residual ¢lock cycles
trailing the received burst.

The output of the retiming circuit copsists of the £ and @ data, synchronous
with the continuous local 60-MHz clock, which are descrambled and sent to
the demultiplexer and ¥i:c decoder. UWw detection synchronizes the timing for
the descrambling process, the demultiplexing, and FEC decoding. The received
burst is demultiplexed (8-bit parallel) into the following components: voice
orderwire (vow), teletype orderwire (TTYOW), S¢, CnC (from relerence station
only). and traffic data. The receive traffic management unit routes the traffic
data to the correct terrestrial interface module (TIM) in the DS Interface unit.
The vow and TTYOw are sent to their respective units. The reference burst
sc and CDC are sent to the acquisition and synchronization (A&s) unit, while
all traffic burst sCs are sent to the receive control unit and alarm unit.

The transmit TDMA burst is assembled in the burst multiplexer under
command of the burst timing signals. The currier and bit timing recovery
{(CBTR) sequence and the Uws are read from read-only memory (ROM). The
uw is followed by the s¢, voice and teletype orderwires. and traftic data.
The burst multiplexer multiplexes the data in an 8-bit parallel format before
conversion to two 60-Mbit/s serial bit streams labeled £ and ¢

The traffic management unit multipiexes the data from the Ds1 TIMs nto
the TDMA bursts. This unit assigns the data to the particultar burst and to the
sub-burst within the burst. The entire traftic data portion of the burst s buc-
encoded upon selection. and after the uw all data aré scrambled. The /” and
O data, the continuous 60-MHz clock, and the carricr on/off signal are sent
to the modulator.

The control unit consists of a central processing unit (Cru) and A&s unit.
plus transmit and receive timing units. The BV information is entered at the
operator consele, converted into a hardwarc-compatible format, and sent to
the transmit and receive control units via the cpu. The Bre information s
then loaded into foreground and background memeries which interface to
the transmit and receive burst timing and traffic management hardware. The
foreground/background memory configuration enables the terminal to imple-
ment a BTP change without disrupting the transmit or reccive traffic. Duc to
satellite Doppler and the difference between the local station and reference
station 60-MHz clocks, the transmit and reccive timing must be corrected to

PETATR  prsie
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maintain synchronous operation of the Thma network. The axs unit togcther
with the ceu, implements both the reference burst identification .zmj A&S
routines given in Scction 6 of BG-42-65 (Rev. 2). Receive frame thning |~.
controlled by the time of reception (Uw detection) of the controlling rct'crencé
burst. Transmit frame timing is controlled by receiving delay. D i:l'urnntion
fmm the reference station in the ¢De. Transmit l'rLamc S\"ﬂt‘l"’l;’ﬂni;f&lti(‘m Is
maintained by implementing the received D, value every c-omrul f'm-me -

MICROPROCESSOR NETWORK

Thc real-time processing tasks required in the THMA controller were
assigned to a distributed network of six 7-80 microprocessors in order to
r.nef:t. the processing speed requirements, simplify software development, and
facilitate the connection between hardware and software The Z-80 n;iutm-
processor network is shown in Figure 3. and the tasks

: : assigned to each
processor are listed in Table 2. )

.
SOTMF —— p;%%%ssy\ggﬁ SYNTHESIZER
* PROCE
SCRMF —— 4! Z-80 ga%son

19.2 kbit/s 19.2 kbit/s

*
SCRMF

ACQUISITION AND
SYNCHRONIZATION
PROCESSOR Z-80

9.2 kbit/s 19 2 kbit/'s

OPERATOR
CONSOLE

RB1 WiNDOW ™
RS2 WINDOW 18.2 kbit/s 19.2 kbit/s
. RECEIVE ALARM
SORMF — | PROCESSOR PROCESSOR
Z.80 7-80

*
HARDWARE INTERRUPT

Figure 3. Z-80 Microprocessor Network

The cru c¢ : S " infy i
com e cru u)ntlmls the transfer of information between processors and
- municates with the operator console. A 19.2-kbit/s asynchronous seria)
Interr v . gl . . ) ‘ ) C
‘ ‘rlu;.)t dr'wan communications interface is used between processors, This
serial link is implemented using RS-422 . -

between the operator console
the cr o By p nsole and

32 between the processors. A parity bit on the data blocks
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TaBLE 2. MICROPROCESSOR FUNCTIONS

A&S Impicments the network control protocol for TDMA terminal
acquisition and synchronization.
Ccpru Contrels receive front pancl displays.
Controls interprocessor communications.
Communicates with operator console.
Controls transmit front panel displays.
Monitors terminal.
Changes BTP countdown.
TRANSMIT Loads {ransmit BTP into timing memory and traffic man-
agement memory.
Implements D,
Controls BTP change tor transmit hardware.
Implements SDNTX and DNTX messages.
Processes transmit SC messages.
RECEIVE Loads reccive BTP into timing memory and traffic man-
AgCMEnt Memaory.
Controls BTP change for receive hardware.
Computes high BER and UW loss for received traffic bursts,
ALARM Processes SDNTX messages.
Processes high BER and UW loss messages.

Performs control functions for generating independent
3.048-MHz transmit and receive clocks (locked o SOTF
and SORF. respectively) for the DSI units.

SYNTHESIZER

provides crror detection capability. The interrupt priority establishes the
foreground communications for sending ¢DC and sC information from the
A&s and alarm processors, respectively, to the cpt and the transmit processor.
All other communications are considered background and arc temporarily
halted to ensure the transfer of the ¢pc and sc information. The speed of
interprocessor communications could be incrcased by replacing the serial
communications links with a high-speed parallel multiprocessor bus.

The real time tasks implemented by the microprocessors are synchronized
with the hardware by using the interrupt signals shown in Figure 3. The A&s
processor is interrupted by the reference burst | (RB1) and reference 'burst 2
(rB2) window signals generated each frame period in the receive timing unit.
Thesc interrupts signal the A&s processor to read the €DC and sc data from
the received reference bursts. Additional information is read informing the
processor of a reference burst Uw detection, UW violation, and multiframe
identification. The transmit processor is interrupted by the start-of-receive
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mu[tifrgmc (SORMF) generated in the receive timing unit and the start-ol-
tranﬁmlt multiframe (S0TME) generated in the transmit timing unit. The
TECELVE Processor is interrupted by the sormE. These interrupts provide
multiframe timing for interprocessor communications. implementing the
received D, reading sc data, and counting multiframes for a BTp Change as
described in Section 8§ of BG-42-65 (Rev, 2). l

ALARM FUNCTIONS

."ljhe alarm functions indicate failures in the ToMA controller which can
initiate an automatic switchover to a redundant unit. Fault detection and
redundancy switching are important aspects ol the ThMA controller design
because an undetected failure can cause an outage of all TOMA traffic LTHe
COMSAT Laboratorics TDMA traffic terminal, which is an cxperilﬁental
prototype. docs not incorporate redundancy, although the following alarm
functions are implemented: ‘

*» hardware {ailures,

* software failures (watchdog timers),

* loss of receive frame synchronization (RFS),

logs of transmit frame synchronization (TES),

* transmit frame acquisition (TEA) crror.

“.do-notwtransmit" (DNTX) message received in reference burst cne
h}gh BER and UW loss alarm messages received in traffic burst so |

h.1gh BER and Uw loss measurcments on received traffic bursts anéi

;selectlve~d0-not—transmit’" ($DNTX) message received in refc;encc
urst sc.

The high BER and UW loss alarm messages received in the traffic burst s¢
are processed in accordance with Subsection 7.5 of BG-42-65 (Rev. 2) FhL
UW loss agd high BER measurements are implemented in the receive péoce‘ssor
The B.ER 18 measured on the Uw, and when a UW miss occurs (more than.
five bit crrors), it is assumed that six errors have occurred. When a Uw loss
fi‘larm occurs, the high BER measurement is deactivated. With each BER dl’ld
Lw l‘oss measurcment alarm, the appropriate message is sent to the originating
traffic station via the transmitted sc :

When an SDNTX alarm message is received, the designated burst(s) will
cease tran‘smmsmn, and operator intervention is required in order to reestablish
transr!nlssmn (BG-42-05, Rev. 2, Subsection 7.6). If the SBNTX mcsssageni‘;
all 1’s, the terminal will cease transmission of afl bursts in the g{VB;I
trans.ponder. If the principal burst is designated by the SONTX message, the
terminal will cease transmission of ail bursts. ,
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The traffic terminal alarm status will be displayed in reul time on the
operator console. To prevent the invalid occurrence of alarms prior to terminal
synchronization, all SDNTX messages. high Bur alurms. and Uw loss alarms
will not be processed until transmit frame synchronization is established.

DS interiace

The nsi interface unit provides the conneetivity between the ps1 modules
and the ToMA controller. It houses a TIM for cach psi module and the
frequency synthesizers for the pst clocks. The transmit portion of the 1M
contains a compression memory which stores a sub-burst of Ds1 data 1 an
8-bit parallel format at a 2.048-Mbit/s rate. The transmit traffic munagement
unit reads 8-bit samples from the compression memory at a 15.104-MHz
rate and multiplexes each sub-burst of data into the TMA burst, The received
sub-bursts are directed to the proper DsI by the receive tralfic management
unit. The 1M then forwards the received sub-burst directly to the bSI module
in an 8-bit parallel format at o 15.104-MHz rate.

The frequency synthesizers generate the transmit and reccive 2.048-MHz
clocks. The clocks are locked 1o the transmit frame timing and receive frame
timing. respectively. A phasc-locked loop, controlled by the synthesizer
processor, is used to lock a voltage-controlled crystal oscitlator to the frame
timimg.

Operator console

The purpose of the aperator console 1s to allow efficient management of
the traffic terminal by the operator. The functions summuarized in Table 3
were developed after carctul study of the 120-Mbit/s 1DMA network operation.,
previous experience in field testing COMSAT Laboratories’ 60-Mbit's ThDMA
system |6/, and ficld testing of the 120-Mbit/s ThMA terminal at the Andover,
Muaine, carth station |5]. The operator console is implemented using a DEC
PDP 11-04 minicomputer. a DEC VT-100 video terminal. and a DEC dual
high-density floppy disk unit.

TABLE 3. OpErATOR CONSOLL FUNCTIONS

MOXNITORING Real-time display indicating waftic terminal | status und
alarms,

CONTROL Provides commands st keyboard for complete terminal
control.

BTP GENERATION Kevhoard entry of BTE.

DATA LOGGING Logging of terminal status and alarms. Time tagging ail

events.
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The tomMA controller is monitored from the real-time status display shown
in Figure 4, consisting of receive acquisition and steady-stale reception, REs,
and transmit frame A&sS information, including .. These pr{)tocol.s aré
explatned in Section 6 of BG-42-65 {Rev. 2).

TIME  11:03:33 STATUS DISPLAY DATE 01-03-85
ALARM STATUS DNTX-TEA ENABLE SYSTEM UP
RECEIVE STATUS RB1 RB2 TRAFFIC Rx | TX
TIMING RFS :le] BURST 4. 2
BURST PRB SAB SUBBURST| &8 | '@
TRANSMIT STATUS TX GEASE DELAY 1DFF73

BTP STATUS

FOREGROUND -BTPQ BACKGROUNLC ~ BTPC
BTP CHANGE READY 11-02-53 £1-03-85

STATUS
COMPLETE  11-03-15 01-03-85

Figure 4. TDMA Controlier Real-Time Statis Display

Traffic status indicates the number of transmit and receive bursts and sub-
bursts. The TP status displays the BTP number stored in the foreground and
background memories and the BTP change Status. When a B1e change is
compicte. the time and date of completion remain on the display until the
operator clears it.

The alarm message display tells the operator the type of alarm and the
nccéssury' action to be taken, plus the time of occurrence. as shown in Figure
3. The time will remain displayed until the operator clears it because alarm
Mmessages from the reference terminal may not be continually transmitted;
hqwevcr. the alarm must be stored to ensure operator recognition,

Ihe following commands are needed at the keyboard for terminal control:

* tenmingl reset,

condensed time plan (1) down-load (foreground or background
memory),

* TkA enable,

* transmit cease. and

UW miss and high BER measurement enable/disable.
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ALARM DISPLAY CATE 01-03-85

TIME ~%1:03:33

11:08:30 --DNTX --TFA SEQUENCE ERROR
--SYNC LOSS --RB1 AND RBZ BNQ
| ---lAP2 LATE . ---RTC BTP NO. ERROR

" ...TFA CDC LOST —-SDNTX PRINCIPAL BURST

~-TFA RB BNG

—--SDNTX MAF

--HIGH BER MAP

--UW LOSS MAP

--LOCAL ALARM

Figure 5. TDMA Controller Alarm Display

Whenever a command is executed. a feedback message from the controller
is displayed verifying cxecution of the command. It the controller fails to
respond, the computer will display a time-out and a failure-to-exccute message.

All BTP information {except Ds1 maps which are input at the DSI console)
is entered at the operator terminal . including the cTp and the traffic management
information nceded for routing data to and from the Ds1 modules. The Crp
is normally received by orderwire from the International Operations Center.
However, since the COMSAT Laboratories TOMA terminal was designed to
be a stand-alone unit, local entry of the ¢TP was implemented. This feature
was found necessary for testing the U.S. Signatory’s TOMA terminal where
special test CTps were generated [7]. A special editor was designed to enable
easy entry of the cTp in the INTELSAT-specified format. The computer
converts this information into a hardware-compatible format and, under
operator command, sends it to the 1DMA controller. To verify C1p reception,
the controller sends the CTP back to the computer where it is compared with
the stored cTP. The status display then indicates the BTP number in the
appropriatc memory—foreground or background. There is also a software
time-out for ¢TP down-load which will display a down-load failure.

The computer stores all status and alarm information on floppy disk. These
data are logged in rcal time, with cach event time-tagged to a resolution of
| s. This permits the operator to keep a history of the TDMA terminal
operational status and to track the controller’s response to the commands
sent from the reference station, which proved useful when evaluating TDMA
performance during field testing [5].

S —
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If the operator console fails, the TOMA terminal will continue to operate
and tCI‘mlné'i] control can be executed from the ThMA controller front panel
However, if a BTe change is required, the opcrator console is needed to
generate and down-load the new crp,

Reference burst generator

Th.c reference burst generator is a special test unit that performs the
functions of the primary and secondary reference terminals. It transmits wo
reference. bursts {RBI and RB2) with the necessary control for ucquirin;g and
synchr(.m%zmg a traffic terminal in cither -, RE, or suteliite loop configuration
The unit is capablc. of receiving the traffic burst, measuring the burst posilior;
::I-nl'zotrr.a?t{llf t;){:i;;ztll-ng the delay (D,) sent in the cpc each control frame to
. Flgure 6 is a block diagram of the reference burst generator. The timing
circuit establishes the transmit timing, and the burst mullip]exell multi lexc}:
tlhe.burst data into the 60-Mbit/s P and @ data streams. The carrier a}r)ld bi\t
uming recovery (CRTR), Uws, and orderwire channels are read from ROM and
thF SC and CDC messages are generated in the CPU, which uses a Z-80
microprocessor. The receive side of the TDMA controller is used forhprinci al
burst A&s. For acquisition, the reference burst generator signals the TDIE:A
controller to enter the search mode. The initial acquisitibn de\lay D, s
programmed by the operator based on predicted satellite ranging im"o;ma:i’on‘
Once the TpMA controller receives the principal burst, it measurcs the bl]l"ﬂ;

CONTROL AND DELAY CHANNEL
AND SERVICE CHANNEL DATA\

CARRIER
ON/COFF

BURST P

MULTIPLEXER | . o e
—= CLOCK
START-OF-TRANSMIT
FRAME
SACQUSITION AND
NGHRONIZATION BURST TIMI
MODE TO. TDMA ™ CPU v o SianaLe O
CONTROLLER
OPERATOR . TIMING
TERMINAL > _AND
CONTROL
BURST TMING &
BURST POSITION INFORMATION

ERRCR FROM TOMA
CONTROLLER

Figurc 6. Reference Burst Generator Block Diagram
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position error and sends it to the reference burst generator where the next £,
number is computed. A new D, number is caleulated and sent (o the traffic
terminal cach control frame. thercby maintaining burst synchronization.

The reference burst gencrator is controlled by keyboard from a Crt
terminal. Figure 7 shows the display for real-time monitoring and control.
The s¢ and ¢oe are programmable in four modes: immediate, preset.
program, and system. The immediate mode changes the active status and
control codes, while the preser mode stores the status and control codes for
later exccution by operator command. The program mode allows a maximum
of 60 status and control codes to be sequentially exceuted or single-stepped
under operator control, The svstem commands are used to cnuble or inhibit
automatic Doppler shift and automatic tracking. Automatic Doppler shitt,
used in (¥ or RF loop configurations, is implemented by varving the 0,
Automatic tracking cnables the reference burst generator to acquire and
synchronize the traffic terminal without operator intervention.

REFERENGE PRESET ACTIVE TRANSMIT
STATION STATUS CONTROL}STATUS GONTROL POSITION
RE1 FRB 1AP1 PRB DNTX 30208

RB2 SRB DNTX SRB DNTX 31208

BURST TIME PLAN NUMBER = 00000 TERMINAL Dn NUMBER = 3866624
AUTOMATIC TRACKING = ON

AUTOMATIC DOPPLER SHIFT = OFF

ENTER SYSTEM CHANGE MODE

F3 - PROGRAM
F4 - SYSTEM

F1 - IMMEDIATE
F2 - PRESET

F5 - HELP

Figure 7. Reference Burst Generator Real-Time Monitor and Control Display

This reference burst generator, used in the field test operating in satellite
loop |5]. is casential for verifying the ThMA controller A«s operation. It also
enables loop configurations for baschand testing of the DSEDNT modules.

RER/EF1 measurcement unil

The BEREF unit measures performance in the TpMA tratfic channel on
N % 64-kbitis traffic channels (N = 1 to 128, as sclected by the operator) and
records the results on floppy disk for later analysis by the PDP 11-04
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compu[e'r. Fhis unit was used in the TDMA ficld test [5]. Figurc 8 shows k14
distribution and un error-free seconds plot obtained during ficld tests
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BER and EXl measurements were made by transmitting a pseudonoise (PN)
sequence through the TDMA system and recording the distance between the
bit errors in terms of bit clock periods. After each test period, the LT interval
measurement was processed to provide error-free scconds and EFI histograms.
The BER and EFT measurements were made by interfacing a commercial BER
test set to a standard port on the DS interface and looping the transmitted PN
sequence through the THMA system to the BER test sct receiver. An EFl unit
was built to operate with the commercial BER test set. The BER test set
provided a pulse for each bit error in the received PN sequence. and the EFL
unit counted the number ot clock cycles between cach bit error pulse and
loaded this count into memory. The memory has capacity for 64K addresses,
each able to accept 2i° bits. If the interval between bit errors exceeded this
count, a flag bit was set indicating the interval to be greater than 2'¢ bits.

Equipment configuration

Figure 9 is a photograph of the COMSAT Laboratories THOMA traffic
terminal (less DSI modules). The terminal is housed in two standard 19-in.
bays approximately 8 ft in height, on¢ bay for the TDMA controller and
modem, and one bay for the computer, reference burst generator, BER/EFI

_POWER AND
~~7 ALARM PANEL
BER/EF]
MEASUREMENT - ——-MODEM
UNIT
————DSI INTERFACE
TDMA
— —CONTROLLER
{TRANSMIT)
REFERENGCE
BURST
GENERATOR TDMA
~—CONTROLLER
{RECEIVE)
FDP11-04

Figure 9. COMSAT Laboratories 120-Mbit/s TDMA Traffic Terminal
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measurement unit, and vow unit. All circuits are tmplemented on w
cards with diffcrential emitter-coupled logic (ECL) intert
This eliminates the possibility of timing

extender curds.

irewrap
aces between cards,

problems. especially when using

LED displays and test points are identificd in Table 4. The traffic icrminal
provides monitor indicators for visual verification of terminal As staus.
The terminal responds to a&s control directives from cither reference burst |

TABLE 4. TRAFFIC TERMINAL DISPLAY AND TEST POINTS

Funcrion

TEsT Poins

MONTTOR POINTS
{LEDs)

MODEM

TDMA RECEIVE

TDMA TRANSMIT

DSI INTERFACE

REFERENCE BURST
GENERATOR

REFERENCE BURST
GENERATOR

Modulator

Fand @ data, clock, eye pat-

tern. modulator vutpur
Demodulator

P and () data (unsampled).

P and Q sampiing clocks.

