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Foreword

This issue of COMSAT Technical Review presents a series of papers
related to the Direct Broadcast Satellite System planned by the Satellite
Television Corporation (STC), a COMSAT subsidiary.

The papers describe the proposed system, articulate some of the
issues surrounding introduction of this new service, and outline its
broad scope.

The success of STC's satellite-to-home pay television service will
depend heavily on a careful combination of various critical technolog-
ical elements. Recent developments in spacecraft components such as
long life, reliable and efficient high power amplifiers and satellite.
antennas producing precisely shaped beams are of great importance.,
Equally significant will be the availabibty of high performance, ultra
reliable, low cost receiving and decoding equipment which will permit
individual control of transmissions received by the subscribers.

After the unparalleled advances of the past fifteen years in interna-
tional and domestic satellite communications, in which COMSAT has
played a leading role, sTC is now prepared to face with confidence the
challenge posed by this new broadcasting satellite service.

J. V. Charyk
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A direet broadcast satellite system for
the Uniied States

L. M. KEANE, Editor

(Manuscript received August 18, 1981)

Abstract

This series of papers describes the first commercial direct broadcast satellite
(pBs) service proposed for the United States. System elements are defined as
they are presently conceived, and the major engineering rradeoffs made during
development of the system configuration are discussed. Services to be offered
and their expected characteristics are indicated. Orbit and spectrum utilization
matters are considered in connection with worldwide radio conferences dealing
with pBs planning. Analyses and measurements to determine the most effective
means by which pes and other domestic (terrestrial fixed) services can
band share are also presented.

Introeduction

On December 17, 1980, Satellite Television Corporation (STCY
applied for authorization from the U.S. Federal Communications

*8TC is a wholly owned subsidiary of the Communications Satellite
Corporation (COMSAT).

Abbreviations and acronyms used in this series of papers are defined on
Page 265.
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Commission (FCC} to build the first commercially supported DBS system
for the United States. At the time of this writing, the FCC had accepted
that application and invited public comments. Following receipt of an
appropriate construction permil, pBS service will be available in the
eastern United States in 1985-1986.

Over the past decade, significant progress has been made toward
broadcasting television programs by satellite to receiving terminals
that are simple enough for installation and operation at individual
residences. This kind of reception has been demonstrated with the
joint U.S./Canadian experimental Communications Technology Sat-
cllite (crs) [1] and Japan's Broadcasting Satellite for Experimental
Purposes (BSE) [2]. Development of prototype home receiving equip-
ment and high-powered satellite transmitters for these experiments, as
well as for other planned direct broadcast satellite applications, has
provided a technological basis for the consideration of commercial
direct broadcast satellite service.

Planned service

STC’s broadcast service will include three channels of advertising-
free television throughout the contiguous United States (Conus) and
to the major populated areas of Alaska and Hawan.* Revenues will be
obtained by viewer subscription to the basic service and to optional
offerings. As currently conceived, basic programming will include
movies, plays, concerts, nightclub acts. opera, dance, sports, children’s
shows, public affairs, and educational programs. Certain broadcast
materials, targeted at narrow segments of the public that are not now
adequately served, may be offered on a pay-per-series or pay-per-
program basis. Since cach satellite will broadcast to large areas,
roughly the size of a whole U.S. time zone, widely scattered viewers
with common interests can be combined inte sutficiently large audiences
to support these specialized programs. Major emphasis will be given
1o such “‘narrowcasting.”” For example, special programming might be
offered to keep accountants abreast of developments in their field.

Stercophonic sound (using the viewer’s conventional stereo amplifier
and speaker system). and a second audio channel for a forcign language

* In its Foe application. sTC requested authority to implement the first phase
ol the system for the provision of service to an area approximating the Eastern
Time Zone in the United States. However, since sTC plans to provide
nationwide coverage in the future, this paper describes the complete system.
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sound track will be optional features available to subscribers. STC dlso
plans to offer optional teletext and captioning services, and to exper-
iment with high-definition, large-screen television services, which will
require special receiving equipment. .

Because the proposed service will be supported by viewer subscrip-
tions rather than by advertising, satellite transmissions will be scram-
bled to prevent unauthorized reception. Signals from the spacecraft
will be received at subscriber residences by home equipment which
includes an antenna and outdoor and indoor electronic units. This
home equipment will receive and process the satellite transmiss.i(-)ns
for compatible reception and display on conventional U.S. telcvmop
receivers. An addressable descrambler incorporated in the indoor unit
can be controlled via the satellite to permit the receipt of optional
programs or series. It can also be used 1o disengage nonpaying
customers.