P and ¢ data {sampled;.

recovered carrier, clock
P and @ data. SORMF, SORF,
UW detect, aperture, FEC onsolf,
RBIW and RB2W (tming sig-
Ials)

P oand @ data, clock, SOTMF.
SOTF, carricr anioff. FEC on/oft

Tx 2.048-Mlz clock, Tx frame,
Tx window. Tx 16.384-MHz
clock, Rx 15-MHr clock. Rx
Irame,

Rx burst start, Rx 16.384-MHz
clock. Rx enable

Transmit
Clock, SOTMFE. SOTF. P and
(@ data, carrier oniofl’

Receive
Clock, SORMF, SORF, Uw3,
aperture. window, /2 and
data. carrier on/off

£ and @ data. clock, +5 V.
SV 415V, 1Y

RE! and RB2 A&LS
SMA.GMA, BA. BTA. INOP,
SRB. PRB. B(Q. RFS

BYP Change
Load. ccho verified, ready.
complete. fail

Controf Status
LAPI. TAPZ, SYNC., DNTX,
SDNTX

Svithesizer
Symbol clock, Tx DST elock,
Rx DSI clock

Reference Burst
IAPL. TAP2. SYNC. DNTX.
INOP, SRB, PRB

Tratfic Burst Synchironization
Auto, manuaul




416 COMSAT TECHNICAL REVIEW VOLUME 15 NUMBLR 2B, 1arn 1985

(LD labeled rB1) or reference burst 2 (ri2). The terminal is programmed
to progress through the following series of receive acquisition steps: search
mode acquisition (sMa), gated mode acquisition (GMA). burst acquired (BA),
burst timing acquired (B7a), burst qualificd (8Q). and rEs. In addition, during
the receive frame acquisition process, the rerminal will establish whether RBI
or kB2 is the primary reference burst (bRB) and which RB is the secondary
reference burst (SkB). A reference burst may also declare itself inoperative
(INOP).

The transmit frame acquisition process also requires the terminad to progress
through a series of steps before it becomes synchronized with the TbMA
frame. The transmit frame acquisition steps are as tollows: initial acquisition,
phase 1 (1ar1); initial acquisition. phase 2 (IAP2). and TFS (SYNC). The
terminal also provides indicators for the DNTX and SDNTX commands. Each
of the above indicators is repeated for PRB and SRp control status,

Critical design issues

The speed of operation, especially in regard to the uw detector and the
FEC umit. was a critical item in (he ThMA traftic terminal design. The design
of the ps1 speech detector was eritical because its performance influences
speech quality. Other important considerations were the intertacing ol 32 DS1
modules to the ToMA controdler, and the design of a receive-side retiming
unit with 2 demodulator interface which required no clocks after the last
symbol of data.

UW detfecior

The purpose of the uw detector is to identify the unigue bit patiern located
in the preamble of cach received 1bMA burst. When the pattern is located,
a correlation pulse is gencrated which synchronizes the receive hardware to
the incoming data strcam, allowing demultiplexing of the data channels from
the burst structure. The implementation of a Uw correlator that would operate
reliubly at the 60-MHz symbol rate using the recovercd clock from the
demodulator was critical. At this clock rate, Uw timing becomes very sensitive
to the duty cyele and phase jitter present on the recovered clock.

Three design architectures were considered: an anulog approach, a digital
approach utilizing exclusive-Or corrclation, and a digital approach utilizing
programmable read-only memory (PROM) correlation. The first two approaches
were eliminated because of hardware complexity and circuit size. The PROM
correlation technigue design was simple, flexible. and required less hardware.
However. the 60-MHz clock rate was too high for the rated propagation
times for currently available PROMs. This left two available design options.
The first was to artificially increase the clock period of the recovered clocks
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by passing them through a delay circuit. This approach wus considered
unacceptable because the defuy could vary with time, temperature. cnviron-
ment, and manufacturer folerances, negatively affecting the performance of
the Uw dectector or causing failure. Also, this would require that the Uw
detector be calibrated cither on a regular basis or at least whenever a new
vw detector was placed into scrvice.

The second option was to demultiplex the input 60.416-Mbit/s data stream
into two data streams of 30.208 Mbit's cach. A( this rate, the ECL. PROMs
had excess propagation delay margin and the data could be handled in a
synchronous digital manner without the need for special delay devices
alfowing the uw deteetor to be replaced without adjustment of any kin(;i1
regardless of aging, temperature, environment, and manufacturer’s imcgrateci
circgit (1C) tolerances. However. this caused the number of 1¢s in the correlator
portion of the vw detector to double.

The Lw detector logic performance in the presence of phase jitter and duty
cycle v:anations on the recovered clock presented another dc;\‘ign problcn{
Setgp times and hold times on vartous 10w could be violated by either Iht;,
posiiive or negative portion of the clock’s period shrinking or cx.pamdinsz on
a c.lock-byﬁclock basis. To eliminate this problem. the ‘_LIW detector bwus
designed to operate only on the leading edge of the incoming recovered
clock. Therefore, by using the leading edge transitions for Cluckingscquen;cx
the fluctuations in the clock duty cyele would not cause problem& in the UW
detector. l?eve]oping the uw detector with this approach atlowed the COMSAT
Laboratories ThMA to be more tolerant of demodulator clock instabilities.

Retiming unic

In tbe THMA terminal, the retiming function transters the alionment of the
dat; t.rumAthc demodulator burst clock (o the continuous Ic?minul clock
Retiming is necessary because the demodulator clock changes phase on z;
bu.rst-b)-'—burst busis and dissipates at the end-of-burst reception. The retiming
un]t pr()vi.d?s acontinuous clock to the demuftiplexer and terrestrial imcrf'accsk

The critical design issuc in the retiming unit is the possibility of Eosim;
data at the end of u burst due to the delay inherent in the Uw detector Data
can be lost if the recovered clock decays or changes phase before lﬁc last
§ymb01 of data in the burst has been clocked lhmhugh the uw detector un-d
lnt(.) the retiming unit. This could be crucial for rccéiving refercnce bursts
which have the ¢ne in the last portion of the burst. To avoid this pmh[cn‘1
aqd to guarantee that the COMSAT Laboratorics TDMA terminal would work
Wlth any modem. the design causes the Tast symbol of data 10 be clocked
dlr?“ly. into the retiming unit by the last symhnl'clock from the demodurlamr
This eliminates the need for additional ¢locks alter the lust symbol of dam..



418 COMSAT TECHNICAL REVILW VOLUME 15 NUMBER 2B, FaLL 1985

The block diagram in Figure 10 depicts the implementation of the retiming
unit. The uw detect signal rescts the retiming circuit prior to retiming the
received data. Both the delayed data from the tw detector (P, Q) and the
data from the demodulator (P, {,,) are retimed. After retiming, the data
from the demodulator are delayed 16 clock cycles through a shift register,
thereby aligning both data paths {P,. Q.. and Py, (2, at the input of the
multiplexer. The multiplexer selects the retiming unit's shift register data
path 16 clock intervals after UW detection. Thus, data are clocked directly

from the modem into the retiming circuit.

INTERNAL CLOCK
[, [
[RETIMING UNIT |
uw
| 4 CLOCK

CONTROL
Py UNIQUE FROM
| P WORD Pm DEMOD-
- Qg |DETECTOR ULATOR
l (‘:',3 “‘L—d—____ Om A
|, 2 S|
P x =
G oo
RE d
= I
51 Pm P .
Q 2 SHIFT
| Qm | REGISTER | Qm A
I
.-  _ -

Figure 10. Retiming Unit Block Diagram

INTELSAT later modified the carrier and bit timing sequence o make the
first 48 symbols of the CBTR sequence pure carrier (i.e., all I's}. As a result,
the clock recovery circuit is unaffected by the CBTR sequence of a trailing

burst for at lcast 48 symbols.

Forward error detection

The FEC in the INTELSAT 120-Mbit/s TDMA is a (128,112) block code
which is selectively applied on a burst-by-burst basis. The design issue was
whether to implement the FEC in serial or in paralle] form. A serial design
must work at 120-Mbit/s clock rate, requiring ECL and very sensitive timing
constraints. Because of this, an 8-bit {15-MHz) parallel approach was chosen,
eliminating the high-speed clocks and allowing a simpler, fully synchronous
hardware implementation. The parallel design method developed for imple-
menting the INTELSAT block code is described in Reference 8.
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psl interface

In the nsi interface, the design goal was to develop a technique for busing
the trafﬁc data between the DS1 modules and the TDMA controller. KLy
inﬁgencmg elements were the maximum number of ns1 modules (32)
equipment redundancy, and the physical spacing of the psI modules and_ the:
TDMA controller,

Numel.'ous interface approaches were studied, including bidirectional buses
serial unidirectional buses, and individual unidirectional buses. The bidireé:
tional buses were eliminated because the task of coordinating the transmit
and recejve data transmissions on the same bus was too complex. This
complexity was further compounded by the fact that the transmit and reccive
TDMA frames are asynchronous due to satellite Doppler and the difference in
the transmit and receive BTP change implementation.

The serial unidirecticnal bus connects all psi modules to the TDMA
controller using a single bus for transmit and a single bus for receive. This
apprgach was eliminated primarily because of the daisy chain conncctior\;;
required to interface 32 D31 modulcs. Whenever a psI module is powerec}
down (e.g., for maintenance) or a new DS1 module is added, it must not
affect the bus. ‘ h

The .in.dividual unidirectional bus approach was selected: onc bus for the
transmit interface and one bus for the receive interface. The transmit-side
dat.a {LsL 10 THMA) were transferred at a 2.048-MHz clock rate, § bits parallel
This allowed the data to be transferred from cach DsI (one sub-burst l2é
satellitc channels, and 2.048 bytes) in 1 ms, giving a transfer guarld‘timc
from cach DSI fo the TDMA of one-half a frame period. The data are stored
in a byffer and transmitted in the TDMA burst on the next {frame at thz;_ time
p!'eSCrled by the BTP. The receive-side data (TDMA to DS1) are transferred
directly to the DSI module at a 15-MHz clock rate, 8 bits parallel, with no
buffering. ’

This approach offered the least risk to existing data transmission whenever
a D81 module was powered down or a new onc added to the system because
e_ach DsI is connected with a separate sct of cables (transmit and recei;'e
side). The combination of separate intcrface ports and buffers in the TDMA
controller for each DSi interface and the 8-bit parallel transfer eliminated
concerns over placement of 1S1 units within the earth station. However, this
control simplicity and system layout flexibility increased the quanti£y olf
Interface hardware, cabling, and connectors.

DSI speceh deteetor

ig‘The perforx'x.lar.lce of the speech detector in the st module is a critical
ssue because it influcnces the quality of the channel. If the speech detector
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does not work properly, the user may notice clipping at the beginning or end
of speech and dropouts during speech. This phenomenon is dependent upon
the relationship between the speech and noise levels in the channel. Since
these levels are both variable, a variable-threshold type of speech detector
[4] was designed for the DS module. The threshold adapts to changes in the
noisc level, thereby optimizing the detection of speech with respect to the
existing noisc level, The performance of the adaptive-threshold speech detector
proved superior to that of fixed-threshold specch detectors. As a result, an
adaptive speech detector was specified for the U.S. Signatory’s TDMA traflic
terminals.

Conclusions

COMSAT Laboratories development of an experimental prototype terminal
has provided the means for testing network control protocols against a working
implementation. Because the terminal was implemented by a team of engincers
that had not assisted in writing the TDMA specification, their interpretation
of the specification provided important fecdback to INTELSAT, which often
asked for clarification on implementation issues raised by various manufac-
turers.

The design engineers helped the U.S. Signatory preparc an eyuipment
specification for operational service, and provided continuing support during
the development, installation, and testing of the terminal. The need for many
of the operational features was recognized during the implementation of the
laboratory terminal, and these features, along with methods of implementation,
were often discussed and used by the operational equipment manufacturer.

The installation and operation of the ThHMA terminal at an earth station
involves connection to RE equipment that is properly aligned and equalized
for wideband digitally modulated carriers. The laboratory terminal was ficld
tested at the Andover, Maine, carth station to confirm link cqualization
procedures, as well as to confinn the TDMA A&s performance of the new
network control protocols. This early field test demonstrated that the A&s
and link BER objectives would be met by operational TDMA ¢quipment. In
addition, the laboratory terminal was used in verification testing of the
operational TDMA cquipment at the Etam, West Virginia, carth station |7].

The equipment operated well in stand-alone configuration, and was used
to measure A&s performance and to make BER and EFT data measurements
on ThMA traffic channels. The hardware design proved to be extremely
rugged and reliable, and the parallel implementation of the FEC codee was
clearly demonstrated. The design for the fully synchronous vw detector
operated as hoped, and is an important achievement tor high-speed digital
correlators.
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Abstract

[mrodu.clion of the INTELSAT time-division multiple-access (Thma) system into
corwncrcw] service was preceded by a substantial amount of research and development
particularly f.nr the modems and forward error correction (11:¢) codecs rcqui!rjcd fm:
Toma operation. The modems are subject to significant compromises between the
necqbfor rapid acquisition, robust tracking, and operation in a nonlincar channel [
addltlon.. the performance of the FEc codec is closely related to that of the mocie '
and rcquu.rcs considerable attention to its place in the ToMmA systemy architecture Th]i]s]'
paper reviews these operational requirements and presents the results of modcrﬁ and

Od p ormance measu cnts i Y
b z s which (k,m('m strate th fea lblllt ‘Lti]lg
codec erfor d .( ! rements o 5 ; b of me
IN IELSA I SpCClﬁcathﬂs.

Introduction

. tlmtu.llly, time-division multiple-access (TDMA) studies were undertaken to
[ lefergnmc how to achieve maximum cfticicncy from satellite transponders
—{3]. In TDMA, only one earth station carrier is present in a satellite

trans af - H :
ansponder at any given time, so that the transponder must time-share to

*This paper is based on work SAT
_ A s i performed at COMSAT Laboratories under the
;[l);)?.sorsl?lp of the International Telecommunications Satcllite Corporation ([NTEL(:
1. Views expressed are not necessarily those of INTELSAT.
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achieve access to several earth stations, This operating mode places several
constraints upon system modems and codecs. Since each demodulator reccives
coherent phase-shift keying (pSK) signals in burst mode from a number of
transmitters. the best compromise between satelblite bandwidth and power
must be sought. Furthermore, for overall efficiency. the time required for
demodulator synchronization must be minimized and the maximum power
of the satellitc transponder must be used.

With only one carrier present at any given time, the transponder transmission
capacity is limited by the performance of the modulation/coding scheme in
a band-limited and nonlinear environment rather than by intermodulation
distortion for the current frequency-division multiple-access (FDMA) FM
systems. Operational TDMA networks require equalization of the transmission
links with several transmit paths and one receive path.

The use of coding requires the modem to function at Jower signal-to-noise
(S/N) ratios than would otherwise be the case, so the overhead allocated for
forward error correction (Ft:C) must be minimized. The use of the INTELSAT
TOMA network for data as well as voice traffic requires a considerably higher
degree of robustness in the modem than that previously obtained in experi-
mental systems |4]-[6]. Of particular concern is the performance of the
synchronization circuits in a nonlincar environment at low S/N ratios |1].

The first section of the paper summarizes the INTELSAT modem and
codec performance requirements and outlines their working environment.
The configuration and design issucs for the modem built by COMSAT
Laboratories arc discussed, including the design and implementation at the
v codec, the coding scheme specilied by INTELSAT, and the measurcd
performance.

Finally, two transmission sequences for system testing the modems wilk
be given. These tests included system alignment and equalization, bit error
rate (BER) performance for both 72-MHz and 77-MHZ INTELSAT V transponders
as a function of nonlinear operating condition. adjacent channel interference,
and sensitivity of the modem to perturbations in link equahization.

Modem performance requirements

Four fundamental parameters define the modem performance: BER, the
probability of missing the burst, and the probability of cycle shipping in either
the recovered carrier or the recovered clock. The required BER for the
INTELSAT TDMA system is a compromise between achievable BER in the
nonlinear operating environment and the available capacity in terms of satellitc
transpender power and bandwidth |3]. INTELSAT has specified the char-
acteristics of modem transmit spectral shaping and the operating characteristics
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of each of the principal nonlincarities in the transmission channel and of the
principal filters, especially the satellite input and output multiplexer filters
[7]_, {8]. The BER performuance is recommended for all stations. but for the
reierc?]?ce station is specilied at defined operating points of the nonlinear
amplificrs,

The probability of missing the burst is unique to the TDMA environment
and difficult to define in terms of only the modem. The amount of
synchronization time which must be allocated at the beginning of every burst
(preamble time) must be long enough to permit synchronization to occur
befo.rc data can be received, but short enough te maintain a reasonable frame
efficiency. Modem synchronization circuit transient behavior alone is inad-
equaFe.tlo define modem acquisitton [4]. Consequently, INTELSAT cvaluates
acquisition based upon overall synchronization performance on which the
TDMA n_etwork obtains and maintains a precise time reference by the insertion
of a unique word in the burst at the end of the synchronization preamble to
properly demultiplex the received data.

In satellite systems, synchronization is complicated by satellite motion and
clock drift among the transmission sources, causing the relative positions of
the bursts to change with time, and hence the synchronization process must
be consFamly updated. The unique word has carefully designed autocorrelation
pr(upertles to maximize the probability of correlation detection at the correct
time apd minimize the probability of false detection at the incorrect time {9]

Statistically well-defincd, the probability of falsc detection is affected Vb)./
the preamble BER, During normal synchronized operation, the TDMa controller
generates an aperture which recognizes correlation peaks only in that porticn
of t.hc TDMA frame close to the true location of the unique word. However
during acquisition no aperture can be used. so poor modem acquisitior;
perfor_mance degrades the probability of detecting the true unique word. Prior
experience [4f, [10] has indicated that phase-locked loop techniques fend to
hang up during acquisition, significantly increasing the probability of missing
the true correlation peak of the unique word. In order to avoid potential
prob}cms with phase-locked modem implementation, INTELSAT has adopted
specifications for the probability of unique word miss based upon the
performance of modems using carrier and clock recovery techniques without
phase-locked loops.

Carr_ier and clock cycle slipping place constraints upon the modem which
are antithetical to those required for rapid acquisition, The INTELSAT TDMA
System uses direct, nondifferential bit encoding so proper data recovery and
FEC decoding are sensitive to changes in carricr phase caused by carrier slips
ar?d .to timing offscts caused by clock slips. The requirements for cycle
slipping performance are quite stringent and have resulted in a set of
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specifications with a relatively long preamble. The important INTELSAT
ToMA modem specifications are summarized in Table 1.

TABLE 1. SUMMARY OF INTELSAT V TDMA SPECIFICATIONS

BER (uncoded) 5 % 10 tat kN, = 6.3dB

Lincar Channel Iox 0 tat BN, = 10,0 dB
I x 10 "at £iN, = 126 dB
1% 10 7at EyN, = 14.0 dB

BER (uncoded) §x 10 *at EgN, = 7.0dB

Nonlinear Channcl | x 10 *at £,4N, - 11.0dB

HPA at 10-dB Input Backoff 1 x 10 cat EJN, = 14.0 dB

TWT at 2-dB Tnput Backotf

Probability of Unique Word Miss | x 10 *at E,/N. = 7.0dB

Probability of Carrier Cycle Slip I x ) *atEyN, = 7.0dB

Probability of Clock Cycle Slip | x 10 Sat £4N, = 7.0dB

Bit Rate 120 Mbit/s

Channe! Filter 40-pereent squarc-root raisced cosine

Precamble Time 176 symbols

Burst-to-Burst Level Variation 5dB

Nominal Bandwidth 72 MHy

TDMA modem design

The ToMA modulator shown in Figure 1 uses two parallel data paths in a
conventional design. The interface outputs drive two identical low-pass filters
to provide the spectral shaping of the data prior to transmission. The filter
outputs provide baseband waveforms to two double-balanced mixers driven
by the in-phase and quadrature components of the carrier oscillator provided
by the quadrature hybrid. The mixer outputs are summed, amplified, and
filtered to remove spurious out-of-band signals prior to the final output. The
burst on/off control is excrcised by mecans of an IF switch between the
transmit oscillator and the quadrature hybrid.

Transmit filters for spectral shaping

The significant design issue for the modulator is the implementation of the
transmit filters for spectral shaping. The INTELSAT specifications require a
square root Nyquist filter with a 40-percent rolloff factor and cqualization to
compensate for the sin x/x characteristics of the non-return-to-zero data.
Low-pass filtering achicves spectrum symmetry which is necessary to fit the
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required spectral mask, minimizes crosstalk between the in-phase and
qugdrature channels, and eliminates aliasing. The x/sin X equalization was
built into the fiiter design, resulting in a relatively compact implementation.
Measured and specified transmit filter performance (magnitude and group
delay) is shown in Figure 2.

Burst demodulator configuration

The burst demodulator block diagram shown in Figure 3 incorporates a
number of novel features. The receive IF signal is first passed through a
transyersal equalizer, permitting fine tuning of the overall system transfer
function by acting in the time domain to reduce the intersymbol interfcrence.
The equalized signal is brought to a constant level by the automatic gain
control (acc) amplifier which, by a careful choice of the gain controlling
element and parameters, permits very fast transient times, allowing the
amplifier to respond to cach burst individually.

. The actual demodulation process is accomplished by reversing the opera-
tiong perfomlcd by the modulator. The output of the AGC amplificr is fed to
tWO.]‘IlIXCI"S with local oscillator inputs driven in quadrature by the recovered
Camgr via a quadrature hybrid. Dual low-pass filters similar to the transmit
filter implementation provide the recciver matched filtering as well as rejection
of the harmonics of the carrier. Dual limiters and samplers operating from
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the recovered clock provide the output data, also in parallel format. The
comnbination of transmit and receive filter responses yields an overall Nyquist
pulse shape with significantly reduced intcrsymbol interference and a noise
bandwidth approximately equal to the Nyquist bandwidth. The transfer
functions of the receive filter are compared to the specifications in Figure 4.

Feed-forward earrier recovery configuration

In the catricr recovery operation, the carrier phase information is extracted
from the moculated signal by frequency multiplication by four, A narrow
bandpass filter provides long-term averaging and improvement in S/ ratio.
Frequency division by four restores the carrier frequency to its original value
for use in the demodulator. With this method, any frequency offset present
in the input signal due to satellitc oscillator offset and other causes is
multiplied by four, causing a considerable phase shift after the bandpass
filter, which in turn can cause significant BER degradation for the frequency
offsets experienced in satellite systems (=25 kHz).

The conventional approach to this problem has been to frequency translate
the reconstructed carrier to another 1t f requency prior to filtering, retranslate
the recovered carrier back to the correct frequency, and control the phase
shift of the filter by adjusting the frequency of the translation oscillator [1].



M : : 4
430 COMSAT TECHNICAL REVIEW vOLUME 15 NUMBER 2B, BALL 1985

—

1

15

10

w
i

25

L

(sU) A¥13Q dNOHY

-10

15 +

10

_25 L

L
o
i

-15 -

(8P} NOILYNNILLY

e o I =

-35

_40 |-

40 50

30
FREQUENCY (MHz}

by Group Delay Response

20

10

FREQUENCY {MHz)
{a) Amplitude Response

Figure 4. Receive Filter Characteristics

[ 20-MBI'T:$ TDMA MODEM AND FEC CODEC PERFORMANCE 431

This requires a voltage-controlled oscillator (vCo), another frequency mul-
tiplication by tour for the vCO output, two mixers, and an output filter.

Alternatively, a feed-forward technique is employed. The phase shift
causcd by the filter is measured in the same way as in the conventional
approach by comparing the phases of the input and output of the filter. The
output of the phase comparator i1s averaged by a low-pass filter and passed
to a voltage-variable phase shifter at the output of the divide-by-four circuit.
By appropriate sclection of the low-pass filter fime constant and the gain of
the combination of voltage-variable phase shifter and filter, the phase vartation
of the carrier recovery filter is balanced by the phasc shift of the voltage-
variable phase shifter. Thus, the overall phase shift of the carrier recovery
loop can be held constant over a wide range of frequency otfsets.

Clock reeovery by synchronous oscillator

The clock recovery is also accomplished with an unconventional approach.
Clock information is extracted {rom the hard-limited daty by a pulse gencrator
circuit which produces a pulse for every zero crossing. The clock information
contained in the pulse train is filtered by an injection locked **synchronous™
oscillator [11]. This circuit consists essentially of an oscillator operating at
the nominal symbol rate, with the input pulse train coupled into the oscillator
feedback path. After an initial transient, the oscillator will acquire the
frequency and phase of the driving signal and thereby track it. The high Q
of the oscillator circuit provides noise rejection and a clean recovered clock
is obtained.

An adjustable phase shifter allows optimization of the sampling time at
the data detectors, thus providing the output clock. In contrast to the
conventional bandpass filter approach in which the reccive clock vanishes at

the cnd of every burst, the receive clock is always available, even in the
absence of bursts.

Modem design for noise performance

Two factors must be considered in the circuit design for carrier recovery
using the multiplication method: the effect of the data modulation on the
carrier or pattern noisc, and the effect of nonlinearitics on thermal noise.
Pattern noisc is not generally considered bccause psk nominally yields a
constant amplitude signal which does not affect the fourth power device
output. However, in the bandlimited channels usually encountered in both
satellite and terrestrial systems. band limiting introduces a significant amount
of amplitude variation at phase transitions which is magnificd by multiplication
by four. Thus the regenerated carrier is degraded.
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Effccts [1] of pattern noise include a 2- to 3-dB loss in carrier power and
the generation of a fixed-noise foor with a power spectral density compargble
to that resulting from thermal noise at moderate (10 to 15 dB) ..S‘/N ‘ratlos.
Lindsey and Simon [12| have developed a gencral relationship for the
degradation in S/N ratio of an Mth-order nonlinear device which reduces to
the following for M = 4 quadrature PSK (QPSK):

a
= (1}
SIN 16(1 + 3/a + 135/a’ + 208/a")

carrier-to-noise (C/N),, input S/N ratio
output S/N ratio.

wherc a
SIN

Figure 5 illustrates this relationship and shows that the !‘rcquency multi-
plication-by-four operation tesults in a loss in S/NV ratio of at lcgst 12_ QB,
which worsens rapidly below an input S/ ratio of 12 dB due to noise mixing
with itself in the nonlinearity. After the {iltering, the original carrier frequency
is restored by frequency division by four, which improves the rmy phase

FOURTH-POWER

QOUTPUT SIGNAL-TO-NOQISE RATIO {dB)

| . | L 1
[} 8 10 12 14 18 18 20

INPUT CARRIER-TO-NOISE RATIO (dB)

Figure 5. Signal-to-Noise Ratio for Fourth Power Device
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jitter by 12 dB. However, at moderate to poor S/N ratios at the divider input,
the divider will miscount the input, producing a phenomenon equivalent to
the cycle skipping of a phase-locked loop.

The carrier tracking circuit is characterized by an equivalent noise
bandwidth, B,, which, togcther with the equivalent $/V ratio at the carrier
filter nput, determines the rms phase jitter of the rccovered phase relative
to the input phase. In general,

B,
BASIN)

R
or; =

(2)

where S/N, is the S/N ratio at the tracker input in bandwidth B,.

The frequency multiptication method of carrier recovery for PSK produces
an excessive degradation in S/V ratio that is not removed by the division
operation. For example, consider the fourth power device curve shown
in Figure 5 at a typical input C/N ratio of 12 dB. The output S/N ratio is
— 1.4 dB, which aftcr the frequency division by four, is improved by 12 dB
to 10.6 dB, resulting in a nct loss of 1.4 dB. The impact of phase noise on
the BER is shown ta be minor by the measured performance below.

Carrier cycle skipping

The carrier recovered from the modulated signal can have one of ftour
phases (0, w/2, 1, or 3w/2) relative to the true carrier, resulting in phase
ambiguity [13]. A cycle skip can cause a shift in recovered carrier phase,
resulting in three chances out of four that the carricr phase will be wrong.
This effect can be climinated by differentially coding the information in
terms of data transitions becausc errors in the output data always occur in
pairs since each channel bit error affects two data bits.

When FEC coding is used, as in the INTELSAT V TDMA system, these paired
errors produced by the differential decoder will degrade the performance of
the rEC decoder. Consequently. differential coding is not used and ambi guity
is resolved in the INTELSAT modem by using the unique word. However,
any subsequent cycle skip in the recovered carrier changes the ambiguity
State of the carricr and therefore can scramble the remaining data. Clearly,
the designer must exercise great care in selecting system parameters to
minimize this effect. The cycle-skipping performance of the bandpass filter
¢an be estimated using a modification of Rice’s click theory [ 14] for frequency
modulation (FM). The cycle skipping performance of conventional phase-
locked loops provides a guide for carrier tracking design.
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The application of Rice’s click theory is based upon the assumption that
the input to the carrier tracking filter is the sum of a sinusoidal signal with
band-limited Gaussian noise. Though not strictly Gaussian with the pattern
nois¢ component, the thermal component of the noise is usually much larger
than the pattern noise, dominating the characteristics of the composite signal.
Rice has calculated the probability that the combined vector sum of signal
and noise will encircle the origin and therefore cause an M click, which is
precisely the same effect which causes a cycle skip or miscount of the divider
in a carrier-tracking loop. For opsk and a single-pole carrier recovery filter,
the occurrence of this event ¢an be approximated by

N = VIBw erfc (Vry) (3)

where N = number of cvents per second
f. = cutoff frequency of the filter (3 dB)
B. = input noise bandwidth
ro = S/N rate at filter output.

Initial carrier acquisition

To quickly reduce cycle skipping, the designer is faced with a compromise
between minimizing steady-state jitter, which requires a narrow oop band-
width, and the need to establish phasc synchronization, which requires a
wide loop bandwidth, For the bandpass filter technique, a linear circuit is
used to analyze transicnts in the carrier recovery circuit if superposition is
applicable.

Acquisition performance of the bandpass filter circuit is greatly affected
by the previous carrier burst signal which must decay to a small value while
a new arrival burst signal builds up. Single-pole filters are normally used
because of their simplicity. The envelope of the decaying signal falls
exponentially, while that from the ncw arrival signal grows asymptotically
to the steady-state value with the same time constant. The resulting transition
can be obtained by supcrposition. Since the frequency offsets between the
old and new bursts at the filter are usually kept small, it is sufficient to
determine the transicnt response for an initial, unknown phase difference.
There may also be amplitude and guard time differcnces between the new
and old bursts.

A TDMA carrier recovery design based on the INTELSAT V system parameters
has been described | 1]. This design indicated that a 400-kHz filter bandwidth
would provide a maximum S/¥ ratio for a 176-symbol preamble, have a
steady-state S/N ratio of about 14 dB. and have a corresponding cycle
skipping frequency of 4 in 10¢ s,
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Measured modem performance

Actual measurcments confirmed that performance goals specified by
INTELSAT were achicved. As noted above, four basic performance param-
eters nced to be examined. The measured BR for the modem alone, operating
back-to-back with additive while Gaussian noisc, is shown in Figure 6. Two
curves are shown: one averages the crrors in a 64-bit window immediately
after the preamble. while the other averages such a window in the middle of
the burst. In both cases an interfering dummy burst with a separate carrier
and clock source was inserted between the bursts under measurcment to
simulate the TDMA acquisition environment. Note the small discrepancics
even at very low error rates.
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Figure 6. BER vs E, /N, at Nominal Conditions—Maodem 002

X The sensitivity of the feed-forward phase correction technigue is illustrated

Yy the BER performance shown in Figure 7. Measurements were made over
arange of frequency offscts and amplitude differences between the measure-
ment burst and the dummy burst. These measurements stress the p-hase
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correction circuit to its extreme. Little degradation to the BIR is observable,
even with a dummy burst 5 dB higher than the measured burst.

The most crucial modem design area was achieving the unique word miss
probability. The synchronous oscillator is described by Lindsey as governed
by a differcntial equation similar to that of a first order phase-locked loop
[12}. The measured probability of unique word miss in Figure 8 shows that
the phasc-locked loop hang-up phenomenon is not a factor degrading
acquisition performance. To Mllustrate the reproducibility of the results, curves
are shown for each of the two modems which were built. Each was tested
at zero frequency offset with dummy bursts and for each, a margin greater
than 1 dB from the specification was achieved. These mcasurements were
made with a specifically designed burst test set which reproduced the TOMA
burst format, including the unique word generator and detector and the
dummy burst.

The measured probabilities of carrier and clock cycle slipping arc shown
in Figures 9 and 10, respectively. Two sets of measurements are 4gain
presented for each case. The margin by which the carrier cycle slipping met

20 e -
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thc'rec.;mrements was only 0.4 dB: this is in part duc to the difficulty of
aCthVlT.lg the relatively narrow bandpass filter bandwidth at the fourth
hgnnomc of the input carrier. This situation could be improved somewhat
with better filter implementation or by operation of the carrier r(,:covcr at
a lower 1¥ frequency. The clock recovery performance shows more thzn (a
2.5-dB margin from the specification and proves the viability of the
synchronous oscillator as a clock recovery mechanism for a ToMA modem

TDMA codee design and performance

The BIR objectives of all INTELSAT v ThMA links can be achieved with 4
fate 7/8 vEC code and a hard-decision decoder of moderate complexity [2]
:\l/here the performance of a hard-decision decoder meets system objcctiv;s-
. Oclk'cf)des ha\‘/c Pccn found superior to convolutionul codes for "I'I)M/\:

Ppications because the block codec docs not need initialization and
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Figure 9. Carrier Cycle Slip Rate vs BN, for INTELSAT V Modem

termination at the beginning and end of each burst, while the convolutional
codec does [2], [15].

A unique 8-bit parallel implementation of the INTELSAT-specified (128,
112)* Bose-Chaudhuri-Hocquenghem (BCH) code has been designed as an
integral part of the COMSAT Laboratories advanced Thma terminal. The
codec corrects all 1- and 2-bit error combinations within a code block and
detects all 3-bit crrors. By reducing the codec clock rate to 15 MHz, the
paralle] structure permits operation at a data rate of 120 Mbit/s with Schottky
transistor-transistor logic (TTL) instead of emitter-coupled logic (ECL). In
concert with other innovations, the parallel design lowers codec chip count
to 127—a reduction of 40 percent over the serial ECL approach.

The following subsections describe the characteristics of the (128, 112)
modified BCH code. A description of the codec at the block diagram level is
given, followed by discussion of various novel aspects of the 8-bit architecture.
Both theoretical error-correction ability and measured hardware results are
then presented.

*An (n. k) code is formatted in blocks of a bits, with & the information bits,
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Code characteristies

The (128, 112) modified BCH code has double-error-correcting (DEC) and
triple-error-detecting (TED) properties which result from the addition of an
overall parity check to a dEC (127, F13) BCH code and the climination of
one information bit. Adding the TED capability avoids false corrections which
would occur when three errors are present in one code block that would
otherwise result in an average of four output errors. This approach reduces
output BER by 25 percent compared to the original peC code, with only a
very small increase in the amount ol hardware required.

The generator polynomial of the modificd code, G'(x), is obtained by
multiplying the original code’s polynomial G(x) (see Appendix A) by the
term (x + 1), yielding
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This multiplication increases the number of check bits per code block from
14 to 15. A dummy bit is added so that the check and information bits are
cach multiples of cight so as to provide system compatibility, resulting in a
(128, 112) BcH code. A complete code block (Figure L1} contains 112 bits
of information lollowed by 15 check bits and a dummy bit. Any polarity is
acceplable for the dummy bit, whose only function is filling the parity symbol

time slot,
TRAFFIC BURST

I PREAMBLE DATA

COMPLETE BLOCKS

COMPLETE BLOCK

SHORTENED
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i ===
ifrs|s|----- 11113 | 1ASSUMED| 1 | ——-— [x—1pc1] ---- b1
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alz|aj6|-———- n2fs al zeros | 2 |-—-- | x fad ——-- x4
v L
—INFoRMATION BITs —f " CHEOK |~— CHECK—1
DUMMY BITS DUMMY
BIT INFORMATICN BIT

BITS
Figure L1, (128, 112) BCH Code Block Structure

Since the traffic portion of a TDMA burst is not necessarily an exact multiple
of 112 bits, the final code block in a burst will generally contain less than
112 information bits. This shortened block will contain the normal complement
of 15 check bits plus one dummy bit. In decoding, zeros arc assumed to
have preceded the information bits to complete the last block, although the
decoder takes no special action regarding these fictitious bits. Instead, short
blocks are handled automatically by the codec without any additional padding
bits.

L20-MBIT/S T1IMA MODEM AND FEC CODEC PERFORMANCIL 441
INFUT _
OATA
.ﬂ%mcoom
, DATA
DIVIDE BY Gix)
ol -
{a} Encoder

ENCODED
oata —

BUFFER ( ERROR DECODED
L | CORRECTION DaTa
SYNDROME
GENERATOR

| TRIPLE ERROR
DETECTOR

lst ERROR 2nd ERROR

—'—EDMPARAYOR

pata ] mumﬂ
{b) Decoder
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General codee strueciure

The encoder (Figure 12) divides the block of 112 input bits by the generator
polynomial G'(x). The remainder of this calculation forms the check bits
which are appended to the end of the data block.

As received data cnter a buffer memory in the decoder (Figure 12), the
syn_dmme of the crror pattern is simultaneously calculated by dividing the
entire received code block by the polynomial Gix). At thc end of ecach
128-bit code block, the syndrome is used to address a location in programmable
read-only memory (PROM) that contains the positions of the error bits within
the code block. The PROM output consists of two binary numbers representing
the locations of up to two errors. These error location numbers are compared
to the state of a counter which tracks bit position as data arc shifted out of
the buffer. When a correctable error appears at the output of the buffer, the
E\:Jmparator produces a correction pulse which is used to invert the erroneous

1t.

Comparator function is inhibited when three errors are detected within a
code block, thus avoiding false decoder action. Detection of triple errors is
accomplished by determining that an odd number of errors greater than one
has occurred. Since each code block should contain an even number of I's,
an overall parity check easily determines whether an odd number of errors
has occurred. The presence of a single-bit ¢rror is readily incorporated into
the first error location number since only scven of the ¢cight PROM output bits
are needed to specify any bit within a code block. If an odd number of errors
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is detected and a 1-bit error is not indicated by the PROM output, the
comparator 1s inhibited to prevent false correction pulses.

Innovative codec design
The codec incorporates several innovative design features, including novel
parallet feedback shift register implementations of the encoder and syndrome

generator, random-access memory (RAM) data storage, a PROM look-up table,
and a novel data counter scheme.

PARALLEL ENCODER IMPLEMENTATION

In a high-speed. bus-oricnted TpmMA terminal where data occur in 8-bit
bytes, a parallel implementation of the encoder is more convenicnt than the
classical serial form {see Appendix B). The parallcl cncoder accepts a
sequence of 112 input bits in the form of 8-bit parallel bytes. After 14 such
bytes have been clocked into the parallel feedback shift register, the register
contents comprise the desired check bits, which arc identical to those produced
by a serial encoder.

FARALLEL SYNDROME GHENERATION

An 8-bit parallel implementation of the syndrome generator in the decoder
is also preferablc and may be derived from the more conventional scrial
configuration in the saume manner employed to obtain the parallel form of
the encoder (see Appendix B).

The syndrome generator divides the reccived code block of 12 information
bits plus 15 check bits (the dummy bit has no error-correction function) by
the polynomial
G'(x)
x+ 1

{6)

Gx) =

where (G(x) is the generator polynomial of the original DEC (127, 113) code
which is used in the decoder because the modified (128, 112) code retains
the error-correction properties of the original code. The additional check bit
contributed by the (x + 1) term provides an overall parity check which
permits the detection of triple errors. During syndrome generation, this ¢xtra
check hit appears as if it were the 113th information bit (which it replaces)
in the original code.

A serial syndrome generator would accept 127-bit code blocks while
ignoring the dummy bit. However, the parallel syndrome generator processes
128 bits since it accepts sixtcen 8-bit bytes. The error-correction capabilitics
of the code are preserved by treating the 128th bit as a zero during syndrome
generation.
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The resulting parallel syndrome is identical to that produced by shifting
the serial syndrome generator one extra time following the 127th bit,
Moreover, this shifted parallel syndrome is the same as the ordinary serial
syndrome for an error sequence occurring one bit earlier in the code block.
The code block is considered to wrap around on itself so that the parallel
syndrome for an error in the first bit is identical to a conventional serial
syndrome pattern for an error in the [27th position. The shifted syndrome
merely alters the addresses of the stored error location numbers relative to
what they would be for a common serial syndrome.

DATA STORAGE AND SYNDROME MAPPING

The decoder contains an RAM buffer which stores the input data to allow
time for syndrome generation and look-up table access. Previous designs
have used shift registers to accomplish the same objective. The ping-pong
RAM input buffer requires only 8 kaM chips and a counter chip to gencrate
control signals, while 32 chips would be required if 8-bit shift registers were
used.

Erasable PROMs of 64K (8K x &) storage capacity arc used to form a
look-up table which converts each syndrome to a pair of error location
numbers. Only four chips are necded to hold the 2 patterns necessary for
correction of all single- and double-bit crrors.

CONTROL SIGNAL GENERATION

A further improvement involves contrel signals which must be generatcd
differently in short- and fuli-block cases. Other designs have used four
counters: an mput/output pair for full blocks and an additional pair for short
blocks. The COMSAT Laboratories codec uscs only one data counter to
generate the control signals. For full blocks, the counter cycles through its
full count. When a short block is identified at the decoder input, the counter
output is latched at the end of the short block. The count is then inverted
anq reloaded into the counter for use in error correction when the short block
€xits the decoder,

DESIGN ADVANTAGES

A major benctit of the 8-bit parallel structure is that the codec clack rate
need only be |5 MHz for a 120-Mbit/s system. This signiticantly slower
clock rate allows the use of Schottky TTL circuits instead of BCI. devices,
The use of TTL dramatically decrcases chip cost and power consumption and
also eliminates the necd for ECL. termination resistors.

. This form of 8-bit parallel architecture does not involve repeating a function
eight times, but instead involves implementing a single function which
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operates on 8-bit parallcl data. The parallel fecdback shift register contains
the same number of register elements as the serial version but employs an
exclusive-OR function ahead of cach register stage. Parallel-to-serial and
serial-to-parallel transformations are eliminated in both the encoder and
decoder since the parallel structure is directly compatible with the system
data bus. Morcover, the 8-bit data path facilitates use of an efficicnt RAM
data buffer in the decoder, instead of numerous shift registers. The total
codec employs only 127 TTL integrated circuits, as compared with 210 rcL
chips in a previous design—a reduction in chip count of 40 percent. Thus,
the codec requires only a single circuit board and is designed to be an integral
part of the TDMA terminal, which simplifies interfacing and minimizes overall
system complexity.

Codec performances

The theoretical improvement in crror rate is readily predictable for the
{128, 112) BcH code and agrees closely with measured performance. A
simplified equation is found to provide a convenient approximation of codec
error performance.

THEORETICAL ERROR-CORRECTION CAPABILITY

Dividing the complete 127-bit received code block by the polynomial G(x)
to produce the syndrome is mathematically equivalent to dividing only the
112-bit received information sequence by G(x) to recalculate the check bits,
which are then compared bit-by-bit with the received check bits. With no
errors, the original check bits agree with the recalculated bits and the
syndrome pattern consists of all zeros. The syndrome pattern is a function
only of the error sequence, not of the information sequence | 16].