System summary

Major elements of the planned nationwide system are depicted in
Figure 1. Four operating satellites will be spaced 20° apart along the
geostationary arc (115°W, 135°W, 155°W, [75°W longitude}. These
locations were selected to achieve maximum satellite capacity and to
permit spectrum reuse while providing acceptable cclipse times and
elevation angles.

In addition to the four operating satellites. two in-orbit spares are
planned for the nationwide implementation. The spares will be stationed
at 115.05°W and 175.05°W longitude to restore service quickly in highly
populated areas of the East and West Coasts if a sutellite malfunction
occurs. Failure of the 135°W or the 155°W satellite will necessitate
repositioning one of the spares, a process that requires several days
to a week.

The satellites will serve arcas in the CONUS corresponding approx-
imately to the size of the time zones. Satellite down-link transmissions
will be in the 12-GHz broadcasting satellite service (Bs$) band with a
typical equivalent isotropic radiated power (¢.i.r.p.) of 57 dBW. Once
the satellites are on station, all operational up-links will be in the 17-
GHz band. _

Satellite broadcast transmissions will be received at individual
residences by the home equipment units shown in Figure 2. Typically,
the outdoor unit will consist of a 0.75-m diameter parabolic receiving
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antenna and its attached microwave electronics; in some areas, anten-
nas of 0.9- and 0.6-m diameter will be used to equalize grade of
reception and/or reduce costs. The antennas may be mounted on

rooftops, sidewalks, gable ends, or on the ground; however, in all
cases, they must have an unobstructed view of the satellite. A cable
connects the outdoor unit to an indoor unit that amplifies, demodulates,
descrambles, and remodulates the received signal to allow compatible
video reception by a conventional television set.
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very simple receiving equipment.
The satellites are in the PAM-D mass class and will be launched on
the Space Shuttle, However, the Space Shuttle may not be able to
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accommodate the launch schedule of all the satellites, particularly the
early ones, so the spacecraft will also be compatible with a shared
launch on the ARIANE Ul launch vehicle, The satellites will generate
prime DC power of approximately 1700 W at end of life {over 2000 W
at heginning of life). Three operating traveling wave tube amplifiers
(TwTas) will feed a shaped beam transmitting antenna. Each Twra will
have 185 W RrRF power output at end of life. The transmit antenna
patterns will be tailored to the contours of the areas served to improve
transmission efficiency and minimize any signals radiated over foreign
territories.

All the satellites will have a receive coverage area that extends from
Los Angeles, California, to Las Vegas, Nevada. A Broadcast Center
and System Control Facility near Las Vegas will have four operating
11-m diameter antennas and one redundant antenna to reliably feed
and control the satellites. The spare satellites will be controlled with
the same antennas used to feed and control adjacent satellites.

The Broadcast Center, which will provide program up-links to the
satellites, will have studjo facilities, video tape/film processing equip-
ment, and related functional capabilities. Most programming will be
stored on film or tape, but interconnections with the terrestrial
microwave network will allow occasional live programming to originate
from outside the Broadcast Center,

The System Control Facility will include a satellite control center
and will perform telemetry, tracking and command (Tr&c) functions.
Additional equipment will be housed at this installation for system
testing, and to activate subscriber home equipment, change the level
of programming to existing customers, and coordinate subscriber billing
functions. Backup feeder and Tr&c facilities are also planned at Santa
Paula, California.

An engineering support facility in Washington, D.C., will provide
for overview of satellite control, orbital mechanics computations,
special analyses and processing of telemetry, and access to specialized
personnel in the event of spacecraft malfunction. All ground-based
facilities will be connected by terrestrial full-period and dial-up voice/
data hnks.

In mid-1983, a Regional Administrative Radio Conference (RARC-
83} is scheduled to plan the BSS for ITU Region 2. Specific allotments
(e.g., frequencies, polarizations, and orbital locations) are expected to
be made to individual administrations. Because STC's application with
the £cc seeks authorization to begin construction before RARC-83,
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certain system parameters may change to conform with allotments
made to the United States.

Domestic policy has not been fully developed to determine how the
12-GHz band will be shared with terrestrial fixed services, which are
co-primary users in Region 2 in the International Table of Frequency
Allocations. In the United States, some 1,700 licenses have already
been granted in the 12.2-12.7-GHz band to private operational users.
Fixed-service transmissions will canse significant interference into DBS
home receivers if they are operated at or near the same frequencies.
Domestic policy regarding band sharing between BsS and fixed-service
users could also have an impact on the system characteristics.

The material presented in this series relies heavily on Volume 3 of
sTC's DBS application to the ¥cc.,* which was the product of diverse
engineering contributions from STC, ComSAT, CoMSAT GENERAL, and
CoMsAT Laboratories.
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Regulatory considerations

E. E. REINHART

Introduction

The general characteristics of s1C’s direct broadcasting satellite
system have been strongly influenced by international regulatory
actions taken over the past 10 years at three World Administrative
Radio Conferences (wARCs) of the International Telecommunication
Union (rru). Final specifications for some system characteristics,
including satellite orbital positions, carrier frequencies, and polariza-
tions, must await the decisions of RARC-83, the regional conference
scheduled for 1983.

This paper indicates how the various international regulatory actions
have shaped the design of the STC system and describes the steps being
taken to resolve the technical issues confronting RARC-83. Scparate
sections are devoted to the three wARCs.

WARC-ST

The most basic international actions affecting the BsSs were taken in
1971 at the World Administrative Radio Conference for Space Tele-
communication (WARC-$T). This conference defined the BSS as “a
radio-communication service in which signals transmitted or retrans-
mitted by space stations are intended for direct reception by the general
public.”” and distinguished two types of reception: individual, which
employs simple domestic installations, particularly those possessing
small antennas; and community, which is characterized by receiving
equipment, which, in some cases, may be complex and have antennas
larger than those used for individual reception. Community reception
is intended for use by a group of the general public at one location, or
through a distribution system covering a limited area.

As with the terrestrial broadcasting service, all BSS transmissions
are from the transmitter to the receiver. Hence, all BSs frequency
allocations are in the down-link direction, which means that the up-

Abbreviations and acronyms used in this series of papers are defined on
Page 265.
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link transmissions to a broadcasting satellite (the so-called feeder link)
must use frequencies allocated to the fixed-salellite service (¥$8) in the
same way that terrestrial broadcasting stations depend on microwave
relay links in the terrestrial fixed service (F$) or, more recently, on
satellite circuits in the Fss.

WARC-ST also provided the rss with its first frequency allocations
in bands near 0.7, 2.6, 12, 23, 42, and 85 GHz, Probably the most far-
reaching action of wARC-ST for the Bss, however, was the adoption of
Resolution Spa 2-2, which decreed that stations in the broadcasting-
satellite service be establishcd and operated in accordance with
agreements and associated plans adopted by world or regional admin-
istrative conferences. Planning was justified in Resolution Spa 2-2 to
make the best use of the geostationary-satellite orbit and of the
frequency bands allocated to the BSs. Broadcasting satellites could not
be repositioned economically after a great number of small directional
antennas had been pointed at them. Moreover, European proponents
of B85S planning argued that, since broadcasting-satellite systems would
not be implemented for many years, terrestrial services with allocations
in the same band could not be implemented without causing interfer-
ence, unless the frequencies and orbital positions of future broadcasting
satcllites were known.

WARC.-77

The 1977 World Broadcasting-Satellite Administrative Radio Con-
ference (WARC-77) was the first of the planning conferences envisioned
in Resolution Spa 2-2 [1]. Its purpose was to plan the Bss in the 12-
GHz allocations that consisted of the 11.7- to 12.5-GHz band in
Region 1 and the 11.7- to 12.2-GHz band in Regions 2 and 3.* The
administrations disagreed about what the plan should specify, and how
much of the world it should include. Most European nations contended
that the plan should be worldwide and should specify, a priori, detailed
system characteristics to meet the future channel and service area
requirements identified by each rTu member administration. The
Europcan countrics maintained that such an ¢ priori plan was needed
to provide guarantecd access for the broadcasting-satellite systems of
developing nations, in addition to the reasons cited in connection with

*Region 1 includes Africa, Europe, the USSR, and Mongolia; Region 2
includes the Americas and Greenland: and Region 3 covers Asia {except for
the USSR and Mongolia), Australia, and the Southwest Pacific.
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Resolution Spa 2-2. A guarantee was considered necessary to prevent
developed nations from using all of the desirable orbital positions and
frequencies before the developing nations could launch their own
systems.