Each 1- and 2-bit error produces a syndrome pattern that points to a unigue
location in the PROM, permitting all such combinations to be corrected.,
Moreover, all triple errors in one block are detected, which prevents them
from causing additional decoder output errors.

The probability of a decoder output error may be calculated by first noting
that the probability of a block of A input bits contaiming j errors is given by

plj] = (’f)mu — pv %)

where the errors arc assumed to be random, independent, and identically
distributed, and the channel bit error probability is p, |17]. Equation (7)
represents the probability of a decoding failure due to exactly j input errors.

120-MBITS TDMA MODEM AR FEC CODIEC PERFORMANCE 445

The term

(iv) = NULV ity

represents the number of combinations of N bits taken j at a time, and the
remaining terms give the probability of receiving a particular sequence of §
erroneous bits and (N — ;) correct bits, Although errors are assumed to be
raqdom and independent, no specific distribution is assumed for the channel
noise.

The probability of an output bit error may then be expressed [2|
by summing the contributions from all input error sequences that excecd
the error-correcting capability of the code (ie., all scquences for which
j =t + 1), to obtain

N
-

efN
= - (1 — p k-
ro= 3 YN pa o ®

i

where ¢, average number of output errors resulting from a code block
containing j input errors,
t = number of errors correctable by the code,

N = size of the code block.

A.considerab]y simplitied expression for output error probability may bc
obtained by observing that most decoder output errors are caused by cxactly
(r 4 1) input bit crrors and are accounted for by the first term in the
summ_ation. Furthermore, the expression (I — p)¥ / may be approximated
by unity, except at the higher error rates. For the (128, 112} code, ¢ equals
2 and all 3-bit error combinations are detected and produce only three output
errors. For full code blocks, the value 127 may be substituted for N to obtain
the output bit error probability as

Po = 7’875 Pf (9)

MEASURED BER REDUCTION

lzThe BER improvement measured in laboratory testing of two units at
~0 Mbit/s, shown by the circles and squares of Figure 13. agreces closely
with a computed solution of equation (8) for values of j = 5. The solution
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Figure 13. Error-Rate Reduction of (128, 112) BCH Code

of cquation (8) was obtained as part of a computer simulation of the {128,
112} Bow decoder performance [2], [15]. Equation (9), shown by the dashed
line in Figure 13, provides an casy-to-usc approximation of crror performance
which is highly accurate over most of the useful runge of the codec.

Operational BER performance

In order to characterize the performance of the 120-Mbit/s Qpsk modems
in an actual operating environment, two field trials were conducted at
the Andover Barth Station using WTELSAT Vv satellite transponders. The
INTELSAT Vv spacecraft has two transponder bandwidths available for ThDMA
applications: 72 MHz and 77 MHz. The first field trial was conducted over
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a 72-MHz transponder (5-6), while the second used the wider 77-MHz
transponder (1-2). The equipment configuration was cssentially identical for
the two trials and is shown in Figure 14. A special BER test set designed at
COMSAT Laboratories was used for error rate measurement.

System equalization and calibration

The transmission system shown in Figure 14 was broken up into three
major segments, up-link, satellite transponder, and down-link, with each
segment analyzed for its contribution to the overall link distortion and resulting
BER degradation. Using commercially available test equipment (a microwave
link analyzer), the amplitude and group delay of the up-link and down-link
were measured individually. A combination of fixed cqualizers and a variablc
transversal equalizer was then inscrted at the modulator output on the up-
link and at the demodulator input on the down-link. These equalizers were
picked to give flat amplitude and group delay responses. The up-link and
down-link responses before and after equalization for the Andover Earth
Statton are shown in Figures 15 and 16. INTELSAT has specified masks
showing maximum permissible amplitude and group delay variations for up-
and down-links. They are shown in Figurc 17, where it can be seen that the
equalized responses fall approximately within these masks.

Because the satellite input multiplex filter has an on-board equalizer, only
the output multiplex filter requires equalization in the earth station. Since
amplitude and group delay characteristics of this f{ilter are available, an
appropriate equalizer was designed and built prior to the actual field trial and
mserted in the down-link path. The amplitude and group delay response
through the entire system using transponder 5-6 is shown in Figures 18a and
18b, both before and after transponder equalization. The equivalent equalized
responses of transponder 1-2 are shown in Figure 18c.

In the operational INTELSAT system, it is anticipated that the station
high-power amplifier (Hpa) will be operated with at least 10-dB input backoff
and the satellite traveling wave tube amplifier (1wTA) at 2-dB input backoff.
During the field trials, the HPa drive level was adjusted to operate the satellite
at 2-dB input backoff with the HPA operating in a ncarly linear mode, that
is, at more than 10 dB below the 1-dB compression point.

BER measurements

BER was measured in continuous modc over the equalized links described
above. Noise was added on the down-link as shown in Figurc 14, The up-
link noise contribution was measured, with the satcllite Twra at 2-dB input
backoff, by offsetting a continuous wave (Cw) carrier to the edge of the
transponder frequency band and then measuring noise power with a narrow
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bandpass filter at the transponder center frequency, The value of the carrier-
to-noise (C/N) ratio due strictly to the added down-link noise was modified
to take into account this constant additive noise.

The results for transponder 1-2 and 5-6 are shown in Figures 19 and 20,
along with modem 1F loopback data. Note that the performance achieved
in transpender 5-6 is | to 1.5 dB poorcr than that achieved in transponder
1-2. Possibly part of this difference is due to the fact that the nominal
bandwidth of transponder 5-6 is only 72 MHz, while that of transponder
1-2 is 77 MHz. However, no detailed analysis was done and therefore there
may also be other contributing factors, such as differences in up- and down-
link characteristics, and differences in Twr characteristics on the spacecraft.
Both scts of data are within the specifications sct up by INTELSAT for
nonlincar channel operation. A slight degradation relative to this performance
could be expected if the HPA were operated at 10-dB input backoff.

TDMA transmission system performanee

Codec BER performance during TDMA field tria] testing over the actual
nonlinear INTELSAT V satellite channel (Figure 21) agrees quite well with
computer simulation results and may be directly compared with the laboratory
measurements (Figure 13) of the codecs alone. The simulation performance
is based on the assumption of random, independent errors and is not directly
related to channel linearity. However, intersymbol dependencies arising from
channel filtering and timing recovery circuits will cause deviation from the
simulated results. The results of Figure 21 indicate that such dependencies
were minimal for the test channel and that differences between theory and
practice can be largely attributed to experimental variations.
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Link sensitivity measurements

After the channel 5-6 link was equalized for flat responsc and its
performance measured, known values of amplitude and group delay distortion
were added in both the up- and down-link. The BER performance with lincar
amplitude slope is shown in Figure 22. Figures 23 and 24 demonstrate the
effects of added linear and parabolic group delay distortion. In some cases.
the added distortion is partially compensating for network elements such as
modem filters and amplifiers, as well as transmission path amplifiers and
bandpass filters which have not been ideally equalized. This results in unequal

degradation from distortions of cqual magnitede and type, but of opposite
polarity.

Conclusions

The research which has been conducted on the development of modems
and FEC codecs for application to the INTELSAT v satellite system has resulted
in a modem and codec design that has achieved all of the goals set down
during the development of the system specification. The measurements of
BER for both linear and nonlincar channels verify the choice of transmit and
receive filters. The acquisition, unique word miss performance, and the cycle
skipping measurements have shown that the use of a feed-forward frequency
multiplication carrier recovery approach, together with the simplicity of a
synchronous oscillator clock recovery circuit, can achieve excellent acquisition
performance while maintaining robust performance at low S/N ratio. Morc-
over, the achievable cycle skipping performance was well within the desircd
goals. The modem performance was also very robust with respect to the
degradations introduced by burst-to-burst level and frequency variations and
mamtained good performance with link perturbations. The veEC codec per-
formed cqually well in both the linear and nonlinear channel environments
and was easily integrated into the TDMA terminal. Finally, two scparate field
tests have demonstrated that the performance required for the [INTELSAT
TDMA systern can be achieved in an operational environment.
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Appendix A. Deri i
- rivation of (1 2
ator polomae f(128, 112) RCH code gener.
Ehc’l‘:llt:7 gcncramr polynomial, G'(x), of both the DEC/TED (127
28, 112) code formed by adding a dummy bit is obtaine'd

gencrator polynomial, Gix), of th :
to obtain ’ ¢ pre s,

142) e code and
by multiplying the
H3) Ben code by the factor (x + 1

G'l) = (x + 1) Gy (A-1)

The generator polynomial of the parent code, G(x), is

of the odd minimum polynomials m, for i = 1. 3 e S common e

< s 2 — 116 or
G(x) = LCM [m,(x), myx), . . .. My, (x| (A-2)
wffere f is the designed error-

. The minimum polynomijal
given by the product

correcting capability of the code.
mfx), dlso known as the minimum function of o' s
mxy = |x + oflx + o ix + atx + a®)

e e
(A-3)

where a is a primitive clement of the Galois field of 2v

, clements, GF(2m
For the (127, i 13} code, 1, equals 2. Thercfore, from tion (A pr

cquation (A-2) jts gencrator
Gix) = LCM L (x), ma(x))

(x) may be chosen to be the primitive polynomial
mix) = X + x + |

XD, given that m i) = 0. ie.,

o = o+ |
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Morcover, m = 7 for the (127, 113) code and, since « is a primitive clement of
GF(27),
(llZ'F — l
The polynomial m,tx) may be cusily written according to equation (A-3) by first
writing the corresponding sequence of ascending powers of o until the sequence
repeats. For 7 = 3, this process yields

c{.].‘ at’)' (ll:, (124! [XJK, (!gﬁ, ul‘?l = C(TZT — (265, a' = g (11 — O’.‘.

Thercfore, the desired minimum polynomial is given by
mix) = (x + a)x + ™) + aDx + e + o)

x4 oa®)ix + oa¥™r . (A-4)

To expand my(x) and evaluate the coefficients of the various powers of x, it 13

helpful to make use of a partial listing of the 27 clements of GF(27) formed as

the field of polynomials over GF(2) modulo ¥ + x + 1. Such a listing is given in
Table A-1. After a considerable amount of algebraic manipulation, it may be shown

that equation (A-4) reduces to
méx) =1 +x + 0+ x+ 1
Theretore,
Gx) = LCM [m0), max)] = (& + v+ D7+ X+ 0 +x + D
or

Gy = x" + a2 + x" + ¥ + ¥+ 0+ 27+ 0+

From equation (A-1),

Glixy = (x + 1) Glx)

or

G =%+ x4+ x4+t

2 o
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TABLE A-1. ELEMENTS OF
LE A-1. ELEMENTS OF GF(27) WHERE « 1S A RooToF 7 + x + |
0

a = ]
a' =g

@ = ok |

of = e’ = o +oa

o = aat = @' 4 o
o = o’ = ot + ot
ulr = wa'' = a + o

| I
a” = aw'' = ot 4w

Mo 1212 —
@ ol = gt b oot 4ot 4 ol

S — 5
o’ o= w +'-"J+Uf‘+a’+u

a™ = g 4 @ o

alh = gt 4 ]
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Appendix B. Parallel codec derivation

This appendix describes the method for deriving the paralle! feedback shift register
structures for the encoder and syndrome generator from their conventional scrial
forms.

Parallel encoder derivation

A classical serial encoder divides the input sequence by the generator polynomial
G'(x) using a feedback shift register (Figure B-1). The remainder which results from
this division constitutes the check bits. Each input bit is added modulo 2 G.e.,
exclusive-ORed) with the contents of the last stage of the register to farm the feedback
signat. Connecting the input to the last stage in this manner is cquivalent to
premultiplying the input sequence by x*? before dividing by the generator polynomial
{16]. The result of this premultiplication is that the tegister contains the 15-bit
remainder as soon as the last of the 112 information bits in each block is entered,
avoiding the need for additional shifting to complete the division process. The
remainder is shifted out of the register to form the 15 check bits which immediately
follow the 112 infarmation bits in cach code block.

Converting the scrial encoder to paralle! form may be accomplished by first writing
a family of equations cxpressing the contents of each stage of the serial register after
the next shift. in terms of the current contents and the current input bit, From these,
a similar set of equations may be written expressing the contents of cach stage after
cight such shifts. Finally. this new set of equations may be solved to express the
contents of cach stage after cight shifts, in terms of the present contents and eight
consccutive input bits. The resulting equations describe an 8-bit paratle! cquivalent
of the scrial encoder,

The equations may also be derived through matrix operations by first expressing
the contents of the serial register after the next shift as

Pt + 1) = pulny + pidt) £ i)
Pl + 1= pu@ 4 st + D

pis + 1) = pst) + il (B-1)
wherc the p,(f) are the contents of each stage of the register at time 7, i(n) is the input
bit at time ¢, and addition is modulo 2.

In matrix form,

(e + DI = [T el + 1GL i@ (B-2)
where
Pt
Pult)
@l =| i
P

5 I
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Glxy=(x + 1 (x My (125 510, w6, 5, 4
Sx 15, 14

LT LR

1
I 12 M 10, T 220 4y

Figure B-1. Serial (128, 112} BCH Encoder

The 15 x 15 matrix |7] consi F fici
! sists of the coeflicicnts of the p.(r) in equati
‘ natrix |3 : 5 p{f) In equation (B-1)
zgrﬁ;ﬁents tr%c .scnal ?edback connections. The column matrix [G]q whoqe(elcr;j:t(i
¢ coetficients of the gencrator pol i i input l o
ynomial, describes the in : “ttons
It may be shown that the matrix |7 '  qnvalont
8 1x |T]* completely describes th 1
encoder with an 8-bit in 3 ' l b caloulnied et
put bus. Morcover, [T nced be ¢ ict
e e n § 0t input bu: \ not be calculated explicitly
S s may be rapidly hand-calculated by a proc :
pecanse its elem ' ' ¥ a procedure bas ig
shifts of the serial register with a single binary-1 input |I§] e upon cieh
Regardless of the technique used, the final family of cquations is

Pt + 8) = polt) + pele) + palt) + poun + Pslt)
AN A+ DA HF 2 4 i+ T)
Pt + 8) = pln) + pld) + praf) + poln)
T+ +3y+it+7)

.
*
.

P 8) = pdD) + pu®) + pult) + pin) + i)
FHE D) i+ 6) i+ T)

E?Uj:“g? (‘B-3) describes a paralle] structure (Figure B-2) in which i(1), it + 13
represent the current 8 bits on a parallel input bus, the 2.0 rcprcx.cr-nt.tim:

ent I‘Cgi\ ter contents 1114 B
CUrre ster ¢ onts, a 1t C 7,({ + 8)r CH S i i
!he ext shi \t_ I ) LplL\Ln[ thC contents ¢ [hC ng]\'[(.,r after

Th g H g > -

o S_l:lrusulflll;g parallel Bey encoder accepts a sequence of 112 input bits in the form
egint Cp)arta L,]. bytes. After the last byte is clocked into the parallel encoder, the
4 ontents |p,s(6), pe), . .., p(#)] comprise the desired check bits !

Parallel syndrome generator
'T‘hc 5§ T “ 1
syndrome generator may be implemented in the standard serial fashion

(Figur, B S s s .
e gire [::JJ’ which is similar to the serial encoder, One less shiftfrcgis‘tcr stage is
quired for the 5yndmmc generator than for the cncoder because the cgree of (‘(kl)
k d X Liey
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st + 1) 51500
s 4+ 1) = 50+ 5,0

i{1) -
it+1)
i{t+2)
it +3)
it +4)
it + 5}
i(t + 6) -

T I8 !

st + 1) = r) + 5,400 (B-4}

where the 1) are the contents of cach stage of the shift register at time ¢, r(f) is the

i o) 5 ® seseneee | (B received message bit at time ¢, and addition is modulo 2,
I1 I As in the casc of the encoder, cither matrix operations or direct manipulation of
I ! 915::; the individual equations may be employed to express the state of the syndrome register
- p . ! s . ) . . .
. plgm at time (s + 8) in terms of its state at time ¢ and eight consceutive received bits as
—a [ lH
L::}:;: S+ 8) = 5,0+ (D) + 5.0
pg::: Sl + 8) = sl + 50+ 850+ s,
Py
~- p7(t) .
Peltt :
— pglt)
—-—gn.i:: 510+ 8 = {0 + solt) + 5,0 + Hr + 7y . (B-5)
3
22‘(:’) Equation (B-5) describes a paralle] syndrome gencrator structure (Figure B-4) in
1

which i), rc + 1), ... vt + 7) represent the current eight received bits on a
parallel bus. x,(ry represents the current syndrome register contents, and s+ 8
represents the register contents after the next shift.

Figure B-2. Parallel (128, 112) BCH Encoder
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s1qlt)
s1git
sgit)
v a e G et d \hd On] sﬁ(t}
is onc less than that of G'(x). Furthermore, the rccelve(cjj mc;s'dgc 15 introduce v o
i i i iplication i sired in this casc. o

it stage, since premultiplication is not desired 1n . ) :
e eytc panate i : ati f the syndrome generator is more desirable for o
A byte-paraltel implementation of the sy : ‘ ore destrable [or -
high-speed Thma and may be derived from the serial configuration in the same )
manner cmployed to obtain the parallel form of the encode.r. A fan-n!y :fi;;

of equations expressing the state of the serial syndrome register at time

(t + 1) in terms of the statc at time 7 and the rcceived message bit at time r may be

Figure B-4. Parallel (128, 112) BCH Syndrome Generator
written by inspection of Figure B-3 as
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TDMA terminal acquisition and
synchronization

G. ForCINA AND R, BEDFORD

(Manuseript received June 24, 1985

Abstract

This paper describes the key timing features of the INFELSAT 120-Mbit/s time-
division multiple-access (roma) system. The interaction of the reference and traffic
terminals is ilfustrated, and the structure of the communications channels catrying
the control information is discussed. The subjects of terminal receive and transmit
timing and the associated acquisition and synchronization procedures are specifically
addressed, and results and conclusions derived from testing and implementation
activities are summarized.

Introduction

The time-division multiple-access (TDMA) technique is based on synchro-
nized, scquential time sharing of transponder resources by the terminals
participating in the network. Extensive studies of this key ThmA feature werc
performed during the carly stages of the INTELSAT 120-Mbit/s Tbma system
design. These studies resulted in selection of the baseline approach for
acquisition and synchronization in the TOMA network. This approach was
implemented by selecting the appropriate network architecture and identifying
the proper requirements for the reference and traffic terminals during the
specification development phase. This paper describes the key clements of
the acquisition and synchronization system and their implementation in the
selected network architecture.

467
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Network architecture

The gencral design of the INTELSAT Topma/digital speech interpolation
(s} system has been described by Pontano et al. [1],12]. This paper discusscs
only the elements of the network architecture that pertain to the acquisition
and synchronization functions.

In the INTELSAT v TDMA system, the predominant type of connectivity is
East-to-West and West-to-East. Since the presence of loopback links cannot
be guaranteed, a form of cooperative synchronization control is neccssary.
The function of feeding back burst position information to the originating
terminal is assigned to dedicated network control stations, referred to as
reference stations, which provide timing and synchronization control to the
TDMA terminals in the network. In order to perform these functions, the
reference stations must monitor all TDMA transponders. Thus, it is necessary
to cmploy a minimum of two reference stations, one in the West Zone {and
West Hemi) beam and onc in the East Zone (and East Hemi) beam. The
network configuration is actually based on the use of two reference stations
per zone, both simultaneously active, to meet system reliability requirements.
Of these two stations, the one which has the primary role is obeyed by its
controlled terminals. The other, which is designated as Secondary ., is obeyed
only during temporary failures of the Primary. In case of prolonged failure
of the Primary. the Secondary will assume the Primary role. Figure | shows
this system configuration for an East-to-West and West-to-East connectivity.

A 2-ms frame and a 16-frame multiframe have been established for the
system. The unique words of the reference bursts and traffic bursts change
every 16 frames to mark the beginning of the multiframe. These special
unique words are referred to as multiframe markers. An important requirement
of the synchronization system is that aJl multiframe markers appear in the
same frame at the satellite. This alignment of the multiframe markers at the
satellite defines a common multiframe for the system which permits burst
time plan rearrangements without loss of traffic.

System contro} and management information is transmitted by the reference
stations to their controlled terminals via the control and delay channel (CoC)
and the service channel (sC}. The reference burst format, showing the ChC
and the sc, is depicted in Figure 2. A message in cither the sC or the cnc
consists of a 32-bit word transmitted over one multiframe at the rate of 2
bits per frame. For redundancy, cach bit is repeated eight times so that 16
bits or § symbols arc required in cach burst for either the €pc or the s¢.
Figure 3 shows the coc and s¢ message format for the P and Q channels of
the opsk modulation scheme employed.