The United States and a few other administrations were opposed to
a priori planning at wARC-77 because countries would be restrained by
unrealistic long-term projections and technology that would be obso-
lete, uneconomic, and wasteful of the orbit-spectrum resource long
before most allotments were utilized. Even worse, the use of the entire
resource to provide allotments to all administrations, regardless of size
or need, would mean that most of the resource would remain unused
and would preclude subsequent plan modifications to accommodate
new or changed needs.

Instead of a priori planning, the United States favored an approach
called “‘evolutionary planning”” in which detailed characteristics of a
broadcasting satellitc system would not be specified by an administra-
tion until construction could be authorized. Such specifications would
conform to planning principles and technical guidelines established at
the conference 1o ensure efficient use of the orbit-spectrum resource.

For the countries in Regions | and 3, a detailed a priori plan was
developed and incorporated into the Final Acts of waRrC-77. In contrast,
the countries in Region 2 postponed planning for at least 5 years and
resolved to convene a Regional Administrative Radio Conference
{RARC-83} for that purpose. The plan developed by Regions | and 3
includes 35 orbital positions, 40 frequencies, and both senses of circular
polarization. Tt was decided to use orbital positions spaced nearly
uniformly at 6° intervals from 37° W longitude eastward to 160° W
longitude.* Channel frequencies are uniformly spaced at 19.18-MHz
intervals from 11,727.48 MHz to 12,475.5 MHz. Since a 27-MHz
bandwidth per channel was assumed, adjacent channels overlap, with
guard bands of 14 MHz at the lower band edge (11.7 GHz) and i1
MHz at the upper band edge (12.5 GHz in Region 1 and 12.2 GHz in
Region 3).

These resources provided allotments to 252 service areas in 150
countries and territories. Each allotment consisted of specified values
for the following:

@. an orbital position,

*The positions at 116° and 164° E longitude and between 170° E and 160° W
longitude are not used.

R T
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b, one or more channel numbers in the aforementioned fre-

guency plan for TV carriers,
and for each channel:

o the boresight of the satellite transmitting antenna,

® the half-power beamwidths and orientation corresponding to
the major and minor axes of the elliptical cross-section of the
satellite transmitting antenna beam,

& the sense of polarization of the antenna, and

® the e.i.r.p. in the direction of maximum radiation.

The plan was formulated on the collateral assumption that all systems
will adhere to uniform specifications on a number of additional system
parameters corresponding to individual reception of a high-quality Tv
picture. As discussed below, these include receiving antenna beam-
width, receiving figure-of-merit G/T, reference patterns for the copo-
larized and cross-polarized components of the transmitting and receiv-
ing antennas, type of modulation and necessary bandwidth, type and
amount of energy dispersal, antenna pointing tolerances, and satellite
stationkeeping tolerances.

The allotments themselves are then planned to satisfy a number of
other conditions. For example, the orbital position should be far
enough west of the standard-time meridian through the service area to
defer power loss caused by solar eclipse near the equinoxes until after
the normal broadcast day; yet it must be far enough east to maintain
a minimum satellite elevation angle throughout the service area. The
number of channeis should accommodate the anticipated needs of the
service area over the 15-year lifetime of the plan. In addition, the
satellite pointing direction, elliptical-beam dimensions, and orientation
should produce the minimum footprint that just covers the service
area. The sense of polarization should be the same for all service areas
of a given administration. Finally, the e.i.r.p. should produce a carrier-
to-noise ratio (C/N) of 14 dB throughout the service area for 99 percent
of the worst month.

The number of channels per service area ranged from one to eight
with most Region ! service areas receiving five channels and most
Region 3 service areas, four channels. The number of service areas per
country ranged from 1 to 35 with most countries having only one.*

*Note that the smallest islands and principalities received the same size
allotment as most European countries (i.¢., five channels from one orbital
position into one service area.)
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However, the largest countries received proportionately larger allot-
ments as shown in Table 1.

TABLE 1. ALLOTMENTS TO LARGEST COUNTRIES

SERVICE ORBITAL ToraL
COUNTRY AREAS PosITIONS CHANNELS
China 35 3 55
USSR 21 § 63
India 12 2 48
Australia 6 2 36
Indonesia 5 2 . 20
Pakistan S | i1
Sudan 3 1 15

In the plan for Regions 1 and 3, each of the channels from 1 to 24*
was used in allotments to an average of 30 different service areas
administered by perhaps 25 different countries. Frequencies were
rarely reused from a given orbital position, typically for two widely
separated service areas using opposite senses of polarization. In the
more heavily used parts of the orbit serving Europe and Africa, each
orbital position was used in 5-channel allotments to approximately 12
service areas.