TIDMA TERMINAL ACQUISITION AND SYNCHRONIZATION
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RB1 (FROM REF. 1, WEST)

RB2 (FROM REF. 2, WEST)

W-E '
TRANSPONDER

E-W ]
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I RB2 (FROM REF. 2, EAST)
RB1 (FROM REF. 1, EAST)

EAST

RB1, RB2 = REFERENGCE
BURSTS

REF.1, REF. 2 = REFERENGE
STATIONS

NOTE: EAST-TO-WEST {(WEST-TO-EAST) CONNECTIVITY ASSUMED

Figure 1. TDMA System ¢ onfiguration
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Figure 2. Burst Formar
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bifi=1.2 ... 32)= MESSAGE BIT
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Figure 3. Format of Message Transmitted via the SC or CDC

Acquisition and synchronization informatiqn is . lransmitt?dr fr_om the
reference stations 1o the controlled TOMA terminals in the CDC. lhujty-mig
terminals arc addressed cyclically, each with a 32-bit message transmitte
over one multiframe. Only 28 of the 32 tcmlir.lal gddressc.:s corrcspon.d‘t]o.
actual traffic terminals; the remaining 4 are u_sed tpr cither reference tcn:mn:; ;
or housckeeping {unctions. The same termmu! 18 addr.essed. once favc,r‘y :|
multiframes, or 1,024 ms. This 32-multiframe information dlStleU.IlOI‘] cycle
is referred to as the control frame. The reference bursts trans.mnt.ed hyha
reference station into different satellite transponders may contain e1the'r the
same ¢ or different cpcs for a maximum of two CDCs. The comm.l tgn‘ne(si
of each of the two reference bursts in a transpo.nder‘ are synchmm‘ze an
contain identical information. Therefore, onc pair ot refercnce‘ ‘s‘tatmn:s c;m
provide acquisition and synchronization support for up to 56 |Er‘ulhg ‘tern;l?z:‘ ,i
Up to 112 traffic tcrminals can be supported by the four refercnce stations

T rork. .
()f;]‘hlttl).:fTAn?:;s\,:agCS are generated on an as-nceded basis and are tranm:nttei
according to a priority table. The r@‘erencc purst sC carr1fas gc ‘:Nt(i);n
management messages such as malfunction detf?(:‘tlﬂn cod‘cs‘ a‘1'1d .u).o'r\;(m; on
messages for burst time plan changes. The traffic burst SC cames ackn
cdgment messages and alarm codes.

Network timing

Receive timing is established at the 1bMA .tcrminals by dctgctmg .the;
reference bursts, Transmit timing 1s gcncrglly derived from the r.ecewcftm‘nng,‘
by adding the transmission delay prowd-ed by the‘control.lm‘g‘ ‘re 'em‘nc.ut
station(s). However, the Master Primary refcrence station obtains m lra)n.srr}l]l‘
timing from a local high-stability (cesium-beam) clock and constitutes the
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basic source of timing for the cntire network. A long-term timing accuracy
of 107" is achicved which permits the use of a plesiochronous interface for
interconnection with national digital networks.

If connectivity is only East-to-West (and West-to-East), the Master Primary
station provides a constant transmission delay to the Primary, since the Master
Primary cannot perform frame position measurements of the Primary reference
burst. In this case, the Master Primary and Primary bursts arc not synchro-
nized at the satellite. However, this is of no COMSEYUENICE SINCe no TDMA
station can receive both East down-beam transponders and West down-beam
transponders.

When a beam ts connected in a toopback configuration in addition to an
East-to-West (West-to-East) connectivity, all transponders must be synchro-
nized because a single TDMA terminal may receive both a loopback transponder
and a transponder containing bursts transmitted from the opposite coverage
area. In this case, the Master Primary reference burst and the Primary burst
must be synchronized. This can be achieved eastly, since the Master Primary
station can perform frame position measurements of the Primary burst using
its own loopback Primary burst as frame reference.

Control of Secondary reference stations is based on burst position meas-
urements, regardless of the form of connectivity. In this respect, Secondary
reference stations behave like traffic terminals.

Terminal receive timing

A TDMA terminal derives reccive frame timing from the reference bursts
received from the TDMA transponders, Figure 4 shows the time relationship
between these bursts. The two refercnce bursts, k81 and RB2, originate from
the two reference stations in a zone coverage area. The start-of-receive frame
{(SORF) is defined by the time of occurrence of i1 in the timing and reference
transponder (TRT}. The SORF can also be derived indirectly by decoding any
other reference burst in any transponder, since the time offset from rE1 in
the TRT is preassigned for each burst,

The receive side of & TDMA station contains two functional blocks which
are rcferred to as tining sources 1 and 2. Euch is phase locked to the unigue
word detection pulses derived from reference bursts k31 and RB2, respectively,
as shown in Figurc 5. Both timing sources have a 512-frame flywhec]
capability. The tcrminal sorr is derived from cither time source | or time
source 2, in accordance with the simplified selection tuble presented in Table 1.
The sclected timing source provides not only the SORF, but also the start-of-
reeeive multiframe (SORME). since the refercnee burst unique word also serves
as a multiframe marker.
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SORF

SORF NOMINALLY . e
TIMING Aglé " oy
REFEREN - RB2
[TRANSPONDER (TRTH) 1RB11 |952l RE1
TRANSPONDER 1 :(T1 =0 |
i I
f \
! 9511 |HB2| __%__;ﬂ
TRANSPONDER 2 | T 'l
ra—T1p—» | |
|
: lnml RBZ 1 |
TRANSPONDER 3 t T 1
f————T1 3 - | 1
L
. RB1 lRB2| e
TRANSPONDER n h T |
[ —— I
r-———_—T1 n

le— ——— TDMA FRAME ———————*]

BETWEEN
E: TRAFFIC BURSTS MAY APPEAR
NeT RB1 AND RB2 AND BEFORE RBE1

Figure 4. Time Relationship Between Reference Bursts in Different
Transponders

UNIQUE WORD
(UW) DETECTOR

DEYECTOR
RB1 UW DETECTOR lﬂaz W DETE

PULSE
TIMING TIMING
SQURCE SOURGE
T 2

TIMING

SOURCE

SELECTICN

CONTROL

SORF
(AND SORMF}

- REFERENCE BURST OFFSET FROM RB1 IN TRT KNOWN.

Figure 5. Derivarion of Receive Timing
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TABLE 1. SIMPLIFIED DECISION TABLE FOR TIMING SOURCE SELECTION*

RB1
Missed for
Less Than Misscd for
512 Frames More Than
512 Framcs
N I
. . Pl X TS2 TS2 TS2
Missed for I
Less Than S| Tsi X TS2 TS2
512 Frames [
e s st x TL
RB2
Missed for
More Than TS1 TS1 TL TL
512 Frames
*where P = Primary or Master Primary reference baurst

S = Secondary reference hurst
I = Inoperative reference burst. (A reference burst displays the inoperative status
code when re-entering the TIDMA frame.)
TSt = Timing source | selected
TS2 = Timing source 2 sclected
TL = Timing lost
X = This condition cannot occur

Terminal transmit timing

In all traffic and reference terminals (except the Master Primary), the start-
of-transmit frame (SOTF) is obtained from the sORME. The start-of-transmit
multiframe (SOTMF) is gencrated by applying a transmission delay, D,, to
the sormr. The SOTF is obtained by dividing the SOTMF into 16 equal
intervals. using a local clock.

The soTF is established via a two-phase process. In the first {acquisition)
phase. an acquisition delay is provided by the controlling reference station
such that an initial SOTF is obtained which is offset from the final sOTF. The
TDMA station uses this initial SOTF to transmit a short burst {prcamble only),
in accordance with the burst time plan. The initial SOTF is such that the short
burst falls within a temporary acquisition window allocated in the frame to
accommodate initial position uncertainty. The transmission delay is then
changed by the controiling reference station, and the final SOTF is cstablished.
When this occurs, the acquisition phase is complete and the synchronization
phase begins. At this time, the TDMA terminal transmits all of its bursts
according to the burst time plan, and adds traffic data to the short burst. The
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final SOTE is such that the TMA bursts are placed at their scheduled positions
in the frame (plus or minus the synchronization crror).

Terminals may have a dedicated acquisition window or they may share a
common acquisition window. Terminals of the first type can perform
acquisition in parallel; that is, two or more terminals can acquire at the same
time. Terminals of the sccond type can only perform acquisition sequentially;
that is, only one terminal can acquire at any one tme.

Four sequential acquisition terminals can be acquired in one transponder,
using a 16-control-frame superframe established for the THMA system. The
superframe is divided into four equal acquisition cycle intervals (ACLs) of
three control frames each, separated by one control frame (guard space).
Figurc 6 shows the superframe structure. Each of the four sequential acquisition
terminals is assigned an aCl, and can only perform acquisition during this
time interval.

START OF GUARD SPACE

Fiilfu—»i mﬁ l.|<_Ac 3—?* m&

L conTROL FRAME

- 16 CONTROL FRAMES -
(1 SUPERFRAME)

Figure 6. Superframe Siructure

The terminal uses the chc messages decoded {rom the reference bursts in
a designated timing and control transponder to establish and maintain 1ts
transmit-side timing. These messages contain the transmission delay and the
control code. as shown in Figure 7. Table 2 lists the four possible CDC
control codes and describes their use.

The particular multiframe of the ¢pC control frame addressing terminal n
is referred to as the control multiframe. When the terminal receives its control
multiframe, it applies the decoded delay (and obeys the control code) for the
first time at the beginning of its transmit multiframe, starting at time

e + 3Ty + D,
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-
. 32 BITS -
[ B ————— 2 o 22 - 2 —
SLERMINAL OR STATUS TRANSMIT DELAY Cﬂ)\l‘[j[D)
ORT NUMBER OR AND BURST EVEN
{ADDRESS) CONTROL TIME PLAN NUMBER BITS
CODE PARITY
CHEGK
[ — 5 g
STATUS
o TATY NOT BURST P
USED TIME
PLAN
NUMBER
| CONTROL
CODE o, ”
CONTROL
2 CODE P2 ”
. CONTROL
CODE Pn "

Figure 7. Reference Burst CDC

whgre t,(. is the time of occurrence of the reference burst multiframe marker
designating the beginning of the control multiframe of terminal 7, D,, is the
decoded delay, and T, is the multiframe period (32 ms). "

. The particular transmit multiframe ol terminal n in which the terminal first
lmplf:ments the newly received dclay is referred to as the measurement
multiframe. During this particular multiframe, the terminal transmits back
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TasLi: 2. CDC ContrOL CODES AND THEIR USE
CONTROL
Cone DEFINITEON REQUIRET ACTION
DNTX Do Not Transmit Do not imitiate transmission. 1f al- -
ready transmitting, terminate trans- _ =
L Z W I3
mission, s Qe
z ZZ -
- L . . X . yr =8
1API Initial Acquisition, Phase | Start transmission of short burst. if g T Z%
ready. < 23 2@
£ ws| &3
IAP2 Injtial Acquisition, Phase 2 Short burst received a1 the controlling 5 = .
reference station (notification mes- g
sage).
SYNC Synchronization Phase Transmit all bursts (full traffic bursts). zT
Oy -
22y s
N - . X . . 1z o0
its implemented delay via its sc. The controlling reference station(s) monitors w ah s
. .. - . i z
a designated burst {principal burst) of controlled terminal ». When the e o w
. . - v g L =
measurement multiframe of terminal n occurs, the frame position of the wE x g
WS s
Ts

(

principal burst is measured. The displacement of the measured burst from
its scheduled frame position is subtracted from the previously implemented
delay, and this new delay value is transmitted to the controlled terminal
during its next control multiframe. Figures 8 and 9 illustrate these concepts.
Figure 8 shows the terminal receive and transmit waveforms, and Figurc 9
illustrates the burst position control mechanism by means of a time-space
diagram showing the “‘trajectorics’ of the relevant multiframe markers.

MULTIFRAME M - 5
START OF MULTIFRAME
START OF FRAME
TERMINAL n BURST

.

Satellite position determination

—
[FF

Figure 8. Terminal n Controf and Measurement Multiframes

The transmit delay for acquisition is computed at the reference stations 3§ g’ Hos
based on knowledge of the satellite position and the geographical coordinates ggg £ é,‘f@
of the controlled TDMA station. This requires that an estimate of the current ggu pre
satellite position be continuously available at the reference stations, =5 rmo
Satellite position is determined at the reference stations by using either the J §
satellite position prediction method or the real-time satellite position deter- 5‘6
mination method. Satellite position prediction uses a mathematical represen- E%
tation (Bessel’s polynomial expansion) of the satellite orbit, which is normally Eg
valid for a 24-hour period [3]. The precise satellite orbit is routinely computed w g
in 4 mainframe computer in Washington from measurements performed by §f <
the INTELSAT TT&C stations. The coefficients of the polynomial expansion ng
are obtained from the computed satellite orbit by means of a curve-fitting ggé
alr
|
I&

algorithm. These coefficients are transmitted via data Jines to the reference
stations, normally once a day but more frequently during satellite maneuvers.
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The local model of the orbit is used to compute an updated cstimate of the
current satellite position once every 16 seconds.

Real-time sate?llite position determination is a triangulation method based
on measuring the distances between the satellite and geographically separated
Lgu TDMA stations. These distances are -measurcd by each .rctcrcncrc station, with
T the cooperation of other TDMA stations. The cooperating station can be any
; g controlled reference or traffic terminal. Two cooperating stations are sufficient
25 when loopback connectivity is available: otherwise, three cooperating stations
%% \ are required. The burst position control performed by the reference station
Ez\j pmyndes the basic mecham.s:m to compute thc distance from tl_]c reference
2 station to the controlled station via the satellitc. When the required number
i of stations participatc in the ranging process. the distunces can easily be
z converted to the satellitc position by using a triangulation algorithm.
@ Satellite position prediclioq will_bc the only method ust in lhc initial
2 - phase of TDMA system operation, since well-separated ranging stan.ons My
€ 5 g not be available. In a mature TH™MA system, when a good trlgnguiulion bas.ls
g _Ju;'é z can be achieved, the real-time satellite position determination method will
2 e %g t‘; also be available.
o) = :
éug_g ?;; System tests
= g < Verification tests of the terminal acquisition and synchronization procedures
- = Z have been performed on numerous occasions over the past tew years, both
5%@ 2?1 in the laboratory and n the ficld [4].[5). Two INTELSAT ThMA nctworks
[ Eéé = i are currently operational, and a third is being tested. C().nsidcrafb!c. expericnee
| ég‘g % - has been gained as a result of testing and implcmcntapon activities.
a | £330 E‘) The basic acquisition and synchronization mccha‘ms}n and its assogated
El protocols have been proven to be sound, and no significant change 1 the
uél | = onginal specifications was required. The burst position error measured duriflg
e g 1 normal operation never excecded 4 symbols ( t.32 :symbnlx are ‘allocuted for
% _1 | w the worst-case sy*nchr()nizutiop.error). S)-/nchm_nlzal{on tests ps.:ri(.)rme(l undcer
> \ | | %5 severe link interference cond:[mns.(ca.rncr-to—mte.ricr@cc ratio in the 1- to
EE l l&”»—: 4-dB range) showed that synchmmzatnon WS mamtun.]cd. ‘
63 | 32 Sateliite position determination tests were also carried out using both the
tlﬁ c uh 2z ranging method and the prediction method. The ranging (triangulation) telsts.
%E § 'é 4 g‘m‘:c performed in a mixed hemi-loopback and zone-to-zone hcam configuration,
"= = = é% 5° showed a satellite range error on the order of 1 km. This corresponds to a
E 3 b‘f% © burst acquisition error of about 500 symbols (= 2,500 symbels arc allocated
| 5 | § & for the worst-case acquisition crror). The satellite prediction tests indicated
hr—ﬁ—%%-—gg—’i that range prediction error did not exceed 4 few hundred meters when the
I 4 1 & |

satellite was not subject to mancuvers.
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Tests were also performed during satellite mancuvers, and the results arc
shown in Figure 10. The prediction coefficients are bu:?‘cd on an a priori
estimate of the cffect of the maneuver. After exceution of the mancuver, the
range crror builds up (maximum obscrved value was 1.8 km). When new
coefficients based on several hours of TI&C measurcments were loudcdilmo
the prediction algorithm (after 1700 GMT) the Tange error decreased rapldly.‘
After implementation of the final set of cocflicients (based on 24 hours of
r&C measurements), a steady-state range error of less than 100 m was
achicved.

DATE: FEB. 6, 1985

NORTH-SOUTHJ\.{%SBJ%\#A\._’FEH
ED AT
40,2191 Eﬁ%%TMEASUHEMENT PERFORMED

40,218 AT ETAM

- PREDICTED RANGE
402171 37 UEAGURED RANGE ’

40.216
40,215
40,214
40,213
40,212
40,211
40.210
40,209
40,208
40,207

RANGE (km)

- -
TR v e NS ST PO PTN ETEUEE B
11 12 13 14 15 16 17
GMT

Figure 10. Range Prediction Accuracy During Satellite Mancuver

Conclusions

The basic principles of the terminal acquisition and synchroniz.ation
approach implemented in the INTELSAT TDMA system hu\.fe becn (.JCSC['lF)ed.
The expericnce obtained in the testing and 11)1plcm.cntat10n phas.es of the
TOMA networks indicates that the design objectives in the arca of network
timing have been met and, in many cases, exceeded.
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Terrestrial interface architecture
(DSI/DNI )*
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Abstract

The 64-kbit/s digital speech interpolation (bsi)/digital noninterpolation (DNI) equip-
ment interfaces the time-division multiple-access (TpMa) satellite system with the
terrestrial network. This paper provides a functional description of the 64-kbit/s
DSU/DNE equipment built at COMSAT Laboratories in conformance with the INTELSAT
TOMA/DSI system specification, and discusses the theoretical and experimental per-
formance of the pS1 system. Various digital terrestrial interfaces are examined for
their effcct on system design, Several psi-related network and interface issucs are
discussed, including the interaction between echo control devices and psi specch
detectors, single and multidestinational pst operation, location of the psi equipment
relative to the international switching center, and the location and need for Doppler
and plesiochronous alignment buffers. The transition from 64-kbit/s Ds1 to 32-kbit/s
low-rate cncoding/si is expected to begin in 1988, The impact of this transition is
discussed as it relates to cxisting 64-kbit/s pSI/DNI equipment.

Introduction

Speech signals occurring on telecommunications links are the product of
two-way conversations. It is customary for one talker to pause while the

*This paper is based on work performed at COMSAT Laboratories under the joint
sponsorship of the Communications Satellite Corporation and the International
Telecommunications Satellite Organization (INTELSAT). Views expresscd arc not
necessarily those of INTELSAT.
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other speaks; thus, an active speech signal is prescnt on a fransmission
channel for only a fraction of the available time. In addition, even when
only one talker is speaking, pauscs occur between utterances, so therc arc
times when the circuit is idlc. Measurements show that speech is present on
a telephone channel approximately 35 to 40 percent of the time, averaged
over a large number of busy trunks. Digital speech interpolation (Ds1) systcms
exploit this low activity to reduce the information rate needed to handle a
multiplicity of telephone speech channels [1].

INTELSAT has specificd [2] a bst system for operation with time division
multiple access {TDMA) to serve a multinational community of users. This
paper examines the design concepts and hardware complexities of this system,
including performance characteristics and the effects of overload strategies
and assignment protocols, in-band data signal performance, and the necd for
transmitting channels in a digital noninterpolation (bNh moede, A variety of
terrestrial interface issues are then discussed. concluding with some thoughts
on the transition to the next generation of DSI systems.

DSI funetional deseription

Functional block diagrams of a Dsi encoder and decoder conforming to
INTELSAT TobMma/Dst System Specification BG-42-653, including a data
detector, activity simulator, and herding. arc shown in Figures 1 and 2,
respectively [3]. The INTELSAT ps1 encoder and decoder are independent
and derive their timing from associated TDMa frame clocks. As shown in
Figure 3, a single 0s1 sub-burst is generated every 2 ms by each Ds1 encoder
and consists of an assignment channel (AC) and a group of satellite channels
(sCs). Each s consists of 128 bits and is formed by 16 pulse-code modulation
(pcM) samples of 8 bits each. The 128-bit AC is located at the beginning of
cach DS1 sub-burst and carries three assignment messages used to route the
terrestrial input channels to their destinations via the sCs.

Following the Ac, there is a maximum of 127 8¢« which can consist of a
mixture of normal DS1 SCs and preassigned DNT sCs. For a 127-8C system
with both interpolated and preassigned DN SCs provided, the preassigned DN
sCs occupy up to 15 of the highest ranking scs without affecting the formation
of overload channels.

When the number of terrestrial input channels that are active and in need
of transmission excceds the number of available normal SCs, least significant
bits (LsBs) from the lowest ranking normal SCs are appropriated to form
overload scs, as shown in Figure 4. The 1.5Bs from seven contiguous. normal
scs form onme 7-bit overload sc. For the overload scCs. all of the most
signmificant bits (MSBs) are transmitted first, the msB-1 bits are transmitted
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w2 = :31 “ezy £ ) ; A )
. L 2 L . DN channels will reduce the maximum number of overload channels which
Q By
£ I a3 3 can be formed.
z ‘u
Q ﬂ Y
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i & Iy Encoder desceription
SE0 o el
[ sayT fut Os Q . -
gg= T3 2 . Figure 1 1s a functional block diagram of a 240-channel pst encoder. The
o 3 5 :
» Ds1 input channels are derived from eight groups of 30 digitized 4-klz
j}a = tclephone ports, each combined into a CEPT pcm serial line format at
T 5 = 2.048 Mbit/s
o 2. s.
[ = o .
Z dﬁ LK f::p iy =N . Terrestrial interface
=25 <0 ZZv Fs LS
z :Jj) - ZZwW by ﬁ) - . . . . )
3|2 oal® 53 U 83] o ? To accommodate the movement of the satellite and maintain a plesiochro-
BIW & m 2EQ - = . . .
3 ‘ng o 2~r w nous mterface with the terrcstrial network, each 2.048-Mbit/s serial input
E ﬁ Tr jé 4 must pass through an alignment and Doppler buffer which retimes each of
o =l (7 . . . N )
Tz 2 NEME % the eight CEPT pcM asynchronous inputs onto a single clock and performs
L % o Shels o a plesiochronous alignment of 125 ps {one CEPT frame). The Doppler buffer
LY : - . - - . .
T . < ol 4 must have a capacity of 2.2. ms on both the transmit and receive sides to
o . . . -
25 gz accommodate worst-case satellite path length variations. At the output of the
o - . gt . . .
o4 §I encoder-side alignment and Doppler butfer, the cight scrial CEPT lines arc
73] . B .
’ bit synchronous, but do not have a common frame relationship becausc of
‘W the arbitrary relationship among the phases of the read addresses in each of
2% 7 the buffers.
@d A framing circuit independently delays cach serial line so it has a common
o= &
2w frame relationship appcaring at the input to the psI encoder. At the output
of the framing circuit, the serial lines are bit and frame synchronous and
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thus properly timed for the M sampic formatter. The alignment and Doppler
buffers and {raming circuits arc unnecessary it the equipment providing the

o 2.048-Mbit/s serial input is driven with the THMA/DSI system clock and frame
w3 | P
I .
777777777 -— —T—T clock.
© ¥el o Wyl
- ~ Cae | DS transmit-side processing
7 w f w me= Cod I L ansmitl-side processing
n O 0 E I3 O o2 . N . .
d%q mepe & 5% Figure 1 shows the pCM sample formatter which converts the 2.048-Mbit/s
= L [l [N} . . . . . . . .
= 27 = g i S g serial lines to 8-bit parailel samples, discards the synchronization and signaling
2 ! o . . . .
w 253 —’E?x £g® time slots from the CEPT frame, and arranges the samples in ascendin
= o <T 73] % TO— & (@] E p
Dy %‘-’2 %gog B g2 = interface channel number order. A digitally generated channel check test
5}% 2 LS g § E é} signal i1s multiplexed into the 8-bit parallel output of the PcM sample formatter
I [ce] . - . . .
S T _E___TLﬁA 2@ ‘ and competes with the active input channels for assignment to an available
- 't 3
- ] sC. The number of input interface channels is variable from 1 to 240 channets
© p
| ! &3 in singlc-channel increments and is controlled through the microcomputer.
; = g P
| - The voice switch (vax) is critical to the proper operation of the pSI system.
' I o i = Its major function is to recognize the presence of signals to be transmitted.
f ) J2] (=4 .- .. .

P ' < & = s B As such, the vOx must be capable of discriminating between speech and
(2 | T w ~ Lo ) g p B
é“zJ | {0 ju ; E E w = %gm 3 neise over a wide dynamic range and must recognize speech quickly to avoid

- | = . R . . A
% T EJN = o S front-end clipping of the speech signal. To prevent excessive loading of the
iz e Pl FHRLgi ] =25 = e i he alse activati ol ot
To w? a4l (FHS waim 5 DSI system, the voxX must be immune to false activation on impulse noise,
5 = [ Td=z . . . . - : :
g u§ 3% 222 'E?EE%E N 3 or if falsely activated it should only remain on for a short period of time.
= I o —= = e . . . .
% S5 =3 £5< % Lox co 5 = The BG-42-65 system specification permits the use of either a fixed threshold
w @ =% — Y . .
2 |tx 9 g R Z e a? = or an adaptive threshold vox for detecting the presence of speech. The psi
o X | i «© © ey “ . . . P
2 |PE i T __ai__|&¢g = terminal built by COMSAT uses an adaptive threshold vox.
2 .‘Eg b b The vox must also provide a measure of protection against excessive DSI
7 ¢! g £ loading which results from false detections on noisc signals modulated by
| ! e SR TUES I Iy % the echo control unit protecting the terminations. Excessive bsi loading will
- = = L W > e . . - . .
1w | > % w C 528 5 occur if the adaptive vox threshold fails to track the modulated noise signal,
— = wl ] ~ P .. . - .
E T Eou 5 u L% . One method of minimizing excessive DsI loading is to allow the vox to
&a 22| 5.0 E53.6_1g7¢ g y s
¥ Zx Ed@ = Edm‘: daz o update the adaptive threshold at a rate which is high enough to track the
o< =] Fzm | BZza zL L = modulated noise signal. A sccond method is to disable the threshold adaptation
ok — - 423 oo = - . ) . ptatio
@ we §§5 =<z 2= = = process when receive-side speech is present above an established level. This
R g (] Q = - . . . . . .
Sz = L= 0= requites the receive-side speech control signal to have a hangover time of
bz Qo o 5 0 Qi . . P A £ .
=T = s E s 20 sufficient duration to match that of the ccho contrel function. The noise
o — - [z . . . -
S e e A modulation problem is not encountered by the fixed threshold switch; however,
\—\/—} -~ " - . .
@ L2 E a fixed threshold switch can cause serious clipping on low-level speech
3 = 3% signals and false activation on circuits with high noise.
Sé gg The INTELSAT vox specification incorporates the following features:
g g a. a fixed delay which minimizes front-end clipping by compensating
for voice signal processing and DST assignment message connection
delay,
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b. a floating detection threshold which increases the dynamic range
and can be inhibited by receive-side speech, and

¢. a variable hangover time based on voice spurt duration to minimize
transmission of unwanted noise,

Although not part of the BG-42-65 system specification, a data detector
independently monitors each input channel and alerts the assignm?n.t processor
when voiceband data are present on the channel. Upon receiving a data
present indication from the data detector, the assignment processor aummat—
ically reassigns the input channe! from a DSI SC to a DNI SC for the duration
of the data call. When data arc no longer present on the channel, the
assignment processor reassigns the input channel from a DNI SC back to a
DSI 5C. .

Likewise not part of the BG-42-65 system specification, an activity simulator
provides a means of artificially loading the ps1 system so that perfoppanc_e
can be measured for large, fully loaded configurations. Speech activity is
simulated independently for a maximum of 240 channcls. The sim‘ulated
system size 15 controlled by the microcomputer and can b.c changed from O
channels to 240 channels in 1-channel increments, The simulated channels
can be used in conjunction with the actual input channels to provide artificial
loading for a limited number of live test channels. The on/olt s:pccch spurt
durations are modeled by exponential distributions which reside in rcad-only
memory (ROM) and can be changed to suit purticular loading requircments.
A choice of two distributions. one tor 35 percent and the other for 40 percent,
is included in the present equipment.

Channel assignment processing

Each terrestrial channel (rC) is identified by an 8-bit binary number and
translated by a programmable TC/international channel (1¢) random access
memory (RAM) into a corresponding 8-bit 1. The 1€ number and ic VOX
output state (active or inactive) are the primary inputs to the 16/SC assignment
Processor. '

The assignment processor monitors the vox activity state and various

attribute registers such as 5C type. pool status, and preassignment stu[_us for
each channel and uses this information to route cach 1C number into cither a
new assignment, reassignment, or overload disconnect queue. A pool of
available sCs is searched to find up to three unused normal 5Cs, three overload
8Cs, and three DNI SCs. An SC type may be omitted from the scarch if the
programmed system configuration docs not require its use. Once the SCs have
been identified, three 1€ numbers are read from the queues and assigned (o
an appropriate sC. The queues are read in order of priority: ncw assignments
first, reassignments sceond, and overload disconnects third.
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When an 1C becomes silent, the microprocessor locates the sc previously
assigned to it and returns it to the sc pool to be used again. The assignment
processor updates the 1C/SC mapping RAM with each 10/5¢ relationship and
also generates a corresponding  assignment message. Three assignment
messages are transmitted in each DSI frame. Since the capacity of the
assignment message channel (1,500 assignment messages per second) is
normally stgnificantly larger than that needed to keep up with new voice
spurt assignments even at peak load, there is ample opportunity to make
frequent refreshments of previously made assignments.

The pools of available normal scs. overload sCs, and DNI sCs are each
independently variable in increments of one sc. This permits the number of
SCs 10 be adjusted to achieve a desired psi gain for any number of 1¢s served.

The assignment processor is implemented by a mix of hardware and
software. High-speed hardware is necessary to search the s¢ pool for available
SCs, and an 8-bit microprocessor is used to assign an available $C to each
active 1€ and to update the 1/SC RAM and other status registers.

Provisions for sub-burst length modification

According to the BG-42-65 psI system specification, once an 1C has been
assigned to a normal sc. the connection is held as long us the 1C remains
active unless a reassignment is rcquested. After an 1C becomes inactive, the
assignment processor holds the 1¢/sc connection unless a new connection or
reassignment request for the sC occurs. Although this procedure provides
circuit continuity under lightly loaded conditions, it encumbers simple methods
of reducing sub-burst length since reassignments of continuing calls from
higher numbered sCs to lower numbered sCs must be done either by manual
mtervention ot by a special automated subroutine.

A herding® process has been introduced into COMSATs experimental
64-kbit/s DsI terminal that automatically assigns all 1¢s exhibiting speech
Spuit activity to the lowest numbered scs independent of channel loading.
This has the effect of concentrating the traffic at the beginning of the ps
sub-burst. Channels with continuously active signals are not reassigned and
must be handied manually. Herding is particularly attractive when the psi
system interfaces directly to the common ThMA terminal equipment (CTTE),
where burst length variation can be applied for traffic rearrangement. Active
ICs can be automatically herded to the beginning of the sub-burst when
burst time plan (8TP) changes require a reduction in the Iength of the psi
sub-burst.

*This function is not included in INTELSAT Systemi Spectfication BG-42-65 [4].
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Assignment map and SC (ransmission

The Dsi system is configured and controlled through the peripheral CRT
terminal and the resident microcomputer. System size, TC/IC relationships,
IC/SC preassignments, and receive sub-burst identification are cntered into
the DsI system through the microcomputer, which monitors the ensemble
specch activity and the freeze-out fraction and calculates a 1-minute average
for each of these parameters.

Since an active IC can be assigned to any available sc, the bsi encoder
must keep an up-to-datc account of the 1¢/5C relutionships for every terrestrial
input channel. Thesc relationships are stored in the 1c/5¢C RAM and are referred
to as a map, since they uniquely specify where input PCM samples are being
routed. Onee an available sC number has been obtained from the s¢ pool,
it is used in conjunction with the 1c number to update the 1C/SC RAM. Each
1c/s¢ assignment is Golay encoded and then entered into the AcC rate buffer
for transmission in the sub-burst.

The 1C/SC RAM contains a unique map that is used to direct the PCM samples
from a specific 1¢ into a specific s¢ slot in either the normal or overload
assignment buffer, depending on whether the map indicates that a normal or
overload sc was chosen by the assignment processor. During the next frame.
the pcM samples are written into the sC rate buffer from the normal and
overload buffers. At this point, the LBss of the normal $Cs are replaced with
the overtoad channel bits. The assignment processor controls the appropriation
of Lass for overload channel formation and allows bit reduction to continue
on the normal SCs only as long as is necessary. During this same frame, the
1c/se relationships are read out of the AC rate butter under the control of the
CTTE. These relationships always precede the peM samples by onc ThHMA
frame and are used at the psT decoder to process only those 1Cs destined for
that station. During the next frame, the pem samples relating to the previously
transmitted 1€/SC relationships are read out of the s¢ rate buffer under the
control of the CTTE.

Decoder description

Figure 2 is a functional block diagram of a 240-channel, multidestinational
bsi decoder. A TDMA terminal has the capability of transmitting up to 32 pSI
or DNI sub-bursts in each 2-ms frame. but a Ds1 decoder is limited to receiving
traffic from a maximum of 8 sub-bursts. The sub-burst selector performs
prescreening, after which the received sub-bursts are demultiplexed to separate
the acs from the 8Cs.
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DSI receive-side processing

The pCM samples carricd in the normal and DNISCs are written into the
porma] SC rate buffer. and the rem samples in the overload scs are written
into the overload sc rate buffer. Both the normal and overload sc rute buffers
serve as TDMA expansion buffers. The ac is written into the AC rate buffer
and then Golay decoded.

Decoder assignment processor

The aC processor is implemented with high-speed hardware which screens
the incoming 1C numbers to be read by the ps1 decoder. The 1¢ numbers and
corresponding sub-burst numbers designated for the decoder are entered into
the AC processor through the microcomputer. An 8-bit microprocessor reads
the assignment messages and updates the 1€/SC RAM and other status registers.

Each Ds1 decoder has a list of originating 105 with which it corresponds.
When an 10/SC message arrives at the DSt decoder, the s¢ is connected Lo
the associated output port. Any prior connections to either the designated 1
or SC arc automatically disconnected. The receive-side connection is main-
taincd until another 1€/5C message reassigns either clement of the association
(1C or s¢). When an 1c/sC message is received at a psi decoder for which
the designated 1 is not assigned, any connection to the designated s¢ s
disconnected. Any assignment of an SC to 1¢ { automatically disconnects all
receive-side connections to that sc.

Each 1c number designated for reception at a psr decoder is translated by
a programniable 1C/TC RAM into a corresponding TC number, which is used
in conjunction with the 1C/SC RaM for routing 8C sumples into the T sample
RaM. The i¢/s¢ map routes the contents of a particular s into the TC sample
®AM for each 10 number associated with the T¢s at the psi decoder. Once
the map in the 1¢/sC RAM has been updated, the psi decoder directs the sc
samples from the normal er overload s¢ rate buffer into the TC sample RAM,
after which the rcs samples in these $Cs cun be read and formatted for
standard CEPT transmission,

Conversion to CEPT format

The CEPT frame formatter converts the peM samples from 8-bit parallel
to serial format. arranges the 240 channels in 30-channel groups, and inserts
an alternating synchronization word in time slot (Ts) 0 and a dummy signaling
word in 18 16. The cight CEPT serial outputs run at a 2.048-Mbit/s rate and
are bit and [rame synchronous with each other,

The serial data strcams at 2.048 Mbit's arc cach pussed through an
alignment and Doppler buffer to accommodate satellitc movement and to
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maintain plesiochronous operation with the terrestrial network. The serial
data strcams are independently clocked into the terrestrial network using the
same clocks that were extracted from the corresponding serial input data
streams at the local pSI encoder.

Channel cheek monitoring

The test port monitor measurcs the on/off durations of the channel check
test signals originating from the cight corresponding DSI encoders, and
compares the durations with fixed standards. 1f the on/otf durations fall
outside of acceptable limits, then the decoder signals the local encoder with
an alarm, and the local encoder sends an alarm message back to the originating
psi encoder in the AC.

Pigital speech interpolation performance

A 240-channel ps! system has 240 individual 1Cs which compete for a
maximum of 127 normal 5¢s and 16 overload scs. As described eatlier, the
7-bit overload scs are formed one at a time, as required, by appropriating
the 1585 from seven contiguous normal SCs.

Overload processing

The overload s¢ numbers arc used during periods of heavy mput channel
loading to reduce the occurrence of freeze-out, the temporary condition
during which an 1¢ becomes active but heavy demand leaves no SCs available
for transmission. When freeze-oul occurs. transniission is blocked for a short
period of time and a speech clip occurs. The INTELSAT TDMA/DS] system
performance objective requires that the DS system operate with a sufficient
number of s¢s for cach system size so that the probability of speech clipping
in excess of 50 ms is less than 2 percent. This requirement was derived from
Reference 5, which shows that for a 240-channel system, the 127 normal
scs and 16 overload s« are more than sufficient to maintain INTELSAT-
specified performance.

1ST system performance can be examined by plotting the freeze-out fraction
and probability of a clip greater than 50 ms as a function of DSI gain |3].
The freeze-out fraction is the fraction of a talker’s speech that 1s lost because
no sC is available for transmission. DSI gain is defined as

number of terrestrial input channels

DSl gain = - -
number of normal satellite channels
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The freeze-out fraction, ®,., can he calculated from
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and similarly the probability, P, of a clip lasting more than 50 ms can be

calculated from
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In these expressions,

N = total number of terrestrial input channels
¢ = DSsI gain

8, = (speech activity) % (channel loading)
T = 50ms

L = average talk spuit = 1,350 ms

[} = mearest lower integer.

Figures 5 and 6 show the freeze-out fraction and the probability of a clip
greater than 50 ms as a function of DS] gain for various system sizes. These
curves are used to derive pSI gain operating points. Originally, overload sc
availability was not considered in the statistical calculations [5]. This special
class of $Cs was used to minimize the probability of speech clipping rather
than to allow operation at higher DSI gains.

Figure 6 demonstrates that the prescnt INTELSAT performance require-
ments can be met in a 240-channel system at DS1 gains as high as 2.5, with
an cnsembic speech activity of 40 percent. This system configuration results
in at least one overload channel being used 22 percent of the time. The
fraction of time that any one channel encounters overload is less than this
because of the randomness of the assignment process which spreads the
impact of overload across all of the sos. Alternately. for a 240-channel psi
system with a nominal DSI gain of 2. up to 21 pereent of the 240 input T¢s
can carry continuous voiceband data (or be routed to a DN channel within
the Ds1 sub-burst), while the remaining voice channels continue to he
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Figure 5. Freeze-Out Fraction as a Function of DSE
Gain for Various Svstem Sizes [3]

pracessed at a ps1 gain of 2.5 and do not exceed the allowable probability
ol clip duration. Figure 7 shows the variation of DSI gain as a function of
terrestrial input ports from 6() to 240 channels.

DSI baseband channel performance

The interpolation process influences the performance of the bascband
channel during periods of overload. When 7-bit overload s¢ are formed, the
normal SCs carrying the overload SCs contain only 7 valid bits. 1f the number
of active input channels exceeds both the number of normal and overload
sCs, then the active channel must wait until an SC becomes available.
Information lost during freeze-out is measured in terms of the freeze-out
fraction, defined in BG-42-65 as the ratio of competitive clip duration to
voice spurt duration averaged over all interpolated channels.

The performance of the 181 bascband channel with respect to the inter-
polation process and the TDMA link bit error rate (BER) was characterized
during verification tests of the COMSAT 120-Mbit/s TDMA/DST terminal 6],
A DsI haseband channel carried a 1.004-kHz test tone at 0 dBmO. At the psI
receiver, the test tone signal-to-noise ratio ($/¥), C-message weighted, was
measured with a distortion analyzer and recorded as a function of time on
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Figure 6. Probability of Competitive Clipping > 50 ms as

¢ Function of DSI Gain for Various Svstem Sizes [3]
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an x-y plotter. The performance of the baseband channel was measured for
the following operational conditions:

= 240 vsi input channels.

* ThMA channel BER of | X 10 %and | x [ 2,
* Ds!ogain of 2.2 and 2.6, and

« forward error correction (FEC) off,

These tests were conducted with an activity simulator which provided the
balance of the input signals. The average ensemble speech activity of the
simulator was measured to be 42 percent.

Figure 8 shows the test-tone SV plots, which indicate that increases in
quantization distortion are directly related to increases in the freeze-out
fraction and reselt from overload channels bemng formed from the £S8s of
the normal scs.

Echo control and DSI adaptive speech detector
interaction

If the DSI system utilizes an adaptive threshold speech detector, interaction
between the speech detector threshold adjustment and the echo control
operation may generate excessive activity in the channel. The echo control
device modulates the terrestrial circuit noise accumulated between  the
telephone and the send-input port of the echo control device. The adaptive
threshold speech detector falsely classifies this terrestrial circuit noise as
speech and increases the load on the Ds1 system. This will increase the
occurrence of overload and freeze-out, thereby degrading the performance
in the bascband channel. This interaction oceurs as follows:

¢. Receive speech arrives at the receive input of the echo control
unit,

b. The echo suppression switch or canceller center clipper activates,
stopping the echo and removing near-end-generated terrestrial
noise.

¢ It very little noise is gencrated between the echo contrel send-
output port and the DSI speech detector input. the speech detector
threshold will adapt to its minimum level.

d. When the receive speech stops, after a suitable hangover time, the
near-end-generated terrestrial noise will return to normal as a step
change in noise level.
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¢. This step change in noisc level will exceed the speech detector
threshold, causing the DSE system to transmit a noise spurt. Thc_
noise spurt duration witl be a function of the adaptation .spccd.ot
the spcech detector and the near-cnd-generated terrestrial noise
level.

This sequence will be repeated for cvery speech spurt and will produge a
very annoying speech-correlated noise spurt heard by the lalke.rs every Ilm.c‘
they stop speaking. There are scveral approuc_hcs to dea]mg_wnh this
interaction. In one approach, the echo control device can be modified so that
it monitors terrestrial-generated noise at the send-input porl.. When the send
transmission path is broken, noisc at the proper leyel is injected into the
send-output toward the DS system, keeping the noise scen by thc speech
detector at a constant level and avoiding speech detector activation. In a
second approach, a speech detector specification 1nl0d1‘ﬁcat|on w.0u1d bc
needed requiring the adaptive threshold on the transmit side to bc frozen in
the presence of speech on the corresponding receive channel. A thqu uppmuch
would be to specify an adaptive speech detector with a fast adaptation feature
to minimize the noise spurts. However, specifying such a speech detector
would require careful and extensive testing.