The specific values of the system technical characteristics assumed
in formulating the plan arc of special interest because WARC-77
proposed similar characteristics for Region 2 systems, and because
STC’s system design is modeled after the Region 2 proposals. The
Region ! and 3 system characteristics are shown in Table 2 and Figures
1 and 2. The Region 2 characteristics differ from these only in necessary
bandwidth, guard band bandwidth, earth station antenna characteris-
tics, and in the power flux density for individual reception as shown
in Table 3 and Figure 3.

Probably the most impertant difference in the Region 2 characteristics
is that an 18-MHz bandwidth was chosen for individual reception of
the 525-line television signals used in most Region 2 countries.t This
is to be compared with the 27-MHz bandwidth for the 625-line signals

*Channels 25 to 40 were used less often since they were available only to
Region | countrics.

fNote that, although Jamaica and Uruguay have adopted 625-line TV
standard **N.”" the video baseband is the same as for the 525-line standard
“M*" used in other Region 2 countries.
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TABLE 2. TECHNICAL CHARACTERISTICS OF BROADCASTING
SATELLITES ASSUMED FOR THE PLAN IN REGIONS | AND 3

CHARACTERISTIC

VALUE

REFERENCE*

Frequency Band (GHz)

Channel Spacing (MHz)

Minimum Channel Spacing
on Same Antenna (MHz)

Channel Grouping

Guard Bands (MHz)
Lower
Upper

RF Channel Bandwidth
(MHz)

Modulation & Signal
Processing

Energy Dispersal (kHz
peak to peak)

Polarization

Cross-Polarization
Component Relative to
Copolarized (dB)

Thermal Noise Objective
C/N (dB)

Interference Objective
C/1 (dB)
Co-channel
Adjacent
Earth Station
Figure of Merit
G/T (dB/K)
Individual Reception
Community Reception

11.7-12.5 {Region 1),
11.7-12.2 {(Region 3)
19.18
38.36

Channels within a single
antenna beam assigned within
400 MHz where possible

14
11
7

FM of video (plus sound on
FM subcarrier); preemphasis
as in CCIR Rec. 406

600 (~22 dB reduction in
power flux density in any 4-
kHz band)

Circular

Direct (RH or CW) and
indirect (LH or CCW) (same
senses in different beams to
same service area where
possible)

—27 (Rain Zones 1 and 2)
—30 (Rain Zones 3, 4, and 5}

14 (999% of worst month)

(Propagation loss up te 2 dB
must be taken into account)

31 (99% of worst month)
15 (999 of worst month)

14

351
353

3.5.2

382
38.2
3.8

3.1

322

3.4
34

36
3.6

*Refer to the indicated paragraph of Annex 8 of the Final Acts of the Conference.
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TAaBLE 2. TECHNICAL CHARACTERISTICS OF BROADCASTING
SATELLITES ASSUMED FOR THE PLAN IN REGIONS | AND 3

{CONTINUED)

CHARACTERISTIC VALUE RFEFERENCE*
Antenna Beamwidth (deg)
Individual Reception 2 (0.9-m dia.) 37.1a
Community Reception 1 (1.8-m dia.) 3.7.1b
Reference Pattern See Figure | 3.7.2
Minimum Angle of 20—40 depending on terrain 3.12
Elevation (deg) and rain climate
Power Flux Densily (pfd)
(dBW/m?)
{Edge of coverage area)
(99% of worst month}
Individual Reception —103 3.16
Community Reception — 111 3.16
Maximum difference 3 3.7
between on-axis pfd and
edge of service area
(dB)
Maximum Change During 0.25 315
Satellite Lifetime
(dB)
Satellite antenna
Transmit Reference See Figure 2 3133
Pattern
Half-Power Beamwidth 1.6 minimum 3.13.2
(deg)
Shape Circular or elliptical 3131
Gain (a and b are major 27.843/ab 3,131
and minor axis half-
power beamwidths,
respectively)
Pointing Accuracy (deg) +0.1 3.14.1
Angular Rotation of 2 30401
Elliptical Beams {max}
(deg)
Satellite Spacing {deg) 6 .
Stationkeeping {N-§ & E-W) =01 3.11

{deg)

*Refer to the indicated paragraph of Annex ¥ of the Final Acts of the Conference.

used by most countries in Regions | and 3. The ratio of these RF
bandwidths is about equal to the ratio of the video bandwidths of the
two types of Tv signals.
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Although Region 2 countries postponed the preparation of any plan
until RARC-83, they adopted provisions al WARC-77 to permit the
introduction of Region 2 broadcasting sateilite systems before 1983.
These included a requirement to use system characteristics equivalent
to those recommended at waRrcC-77 for planning in Region 2.

Another key feature of the interim provisions dealt with the fact that
in Region 2 only, the 12-GHz Bss allocation was shared on a primary
basis with the Fss. To allow each of the two services access to the
entire allocated band, warc-77 specified two orbital arc segments in
which the BSS would be primary and the rss secondary; 75°-100° W
(75°-95° W for the U.S., Canada, and Mexico) and 140°-170° W.
Outside these arc segments, the Fss would be primary and the Region
2 BsS secondary, subject to the following limitations:

a. Provision must be made between 55° and 60° W for a
broadcasting satellite to serve Greenland.
b. Broadcasting satellites can be located anywhere in the Bss
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Figure 2. Reference Patterns for Copolarized and Cross-polarized
Components for Satellite Transmitting Antenna

arc segments, but Fss satellites must be positioned far away to
ensure mutual interference protection.

c. FSS systems serving Region 2 must accept interference
produced by Region 1 broadcasting satellites operating in accord-
ance with the Region | and 3 plan.

WARC-79

The 1979 World Administrative Radio Conference (WARC-79) was
the first ITU conference in 20 years with the authority to revise the
allocations, technical regulations, and regulatory procedures for all
radiocommunication services and in all frequency bands [2], [3]. WARC-
79 used this authority to take the following actions of significance to
BSS planning:

a. Reaffirmed warc-st Resolution Spa 2-2 by incorporating it

without significant change into Resolution 507 of the Final Acts
of the Conference.

REGULATORY CONSIDERATIONS 211

TABLE 3. CHARACTERISTICS OF SYSTEMS IN REGION 2 THAT DIFFER
From THOSE IN REGIONS 1 AND 3*

CHARACTLRISTIC VALUE REFERENCET
Frequency Band (GHz) 11.7 to 12.2
RF Bandwidth (MHz)

Individual Reception 18 38

Community Reception 23 3.8
Guard Band (MHz)

Lower 12 3.9.2

Upper 9 392
Earth Station Half-

Power Beamwidth {deg) 1.8 {1-m diam) 3.7.1a

Reference Pattern See Figure 3 37.2

Power Flux Density

(dBW/m?)

(Edge of Coverage Area)
(99% Worst Month) )
Individual Reception - 10% 3.16

*Al] characteristics for Region 2 systems are provisional. Definitive choices will be

made at RARC-83. o
tRefer to the indicated paragraph of Annex 8 of the Final Acts of the Conterence.
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b. Incorporated the warc-77 Plan for Region | and 3 broad-
casting satellites into the intcrnational radio regulations as Ap-
pendix 30.

¢. Adopted Resolution 101 calling for a wARC to plan feeder
links for the Region | and 3 plan.

d. Allocated three new FSS up-link bands with usage limited
to feeder links for broadcasting satellites in the 12-GHz band:
10.7-11.7 GHz in Region 1; 14.5-14.8 GHz except for Europe;
and 17.3 to 18.1 GHz worldwide.

e. Adopted Resolution 3 (BP)* on the use of the geostationary
orbit and the planning of space services. This resolution calls for
a two-session WARC; the first session would decide which space
services and frequency bands should be planned and the nature
of planning to be used, and the second session would conduct the
planning. This wARrC, which has been scheduled for 1985 and 1987,
could decide to plan other Bss bands as called for in Resolution
507. It also could substitute for the feeder-link planning conference
called for in Resolution 101.

WARC-79 also took several allocation actions of great importance
to planning for the BSS in Region 2. 1t extended the existing Region 3
BSS allocation in the 22.5- to 23-GHz band to Region 2. As the next
BSS band above 12 GHz, this allocation is sometimes viewed as a
logical candidate for the introduction of new services such as high-
definition television (HDTV), Also, it shifted the existing 11.7- to 12.2-
GHz Bss allocation to the 12.1- to 12.7-GHz band and extended the
upper edge of the existing 11.7- to 12.2-GHz Fss band to 12.3 GHz.