Digital neninterpolated channels

The INTELSAT 181 specification provides for the inclusion of bN SCs
within cach DSI system to accommodate input signals. such as altqnatc voice
data and direct digital data, that cannot tolerate interpolation and bit reduction.
Scveral methods of implementation have been considered. ‘

In a full 240/127-ps1 system, the first 112 normal $Cs can be used to torm
16 overload scs. This sub-burst structure leaves 15 normal scs at the end ‘of
the sub-burst which are never subjected to tit reduction and can be used l(.)r
DNI channel assignments. In this application, if one of the 15 5C numibers is
chosen for DNI operation, it must be removed from the pool of $C numbers
available for interpolation.

Reassigning channels from DSI to DN accommodates an ejfen largcr‘
percentage of bt channels within the bounds of the sub-burst. Fhe‘ ‘15 SC
numbers at the end of the DsI sub-burst can be used for DI trathn:. as
described in the first method. However, as additional DN capacity 1s required,
the DNI slots progress into the 1SI sub-burst at the expense of normal qnd
overload sC numbers by climinating the 16th overioad s¢ number qnd using
the seven normal $¢ numbers no longer subjected to bit reduction for Ds1 to
DNI reassignments. These reassignments continue until the seven sc m‘meers
are totally occupied by pni traffic. At this point, additional DNI capacity can
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be accommodated by operator intervention, specifying the depth to which
this process can continue to cut back into the pSI sub-burst. Durtng periods
of moderate pst loading and high DN activity, the sub-burst capacity is used
very effectively, However, when Dstoand bNI loading are simultancously
high. the DNI channels severely reduce the ¢ numbers available for
interpolation, thus increasing the probability of a clip.

Redundancy and reliability

The DSE system must be highly reliable, but redundant equipment must
still be available for automatic switchover in case of a malfunction. System
redundancy could be provided by an on-line psi system operating in paralle]
with cach active nSt system. Both encoders would operate on the same input
channels but share a common 1c/5c assignment processor. SC pool, and
I¢/sC raM. This interdependence would provide a smooth transition between
encoders when a malfunction occurred. If the encoders did not share this
common processing, the entire network could be disrupted at switchover
because the 1/S¢ maps in the two encoders would be different. Likewise
with the psi decoder. the 10/$¢ RAM must be common to both decoders for
a smooth transition to oceur between decoders after a malfunction,

The INTELSAT nst specification requires that system integrity be monitored
by 4 continuous channel cheek test procedure which verifies channel assign-
ments between DSI encoders and decaders by using an end-to-end continuity
test. A test signal, consisting of a digitally derived 1-kiz square wave that
is on for | s and off for 9 s, is multiplexed in M format prior to the vox.
This test signal competes with the other input channcls for transmission in
the sub-burst, and thus is subjected to interpolation, bit reduction, and
possible clipping. The test signal is reccived at each of the corresponding
DSt decoders and its on/off durations arc continuously measured and compared
with fixed standards. If the on/oft durations fall outside of acceptable limits,
an alarm message is sent back to the originating 1S cncoder in the AC. The
1381 encoder and decoder use these alurm messages to determine whether to
switch over 10 the redundant units,

Digital terrestrial interfaces and their effect on DSI
system design

Clock frequency differences which exist due to independent clock sources
and the impact caused by satellite motion must be considered when interfacing
to a satellite link. Motion compensation is a very tmportant consideration in
the satellite system because of path length changes which originate from an
impertect stationary satellite orbit. For a peak-to-peak path length variation
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of 550 ps between the satellite and the carth station, compensa[itm mu'sl.be
provided [7}. There are three basic ways of handling the timing of a digital
interface: synchronous, asynchronous, and plesiochronous.

Figure 9 is a simplified representation of a digital imerfatje betv.veen‘the
satellite network and the digital terrestrial network. The digital interface
exchanges data with both the satellite communications system and the‘
terrestrial digital network and accepts a clock from both sources. Clock §
(satellite) originates from the satellitc communications system; clock 7T
{terrestrial) originates from the terrestrial digital network.

DATA DATA

SATELLITE — TER;:SEFTATAL

COM!?QTKE:E&“ONS INTERFACE NETWORK
CLOCK § . CLOCK T

Figure 9. Digital Interface

Synchronous interfaces

I the § clock and T clock are the same. the interface is synchronous, as
occurs when the terrestrial clock is derived from the satellite system clgck.
This case requires no processing at the interface. The synchron.uus interface
is characterized by zero degradation, since there are no clock shps.‘[f clocks
§ and T are locked in phase and frequency but have a fixed relative phase
shift, resampling will normaliy accomplish the imeri';:icing. ln. the more
general case, clocks § and T may have long-term drift in relatnv; phz_lse,
called wander, or short-term relative phase changes called jirrer. The interface
is still synchronous if the cumulative long-term time displacement between
the two clocks is zero. -

Bufiering will be required in the synchronous interface 1! the peak—to—.peak
wander or jitter is greater than % bit. Except for magnitude, lhfzre is no
fundamental difference between a wander of a few bits, as experienced in
terrestrial systems due to clock drift, and the path length variation oi'thgusands
of bits, as experienced in geostationary satellite systems. The only rcquilre'ment
is that the buffer capacity be sufficient to absorb the path length variation.

Nonsynchronous interfaces

If clocks § and T are completely independent and nominally of the same
frequency or different frequencics, the interface is referred to as nonsyn-
chronous. Data flow across such an interfuce must be processed by either an
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asynchrenous or plesiochronous operation in order to achieve continuous
digital transmission.

ASYNCHRONOUS OPERATION

Achieving continuous data flow across a nonsynchronous interface by the
asynchronous method involves the division of the mput data stream into tine-
division multiplexcd blocks, with bit synchronization re-established in each
transmission block. The interface equipment must be designed for the specific
block format to be used. The block boundary must be determined at the
interface $o that the required time adjustment can be absorbed in an idle
period between blocks, This idle period is filled with dummy bits to produce
what appears to be a continuous data stream by a method called justification.
Justification can be used within the satellite system to compensate for Doppier,
but cannot be used to solve the problem of the digital interface hetween the
satellite system and the terrestrial digital network unless the data to be
transmitted in the terrestrial network arc formatted for Justification.

First-order pcM multiplex structures {(24- or 30-channel) do not have
provision for justification as do higher order multiplex  structures, The
INTELSAT TDMA/DSI system does not presently support higher than a first-
order multiplex level, and thercfore Justification cannot be used at this time.

PLESTOCHRONOUS OPERATION

Plesiochronous (meaning nearly synchronous) operation is defined for
international digital links in CCITT Recommendation G811 %

With reference to Figure 9, if clocks S and T are independent but cach
derived from oscillators of 10-1 accuracy, the interface is said to be
plesiochronous. 11" the clock rate is 2.048 Mz and onc clock is | X g
high in frequency and the other 1 x 10- 11 low, a time displacement error
of I bit will accumutate in about 6.7% hours. In the case of the primary pCMm
multiplex structure defined in CCITT Recommendation G.732, it is suggested
that slips be made in single-frame increments. Since a frame has 256 bits,
frame slips will occur about every 72 days.

Location of the DSI system relative (o the carth slation

In a satellite communications network. the psi system may be configured
for single or multidestinational operation. with the optimum DSI system
location influenced by the sclected operating mode,

FAll references to CCITT Recammendations refer to the Yellow Book approved by
the Vilth Plenary Assembly. Geneva, Novenber FO-21, 1980.
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Seleetion of operating mode

Multidestinational operation of satellite systems permits any orignating
station’s DsI transmission to be received simultaneously at all destination
stations. Conversely, cach destination can take traffic from all originating
stations [8]. This feature is difficult to accomplish in terrestrial cable systems.
Because an individual channel can be received from any one ol several
origins, all channels of a Ds1 frame must be received even if only one channel
is designated for reception at a particular destination. This reguirement places
a heavy burden on the terrestrial facility between the earth station and a DSI
receiver located at a remote switch.

For point-to-point or single destination operation, locating the DSI at the
switch permits DI capacity multiplication to be realized on the terrestrial
facilitics as well as on the satellite links. When the DSI s not colocated with
the TDMA system, DSI frame synchronization {normally derived from the
TOMA system) must be recovered by the Ds1 system at the remote switch
location. This introduces additional complexity in accomplishing the syn-
chronous BTP changes required by B(G-42-65.

Design of Doppler/iplesiochronous alignment huffers

Location of the Dst system rclative to the earth station, and whether
telephone traffic is delivered to the DS system in analog or digital form. also
impacts the design of Doppler and plesiochronous altgnment buffers. The
psi system could be colocated at the earth station and interface to the
terrestrial network in analog form. such as via a transmultiplexer. It the
transmit- and receive-side analog-to-digital (a/D) and digital-to-analog (1 a)
sampling clocks are independent. neither a Doppler nor a plesiochronous
alignment buffer is needed. If the DsI system has only one clock for both
the transmit and receive sides, then one Doppler bufier capable of absorbing
path length changes on both the transmit and receive sides must be included.
and it can be located on cither the transmit or receive side. When the DS
system is colocated at the earth station and interfaced to a digital terrestrial
link, a separate Doppler/plesiochronous alignment butfer must be located on
hoth the transmit and receive sides.

The DsT system could be remote from the carth station. If it interfaces with
analog terrestrial services and its A/D and b/a sampling clocks cannot be
derived from the earth station clocks, then an independent clock must be
used at the remote site. with the net result that separate buffers are required
on the transmit and receive sides. If the remote clock is held to the 10"
CCITT plesiochronous interface recommendation and Doppler/plesiochronous
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buffers arc used, then frame slips will occur only once every 72 days. If the
DSI system c.lock is held to an accuracy comparable to the Doppler vla‘riation
of. the sateilite. or 10" %, and only alignment buffers are used, frame slips
\‘mll occur once every 104 minutes. When the Dst system s rcm;)tel loclatgd
from the carth station and is interfaced to a digital terrestrial linky the psi
syst.em runs on the terrestrial system clock and reflects this clock to ;hc earih
station. In this case, a separate Doppler/plesiochronous alignment buffer must
be located on both the transmit and receive sides. )

LRE/DSI transition

. In an effort w improve channel utilization and reduce costs, a transition
is cxpgctcd from 64-kbit/s DSI to 32-kbit/s low-rate encoding (IQRE)/DSIA The
trzmsm(?n fr_om 64 to 32 kbit/s will be dictated largely by syst‘eni loadin . an:i
the axiallabllity of LRE voiceband equipment. Implementation stralegyE will
vary t.rom user to user and will be a function of both the loading and the
64-kbit/s 'I:DlMA/DSI instaiflation contiguration at the carth stations i;l.volvcd )
A. transition from 64- to 32-kbit/s voiceband encoding will provide .'-!
pommql 2-for-1 circuit multiplication factor and is the logical next ste i;
1nfcrc:usmg lransmits:sion system capacity, The recommendation by the CCI;TT
jV:,TE]:ﬁ:;d 32-kbit/s voiceband encoding algorithm will accelerate equipment
‘ The 2-for-1 ctreuit multiplication provided by reducing the encoding rate
frmp 64 to 32 kbit/s does not provide any increase in gfﬁcicncy ovegr that
achieved by 4 64-kbit/s TpMA/DSI network. Therefore, 32-kbit/s encoding ;s
not expected to be implemented by INTELSAT unless Dst is used 1o rovbid‘
an overall LRE/DSI gain of 4-10-1 and an increase by a I‘actorluf 2 ol:fer th‘:
chapncl multiplication provided by the 64-kbit/s TpDMA/DSI. Thosg admini:
EI"atl\r’C and private operating agencies that provide a 32-kbit/s ;Ii ital fecld
directly to the earth station may be exceptions. S
Presenting a 32-kbit/s encoded signal to a Dsi system produces new
problems and imposes some constraints on system {lexibility. Detectin
speech on the 32-kbit/s encoded signal requircs transcoding (')1: the qirnag]
back to 64-kbit/s PCM prior to speech detection, or devclop%cm of a icw
type of speech detector which operates on the 32-khit/s adaptive differential
PCM (ADPCM}) encoded signal, Second. clips oceurring in an ADPCM encoded
signal cause the ADPCM encoder and decoder to mistrack., thcréb\,; creating
more serious problem than a clip in a poM encoded signal. T'herefnrcgit
[iiicl:mnes Important to avoid clipping the AbPeM cncode:J signal in SUC},] a
to. AsDy;(ti:Ine r?got;l :;dte the appem encoders so that any clipping occurs prior
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Overload channe] formation becomes dil'[igult whcﬂn lhc.])Sl system 18
operating on 32-kbit/s ADPCM encoded input mgpals. I~orma11‘o\n oilag L?:e;)
load channel requires that the 32-kbit/s input signal be trgnbcodc .‘-‘EI r.
64-kbit/s pcM and then re-encoded as 24-kbit/s ADPCM. It 1s n(:t‘pos‘m‘ 01«3
simply reallocate LsBs to form overload channcls. for an Al)lf.]\:hicsn\g;gukid
signal, as is common practice for a Z(.‘M gncoded signal, because
appear as a high BER to the ADPCM decoder. ‘
dp?tc ?: 1‘::1; lt?mt 64- and 32-kbit/s DSI s.;ystems will be C()]O(:"d-[‘cd duriﬁﬁet:]c
transition period, and they may be carrleq through. the .'r;a‘mm IDMA sy.ﬂ d\
The 32-kbit/s LRE/DSI can be interfaced dn.rcctly with a IDMA CT1 | po ,‘n.[
shown in Figure 10, thus simplifying the 1m'plementatmr? of lh1s<,:j|u;;3;n:he
since proven 64-kbit/s PCM/DsL system designs can also be wsed f
32-kbit/s LRE/DS] $ysten.

240 TCs
60 SCs
1 AMC
CEPT
2048 Mbits s —w~
+ | LRE/DSI LI
H kbit/'s .
CEPT | N RG :
2.048 Mbit/s —— —" :
i | LRESDSI 480 TCs
: |32 koitvs 130 S0s
CEPT 2
2 048 Mbit/'s ——= 2 AMC
8 CTTE
MUX ™ ToMA
CEPT 4
2048 Mbit/'s — .
: | wRE/DSI 1 .
CEPT i 32 kbit/s ; :
048 Mbit/'s —— ¢ | LResDSI
=0 8 CEPT : |[32koit/s| 32
2.048 Mbn/sTh

Figure 10. Direct and Multiplexed LREIDST

For a system configured to accept 240 .inpul TCs, assunung.a‘dc;:rui
multiplication factor of 4, only sixty l'ZS—blt SCs wguld .bc I‘qu:l'lli? ol
single LR15/DSI sub-burst. The sub-burst w1‘ndow rcqutrc-d is onfj- ;ﬁ L(RE,DS]
required for the transmission of 240 TCs with the srajndal'd’ ‘BG— .H— 3 ‘nd, lhc
system. During the transition period.. both the 32-kbit/s I,I'{I':;t)S.‘I -d-d e
standard BG-42-65 D8I can be used, since cuch typf: can be th'r!agc ..w:]B
a separate CTTE port for burst transmission. The LRI/DSI can operate ]r?fl‘l,“c ’
and multidestinational modes with other 1RiZDST units designed to the same
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specification. Some consideration could he given o modifying the CTTI: 10
count out 64- rather than 128-bit s¢s. However, if the 128-bit count is left
in place. capacity growth in the tRE/DSE sub-burst would be constrained to
increments of two 1Cs rather than the present one.

To handle the increasing requirements for TbDMA terminal transmission
capacity, cither more sub-bursts will have to be accommaodated, or twice the
amount of traffic will have to be combined into one sub-burst by means of
the specially designed multiplexer shown in Figure 10. This multiplexer will
allow for a total transmission of up to 480 ¢ in the same sub-burst window
now allocated for 240 Tos, and is part of the psycTTT interface not currently
specified in BG-42-65. Thus, cach administration would be free to implement
this interface in a way that would be consistent with its current design,

Use of a direct interface has four advantages. First, it is fully compatible
with the current TDMA system design. Second. integration of the LRE/MSI
into the TOMA system will have little or no ¢ffect on existing opcrational
tratfic. Third, it can be used for single and multidestinational transmission
between correspondents cquipped with 1.R1/DSI systems designed in accord-
ance wtth the same specification. And finally. two LRE/DS) outpufs can be
combined by a specially designed multiplexer for interface with one CTTE
port, providing for transmission of up to 480 TCs per sub-burst and thereby
improving CTTE port utilization.

Conclusions

The 64-kbit/s Ds1 system provides the TbMa network with a flexible and
efficient interface to the terrestrial network in cither a synchronous or
plesiochronous manner. Designed to operate in cither a point-to-point or
multidestinational satellite environment. the Dsi system should be colocated
with the TDMA earth station equipment $0 as to minimize terrestrial trans-
mission capacity i a multidestinational system configuration.

In a nsi system which utilizes an adaptive threshold type of speech detector,
approprigte precautions must be taken in the design of the specch detector
to prevent exceessive channel activity from occurring because of the interactions
between the speech detector and the ccho control device. This CXCessIve
channel activity will increase the occurrence of overload and frecze-out,
thercby degrading the performance in the baseband channcl,

A direct-interface approach for transitioning from 64-kbit's 1S to 32-kbit/s
LRE/DSL operation has been discussed. It uses separate LRE/DSI units directly
nterfaced with the ¢rre and s fully compatible with the current THMA
system design. Channel encoding at 32 kbits is not expectedto be implemented
by INTELSAT without Ds1. The 1.Ri:/Ds1 system will provide an overall gain
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of 4-to-1 and an increase by a factor of 2 over the channel multiplication
provided by the 64-kbit/s TDMA/DSI system.
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A reference station emulator for
testing INTELSAT TDMA/DSI
terminals*
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Abstract

This paper deseribes the architecture and functional capabilities of a reference
station emulator (rsr) developed for testing INTELSAT traffic terminal and reference
terminal protocols and for veritying terminal performance. The RSE is basically a
computer-controlled time-division multiple-access (rDMA) burst generator and burst
receiver that has been specifically designed to test the traffic and reference terminals
under both normal and stress conditions. Because the rsE can generate controlled
fault conditions in reference and traffic burst stimuli, it can create specific stress
conditions which enable detection of numerous protocol errors that would remain
undiscovered with the use of simplified tests. Configurations for hoth laboratory and
ficld tests arc discussed.

Introduetion

The refcrence station emulator (rsk) (Figure 1) is basically a computer-
controlled time-division multiple-access (TDMA) burst generator and burst

*This paper is based on work performed under the joint sponsorship of the
Communications Satellite Corporation and the International Telecommunications
Satellite Organization (INTELSAT). Views cxpressed are not nccessarily those of
INTELSAT.
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Figure 1. Reference Station Emufator
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receiver that has been specifically designed to test traffic and reference
terminals which arc built to comply with INTELSAT 120-Mbit/s TDMA/
digital speech interpolation (Ds1) specifications. The RSE comprises a high-
speed TDMA burst generator and receive unit which is similar to the burst
controller in a TpPMA traffic terminal, a pair of DEC PDP-11/23 computer
systems that contain software for system configurations and test plans,
processing routines for test results, and an operator station where commands
are entered and results are displayed.

The RSE can be programmed to generate any or all of the following:
reference burst 1 (RB1), reference burst 2 (rB2), and a traffic burst. The
traffic burst may be the preamble only, or may contain the traffic portion of
a receive traffic burst. The rsE can receive and demultiplex information from
reference bursts and from up to three traffic bursts, measure the position of
reccived bursts in the TDMA frame, and format a transmit delay correction
value (P,) for the controlled traffic or reference terminal to be sent in RSE-
generated RB1 and RB2 bursts. The contents of all transmitted bursts (Figure
2y are also completely programmable. This allows test sccnarios to be
developed in which the three principal burst sections can be specified on &
frame-by-frame basis. These principal burst sections are the unique word
(Uw), the control and delay channel (¢DC), and the service channel ($C).

2 ms TDMA FRAME

FRAME
8
I i I D - e

T -~ ) 7‘—7—,_7_7“
CBTR|UW | TTY | 5C |vowlvow|coc CBTRUW | T | SC [vow|vow|TRAFFIC {, BURST
DATA FORMAT
RB1, RB2 - REFERENCE BURSTS FROM STATIONS 182 TTY . TELETYPE GRDERWIRE
B . TRAFFIC BURST (HEClRCULATED OR LOCPBACKY vOW : VOICE ORDERWIRE
CBTR : CARRIER AND BIT TIMING RECOVERY PATTERN SC SERVICE CHANNEL
W . UNIQUE WORD CDC : CONTROL AND DELAY GHANNEL

CONTROL FRAME n -CONTROL FRAME n

MULTI-  MULTI- MULTl* MULTI-  MULTI
FRAME FHAME FHAME FRAME FHAME MULTIFRAME AND
«— CONTROL FRAME
16 FORMAT
FRAMES

\\ CDC INFORMATICN PROVIDED
~-TO THE TRAFFIC TERMINAL —
ONCE PER CONTRCL FRAME

Figurc 2. INTELSAT 120-Mbitis TDMA Frame and Burst Format
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The ToMA network synchronization and control system operates by using
periadic variations in UW patterns to cstablish system timing markers and to
identify rRB1, RB2, and traffic bursts. The ebC contained in the preambles of
the reference bursts 18 used to send acquisition and synchronization instructions
to controlled terminals, and the sC contained in the preambles of both the
reference bursts and the tratfic bursts is used to monitor terminal status and
disseminate system status information. The unique capability of the RSE to
generate invalid and corrupted synchronization and control sequences, as
well as valid and correct sequences, allows the development and exccution
of stress test programs to characterize traffic and reference terminals.