Several important footnotes apply to these allocations. Footnote 841
(3787B) provides that the resultant 200-MHz overlap of the BSs and
Fss bands will be eliminated at RARC-83 by creating two subbands and
allocating the lower subband to the Fss and the upper to the BSS.
Footnote 839 (3787) provides that Region 2 use of these bands will be
limited to national and subregional systems. Footnote 843 (3787E)
notes that Region 2 space services, existing or planned prior to RAR?-
83, should not impose restrictions on the elaboration of the Regior. 2
plan for the BSS. Footnote 844 (3787D) similarly enjoins existing and
future Region 2 terrestrial services from restricting elaboration of the

*The designations in parentheses are the temporary wdentifications uwsed
during waARc-79; they are included because such designations are -till in
common use.
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RARC-83 plan and from causing harmful interference to BSs systems
operating in accordance with the plan. Footnote 836 (3787A) allows
transponders on space stations in the 11.7- to 12.1-GHz Fss band (plus
the portion of the 12.1- to 12.3-GHz band ultimately allocated exclu-
sively to the Fss} to be used additionally for transmissions in the BsS
with a maximum e.i.r.p. of 33 dBW per Tv channel provided that such
transmissions do not cause greater interference or require greater
interference protection than the coordinated Fss assignments. Finally,
footnote 846 (3787F) allows assignments to BSS space stations made in
accordance with the RARC-83 plan to be used for rss down-link
transmissions provided that such transmissions do not cause more
interference or require greater interference protection than that needed
for the planned BSS transmissions,

Finally, wARC-79 passed Resolution 701(CH), which defined the
terms of reference for RARC-83. It extends most of the wARC-77 interim
provisions for establishing Region 2 BSs systems prior to RARC-83, but
climinates the arc-segmentation provision since the foregoing allocation
actions eliminate frequency sharing between the BSS and the Fss. This
resolution also repeats the WARC-77 requirement that the Region 2
planning conference prepare a detailed frequency assignments and
orbital positions plan for the BSS based on individual reception and
ensuring that the service requirements of Region 2 countries are met
in an equitable manner with a guaranteed minimum of four channels
per country. However, Resolution 701 extends the scope of the
planning envisioned at WARC-77 by requiring that RARC-83 also plan
the feeder links associated with the 12-GHz Bss links. For this purpose,
it is specified that the feeder link plan will occupy a part of the 17.3-
to 18.1-GHz band equal in bandwidth to that used in the 12-GHz BSS
plan.
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System characteristics

E.R. MARTIN

Broadeast transmissions

STC’s transmission plan provides for high quality reception of
National Television System Committee (NTSC) color video signals with
their associated audio and control subcarrier. Quality objectives and
system parameters are generally consistent with those adopted for
Region 2 in the Final Acts of warc-77 and incorporated in the Final
Acts of WARC-79. Changes have been made in the technical charac-
teristics described in Annex 8 of the Final Acts of warC-77 in order
to achieve STC’s quality objectives at minimum cost, and maximum
power and spectrum efficiency. Frequency modulation (FM) will be
used to minimize the cost and complexity of home equipment.

TRANSMISSION PARAMETERS

STC’s planned transmission parameters are summarized in Table 1.
A second audio channel is provided which may be used for stereo
sound (with a standard stereo amplifier and speakers) or for a second
language track. The access control channel is used to address the home
descramblers.

The color video signal is combined with a digital subcarrier and then
frequency modulated onto an RF carrier. The deviation selected is
consistent with the link quality objectives presented in the following
section. Relative power levels of the video and digital subcarrier have
been balanced to provide comparable thresholds. The composite signal
deviation is greater than that implied by Carson’s Rule for a 16-MHz
bandwidth. The level of “‘overdeviation™ selected provides improved
clear sky signal-to-noise (S/N) without noticeable degradation of the
video performance by impulse noise. The 16-MHz bandwidth was
selected in preference to a wider bandwidth in order to minimize the
satellite power required to ensure a reasonable fade margin above the
home equipment receiver threshold.