The rsE provides the following control functions on bursts, preamble, and
data which it transmits:

u. Bursts

« geperates two reference bursts,

» generates one traffic burst comprising a preamble only or a
preamble and appended traffic,

* turns any burst on or off selectively, and

+ controls burst position for any burst in the frame.

b. Preamble

+ generates appropriate unigue words for each burst (Uwo. uwl,
UW2, UW3),

controls Uw bit errors,

+ controls Uw frame alignment,

controls the sC message in cach multifrume of cach burst,
controls SC message parity, and

controls sc redundancy errors.

¢. Data

= controls the ¢nC message in cach multiframe of cach reference
burst,

« controls CDC message parity,

+ controls cpc redundancy errors, and

= selects received traffic data for retransmission in the rSE traffic
burst.

The RSE controls its receive side in order to receive up to three bursts from
a traffic terminal or one burst from a reference terminal. For cach burst, the
RSE measures burst position in each frame in a designated multifrume and
counts UW nusses each multiframe. The Rsk reports these measurements to
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the RSE control computer once per control frame. In addition, the RSE reports
the following information concerning the received bursts:

a. SC status message (numbcer of losses per control frame and reason
for loss of message, i.e., Uw miss. redundancy error, parity error),

b. received sC messages other than *“ineffective message,™”

¢. *‘burst acquired/burst not acquired™ condition of the burst, and

d. cpe content of a reference burst.

Design approach

The rSE has been designed as a general test instrument capable of providing
comprehensive testing of INTELSAT TiMa/psi traffic and reference terminal
common TDMA terminal equipment (CTTE) equipment under both normal and
stress conditions, Considerable attention has been given to providing the Rsk
with enough flexibility to extensively excreise almost every network timing
and control protocol in both the reference terminal equipment (RTE} and
traffic terminal equipment, and to generate controlled deviations that permit
observation of terminal performance under such conditions. Because TDMA
reference and traffic terminals are required to operate under various connec-
tivities in the laboratory, the factory. or over the satellite in the network, the
rSE has been designed to operate under all connectivity conditions.

Since a reference or traffic terminal responds to stimuli in the form of
received bursts, the RSE has been designed to test terminals by gencrating
ThMA bursts and observing the tested terminal's response (also in the form
of TDMA bursts) to these stimuli. Normally. a 1bMA terminal will receive
ThMA hursts from a transponder containing two reference bursts and one or
more traffic bursts. The terminal’s protocols respond to the information
contained in all of these bursts. The RSE provides two reference bursts and
one traffic burst as stimuli in order to test all of a terminal’s protocols,
including a burst time plan change.

While it is certainly useful to verify that a terminal performs properly
under normal conditions, the INTELSAT refercnce and traffic terminal
protocols have been designed to protect the network when other than nominal
conditions exist. 1t is also more valuable to verify that a terminal responds
properly to fault conditions or conditions that deviate from nominal, since
these conditions stress the terminal protocols and are more likely to induce
serious protocol failures. It is also valuable to understand the failure
mechanisims of a terminal before it ¢nters the THMA network, where the
analysis of performance under abnormal conditions is quite difficult and may
cause serious damage (e.g., interfere with other terminals).
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With this in mind, the rRSE has been given the ability to program virtually
any fault condition or sequence of conditions in any or all of its transmitted
bursts represcntative of cxpected deviation from nominal. Bursts are pro-
grammed using a simple yet versatile assembly-like burst control language
and an associated operating system for compiling and cxccuting burst control
programs to produce stimuli transmitted to the terminal under test. The
programmer can generate control frame sequences of infinite duration, and
has access to any bit in the Uw. s¢. and ¢pe of any burst in any frame,
multiframe, or control frame in the sequence. With this capability, he can
selectively program bits on data ficlds and add uw and redundancy corruption.

In order to observe and measure the tested terminal’s response, the rst
has been provided with receive-side hardware which captures the terminal’s
transmitted bursts, measures burst position, and extracts s¢ data. If the tested
terminal is an RTE, CDC information is also extracted. Thus information, as
well as transmit data, is presented to the operator in well-organized visual
displays. All the information transmitted and rceeived is recorded in a data
log to provide the capability for detailed analysis after a test is performed.

Test configurations*

The rSI: has the flexibility to accommodate many different test configu-
rations, which can be grouped into the two general categories of laboratory
tests and field tests.

Laboratory tfests

The laboratory test category includes the following test configurations
{shown in Figure 3):

» Configuration A: digital back-to-back tests.
= Configuration B: ¥ back-to-back tests.
» Configuration C: satellite link simulation tests.

Configuration A permits testing of the terminal response for different stimuli
provided by the r$i, while Configuration B permits the same tests to be
performed in the prescnce of additive noise. Configuration C permits

*R. Ridings er «f., “*Verification Tests of a Prototype INTELSAT TDMA/DSI
Terminal,”” Sixth International Conlerence on Digital Satellite Communications.
Phoenix. Arizona, September 1983, Proc., pp. [1-14-11-23.
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Figure 3. RSE Laboratory Test Configuration

simulation of the network over a satellite link, including lincar and nonlincar
channel distortion, thermal noisc, and interference.

In Configurations B and C, the link bit error rate (BER) can he measured
using the traffic data recirculation feature built into the rsi. This feature
permits the traffic data contained in one reccived traffic burst to be extracted,
and a new traffic burst containing the same data to be generated by the Rsk.
The rer of the retransmitted traffic data can then be measured by the
originating traffic terminal.

Field (ests

Under the category of field tests, two configurations are identified {sce
Figure 4):

« Configuration A: loopback connectivity.
» Configuration B: beam-to-beam connectivity.

in Configuration A, both the rsk bursts and the tested terminal bursts are
transmitted in the same trame and received by both the rSE and the tested
terminal. The rsi has the capability to synchronize its reeeive timing Lo the
reception of its own burst, In addition, the Rsk can control the tested terminal s
transmit timing so that its bursts are kept in a preassigned location in the
frame. These two features permit the RSE to simulate the operation of an
actual reference terminal,

In Configuration A, the procedures of the test terminal can be examined
under normal and stress conditions (simulated by the rRsE) over the actual
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(b} Configuration B
Figure 4. RSE Field Test Configuration

satellitc link. Stress conditions arc abnormal conditions such as loss of
primary reference burst, secondary reference burst, Uw, and CpC channels.
The ToMa network control procedures are robust in the sense that these
abnormal conditions can be tolerated for a reasonable time. during which the
network and TDMA terminals continue to operate. Testing under simulated
stress conditions verifies that 4 terminal will operate under abnormal conditions
as required.

In Configuration B. neither the RSE nor the traffic terminal receive their
own transmitted bursts. In normal operation, a ThHMA {rame contains at least
one reference burst; however, in Configuration B the TDMA trame received
by the rsi: contains only a traffic burst. The RSE has been designed to operate
in this nonstandard mode in order to test a traffic terminal in a zone-to-zone
configuration. Without this feature, a second Rsk. or an RTE, would he
required. To operate in this configuration, the RSt maintains the position of
the received traffic burst aligned with the RSE transmit frame. Since the TDMA
frame received by the traffic terminal appears as a normal TDMA trame, the
traffic terminal is unawarc that it is being operated by the rsk. All protocol
tests can be performed in this configuration, and the rsi can recirculate the
reccived traffic burst data in the RSE traffic burst o permit end-to-end traffic
channel testing.

RSE hardware description

Figure 5 is a functional block diagram of the kst hardware. The functional
clements can be categorized as follows:
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« control functions,

* transimit functions,

« receive functions, and

» interfacc and configuration functions.

Conirel functions

The rsk control functions are implemented by the control computer and
direct memory access (DMA} buffer illustrated in the figure. The control
computer generates all the information contained in the Uw, s¢, and ¢nc of
cach transmitted burst, as well as burst corruption information. This control
information is organized by multiframe into a control frame data block, and
is transferred to the DMA data buffer once per control trame (1.024 s) by
DMA transfer. A control frame consists of 32 multiframes, each controlling
a different terminal, with sixteen 2-ms frames per multiframe.

The data buffer is accessed once per multiframe by the transmit ¢ontrol
hardware in order to obtair the data required to generate the next transmit
multiframe. The control computer also receives burst measurement infor-
mation from the receive-side hardware for intcraclive program control,
storage, and display on the operator interlace.

The control computer shown in Figure 5 comprises two DEC PDP-11/23
computer systems. Onc computer performs program generation and control
functions, while the other performs message processing, dafa storage, and
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Figure 5. Functional Block Diagram of the RSE
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display functions. Each computer provides input/output to a video terminal.
The rSE may be controlled from either terminal: however, program peneration
can only be performed from the control computer terminal.

Transmit iunctions

The transmit functions are implemented by the transmit control, burst
generator, and traffic recirculator. The transmit control contains a flywheel
timing generator which generates multiframe and frame timing instants. At
the beginning of cach multiframe, the transmit control presents multitrame
data processed in the previous multiframe to the burst generator at frame
intervals (i.e.. every 2 ms). This information consists of the ¢nc and sc bits
and the vw for cach burst in each frame of the multiframe, along with
relevant corruption information. In addition, the transmit control reads the
next multiframe’s data from the pMA bufter and processes these data in
preparation for the next multiframe interval.

The tralfic recirculator reeeives one sub-burst of data from one of the
received traffic bursts and stores it for retransmission. The burst generator
formulates the reference and traffic bursts from the recirculated traffic data.
Bursts are gencrated relative to the start-of-transmit frame (SOTF) provided
by the trunsmit control at a time specificd in the transmit burst time plan. It
should be noted that the RSE transmit thming is provided by a flywheel
generator and s not controlled by a value of transmit delay, as in a normal
traffic or reference terminal. Consequently, the rS1s bursts are generated as
in a master primury reference terminal. )

Receive funetions

The receive functions illustrated in Figure 5 are implemented by the receive
control, uw detector, and receive burst demultiplexer. The receive side is
cssentially the same as that of a traffic terminal, except that it is capable of
performing burst position measurement of received traffic and reference
bursts. The receive control generates a start-of-receive frame (S0ORE) basced
on either internal timing derived from the RSE-transmitted reference bursts
or on the reception of reference bursts (its own transmitted bursts. or those
of an kTEY. This sort, along with burst location data contained in the receive
burst time plan, is used to gencrate apertures during which the uws of
received bursts are detected.

The receive control compiles information concerning the status of the
bursts received from the test terminal, including number of cw losses per
multiframe, causc of $C message loss, and burst position error. The receive
controf then passes these data to the message processing and display computer.
The uw detector performs correlation detection of the received bursts, gates
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the corrclation spike within the uw detection aperture, and passes these
detected pulses to the receive control and burst demultiplexer.

The burst demultiplexer extracts the s¢ and ¢pe or traffic data [rom
received reference and traffic bursts. sC and coc data from refercnce bursts
are provided to the reccive control. The traffic data from a designated reecive
traffic burst are provided to the traffic recirculator. and traffic data from other
traffic bursts arc ignored.

Interface and configuration funetions

The RsE's capability of providing fully variable control stimuli to traffic
terminals is achieved mainly through the complex software that supports the
operator interface. This software operates in the RSE control computer and
allows the operator to create. modify, and execute RSE control programs.
These operator-generated programs are processed by the control computer to
determine the control data for the various microprocessors within the Rsk
hardware. The control data are generated once per control frame and arc
basically memory maps that control the transmission and reception of bursts,
burst contents, and ®st configurations. [n addition, the state of the RSE
hardware is monitored to provide input data for the control programs. thus
allowing emulation of interactive, decision-based reference terminal equip-
ment procedures.

An RSE fest program consists of three major component specifications: RSE
configuration. burst content, and burst positioning. For the RSE to properly
exceute a test program. cach component must be defined. Since the config-
uration and the burst positioning specifications will gencrally be the same
from test to test, @ unique test is usually the result of a unique burst content
specification. However, certain tests may require the same burst content but
different connectivity. and thus a different configuration.

Figure 6 illustrates the relationship between the gencral specifications
mentioned above and the RSE system. Each specification is entercd by the
operator via a scparate handler. The rsi: configuration handler 1s contained
within the rst: monitor program. The other two handlers arc stand-alone
programs which exceute on the RSk contrel computer.

As indicated in the figure, the output of ¢ach specification handler is a
disk-based data file containing assembled code. Each specification handler
may access its respective disk file and modity it or usc it to create a new
disk fite. With the exception of the configuration data file. all files are
accessed by file name.

When an RSE test program is exceuted, the RSE monitor accesses the data
files identified by the operator. The monitor records the filename of the last
identified file upon exccution. If the operator cxecutes without identifying
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Figure 6. Relationship Be’rn'een Test Specifications and Their Funetion in the
RSE Hardware

one of the data files, the monitor automatically looks up the name of the last
file executed and accesses that data file. This feature greatly simplifics the
operator nterface, especially when a particular test is executed repeatedly.

As shown in Figure 6, the contents of the rst configuration data file are
used by the hardware configuration switches to program the RSE to be in one
of the test configurations described above. The data file also conlains
paramelers pertaining to the type of terminal being tested (rR1L or traffic
terminal). The burst position specification generates a condensed burst time
plan (Cre) data file containing information about the location of transmit and
receive bursts in the ToDMA frames. The data are down-loaded into the RSE
transimit and receive timing maps upon system reset, The timing maps arc
uscd by the transmit and receive timing controls to locate bursts in the ThMA
frame.

The burst content specification generates a data file containing instructions
used to program the information content of transmitted bursts. Because the
refresh rate of the microprocessors in the RSE hardware is once per control
frame, RSE control programs are constructed so that the contents of a single
control frame are always fully defincd. This is known as the control frame
data block, and is sent to the RSE hardware once cvery second. Creation of
a burst content specification (control program) proceeds by first defining the
base control frame segment of the program. which defines completely the
contents of the control tframe data block at the start of the program. This
base control tframe is modified by defining up to 32 change clements in which
one or more attributes of the basc control frame are changed. Thus, up to
32 different types of control frames may be defined within a control program.

The final step is to write the program flow segment, which determines the
order and conditions under which the change clements are invoked. This
may be a simple routine, such as a count of transmitted control frames, or
it may be interactive with a tested terminal’s response; that is, it may examine
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incoming (traffic terrmnal) burst status and switch the transmitted control. In
addition to controlling application of the change elements, the control program
can be placed under manual control for sclected events or conditions. In this
mode, the operator can cither modify the control frame contents or continue
control program exccution from different entry points.

The change clements consist of one or more mpremonic-type statements
called change instructions which specify the required modification to the
contents of the contral frame data block . The functions listed in the introduction
can be programmed by using these change instructions,

Example of test application

This section describes a simple test to verify the flywhecling capability of
the receive-side protocol of the traffic terminal. In particular, this test verifies
that the steady-state reception ($s$R) procedure operating on the received
reference burst(s) continues to operate {on internal timing) when the received
reference burst(s) is lost for less than 512 consecutive frames. Test Config-
yration A in Figure 3 was sclected; however, the return data link (from the
tratfic terminal to the rst) was not implemented.

The test sequence listed in Table 1 is programmed into the RSE so that the
correct response of the terminal can be readily confirmed from visual
observation of the front panel indicators which show the state of the terminal,
The test sequence repeats cvery 10 control frames, which is approximately

TaBLE 1. RSE TEST SEQUENCE FOR SSR TESTS

CONTROL REFERINCE Burst
I'RAML MULTIFRAME FRAME Srartus* REMARKS
1-3 1-32 1-16 On Normal operation.
4 1-31 116 Off
S losses.
4 32 1-15 Off
4 2 16 On
4 detections.
3 1 -3 On
3 1 4 Off
5 1 5-16 On
S 232 1-3 On
5 2-32 4 Olt Loss of third UW after
multitframe marker.
5 2-32 5-16 On
6-10 Repeat control frame 5 seguence

#*Qne reference burst per frame is transmitted in (his test sequence.
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every 10 seconds. The underlying structure of the test is as follows. The
reference burst is present in each frame of the first three control frames,
which is ample time for the terminal receive-side protocol to locate the burst
and deciarc it reliably received, or “*burst acquired.” The $sR procedure
continuously checks that the conditions for declaration of reliable reception
of the burst still apply; otherwise, “*burst not acquired’’ is declared.

The flywheeling capability of the SSR procedure permits continuation of
the “*burst acquired’” declaration, even if the reference burst has been lost
for cach of the previous 511 frames. To test this capability, the reference
burst is turned off tor the first 511 frames of control frame 4, and turned on
again for four additional frames. According to the ssrR specification, this
should not result in the “‘burst not acquired’” declaration, In the rest of the
test sequence, the refercnce burst is on, except in the fourth frame of cach
multiframe. This is done to facilitate visual observation of the *‘burst not
acquired”” status on the terminal front panel should this condition be
erroncously declared after 511 consecutive burst losses. In this case, the
missing burst in the fourth frame of cach multiframe would inhibit reacquisition
of the burst, thereby causing the **burst not acquired’” status to be displayed
for approximately 6 scconds, which is sufficient time for observation.

This test was successfully performed on a prototype traffic terminal built
at COMSAT Laboratories. 1t is an example of one simple test. Many other
more elaborate test scquences have been designed for testing different traffic
terminal protocols.

Conclusions

The rsSE developed to test INTELSAT reference and traffic terminal CTTE
has been described. The RSE was used to comprehensively test a prototype
ThmA terminal built by COMSAT Laboratories. and to verify that the terminal
complied with INTELSAT TDMA/DSI Traffic Terminals Specification BG-42-
65, Rev. 2. This tcrminal had previously been tested using a simplified test
set which provided only normal reference burst stimuli. During testing with
the RSE. numerous protocol crrors were found which were not detectable
using the simplified test set. This is attributable to the RSE’s ability to generate
controlled fault conditions in the reference and traffic burst stimuli. A
comprehensive set of generic protocol tests capable of testing the function
of u traffic terminal completely and expeditiously is currently being written.

As a burst generator for THMA terminal development, the RSk is unparalleled.
It is capable of testing a large portion of the reference terminal protocols,
including terminal acquisition and synchronization support procedures. Ad-
ditionally. its ability to stress-test a terminal’s protocols makes it vseful for
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testing terminals prior to their comimissioning in the INTELSAT TDMA/DSI
network.
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Translations of Abstracts

Le systéme AMRT-CNC INTELSAT

B. A. PONTANG, S. J. CaMpANELLA 1T 1. L. DICKs

Sommaire

L article présente unc description du systéme aMrT/concentration numérique des
conversations (eNc 2 120 Mbitis 'INTELSAT. Ce systéme se compose de terminaux
de trafic armr, de stations de référence et de surveillance (rrms) et d’unce installation
amir au Centre dexploitation INTELSAT (1octr). Les performances requises et les
caractéristiques des modems associés y sont indiquées. 11 contient également unc
description de 'ensemble du systéme illustrant le format de paguet ¢t de trame et
expliquant les fonctions d acquisition et de synchronisation. Les auteurs déerivent en
outre les caractéristiques techniques ot I'interconnexion avee les stations de référence
et les terminaux de trafic. ainsi que tes jonctions de terminaux de trafic, y comprns
la oNe. LhiocTs et ses fonctions de courdination, telles que le changement de plan
de trame synchrone, sont expliquées.

Terminal de irafic AMRT expérimental

R. P. RipiNGs, R. R. LINDSTROM 1 T, R. DOBYNS

Sommaire

L article présente les concepts de base, les éléments de conception critiques ¢t les
criteres de mise en ocuvre d'un terminal de trafic expérimental d'acces multiple par
répartition dans le temps (AMRT) @ 120 Mbit's mis au point par les Laboratoires
COMSAT suivant les spécifications d'INTELSAT contenues dans le document
BG-42-65 (Rév. 2). Le terminal se compose d’un dispositif de gestion amr1, d'un
madem. d'un module de concentration numérique des conversations (cNg) et dap-
pareils dessai speciaux. L’architecture du dispositif de gestion amir. le pupitre de
I'opérateur, linterface one, of d’appareils d'essai spéciaux y sont illustrés. Les
appareils d’cssai spéciaux se compoesent d’un génératcur de pagquets de référence ct
Jd’un dispositif de mesure du taux d erreur sur les bits et de 'intervalle sans erreur
(1EB/SE). Le générateur de paquets de référence permet les essais en configuration en
boucle pur satellite. Compte tenu surtout du détecteur de mot unigue (Mu) et du

527



	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21
	page 22
	page 23
	page 24
	page 25
	page 26
	page 27
	page 28
	page 29
	page 30
	page 31
	page 32
	page 33
	page 34
	page 35
	page 36
	page 37
	page 38
	page 39
	page 40
	page 41
	page 42
	page 43
	page 44
	page 45
	page 46
	page 47
	page 48
	page 49
	page 50
	page 51
	page 52
	page 53
	page 54
	page 55
	page 56
	page 57
	page 58
	page 59
	page 60
	page 61
	page 62
	page 63
	page 64
	page 65
	page 66
	page 67
	page 68
	page 69
	page 70
	page 71
	page 72
	page 73
	page 74
	page 75
	page 76
	page 77
	page 78
	page 79
	page 80
	page 81
	page 82
	page 83
	page 84
	page 85
	page 86
	page 87