Abbreviations and acronyms used in this series of papers are defined on
Page 265.
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TABLE I. PLANNED TRANSMISSION PARAMETERS

Video Baseband CCIR Standard M with NTSC Color
Audio/Control Subcarrier Inputs | ea. Basic Program; Audio Bandwidth =
13 kHz

I ea. Stereo or Second Language; Audio
Bandwidth = 13 kHz
1 ea. Access Control Channel; Bit Rate =

62 kbit/s
Audio Encoding PCM, Bit Rate = 315 kbit/s/ch
Composite Bit Rate 692 khit/s
Meodulation QPSK
Frequency 5.5 MHz
Amplitude 0.12-V rms before emphasis at 1V p-p video
reference point
Emphasis 525 lines per CCIR Rec. 405-1
Video Deviation 10 MHz p-p
IF Bandwidth 16 MHz
Up-Link Frequency 17.3-18.1 GHz band
Bown-Link Frequency 12.2-12.7 GHz band

PERFORMANCE OBJECTIVES

The overall quality objective was to provide an excellent picture
normally, and to assure an acceptable picture under all precipitation
conditions except the heaviest downpour. Baseline link objectives are
defined in terms of both predetection filtered carrier-to-noise (C/N)
over a 16-MHz radio frequency bandwidth, and demodulated video
(peak-to-peak luminance) S/N (rms weighted) using the recommended
deemphasis and weighting characteristics for system M as specified in
CCIR Report 637-1. (See X1l Recommendations and Reports of the
CCIR, Kyoto, 1978.) The link quality objectives are:

a. For 99 percent of the month with the worst precipitatiorn:
C/N = 14dB
S/N = 42 dB;

b. For 99.8 percent of the month with the worst precipitation:
C/N=10dB
S/N =37dB
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where S/N corresponds to 45 and 40 dB, respectively, when sync tip
is included in the peak-to-peak signal.

Viewer ratings in the TASO Report [1] suggest that more than 50
percent of viewers would rate a 42-dB S/N picture “‘excellent.”” Since
this rating applies to performance 99 percent of the time during the
month with the heaviest rain, the same rating is expected virtually all
of the time from the majority of STC’s customers throughout the United
States. Simulations of planned link operating characteristics have
confirmed the generally excellent picture quality. The TAS0 results also
imply that a 37-dB S/N picture would be rated as “‘fine”” or better by
more than 50 percent of viewers.

Worst-month statistics normally are related to average year statistics
by a factor of four (i.e., 99 percent worst month equates with 99.75
percent average year, and 99.8 percent worst month equates with 99.95
percent average vear). Since the second quality objective (C/N =
10 dB) corresponds to the nominal threshold of an Fm demodulator,
the recetve C/N is expected to be above threshold for all but about 4.4
hours per year (0.05 percent of the year) for locations where these
minimum objectives are just met. Periods below threshold will generally
consist of degraded but viewable television. Actual outages (e.g., loss
of picture synchronization or a virtually unintelligible picture) are
expected to occur for a much smaller period of time.

To compensate for the wide variation in precipitation throughout the
country {all five rain climatic zones exist in the United States), satellite
e.li.r.p. will be specified area by area. Figure 1 shows the e.i.r.p.
requirements for one service area to illustrate the range of variation.*

Three home antenna diameters in the 0.6- to 0.9-m range will be
employed. A (.9-m antenna can improve the grade of service in heavy
rainfall arcas and/or at edge of coverage, and 0.6-m units can reduce
the cost of earth terminals whenever the satellite actual e.ir.p.
appreciably exceeds the nominal required value. For the typical
location, a 0.75-m antenna will provide adequate margin. Expected
(clear weather) G/T (gain-to-noise temperature) values in respect to
antenna diameter are presented in Table 2.

* These requirements vary with rain attenuation and range loss from the
satellites to the points shown in the figures. Rain attenuation has been based
on the 0.25 percent precipitation exceedance tor the points shown: these
statistics are based on data available for about 125 cities in the U.S. The .25
percent exceedance corresponds to link quality objective @ cxpressed earlier
(i.e., 99 percent of the worst month or 99.75 percent of the year).
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TaBLE 2. CLEAR WEATHER G/T VALUES FOR HOME EQUIPMENT*

ANTENNA [DIAMETERS {m}

PARAMETERS 0.6 0.75 0.9

Peak Guin (dB} 349 36.8 38.4
Noise Temperature {dB/K) 27.4 27.4 27.4
Boresight G/T (dB/K) 7.5 9.4 11.0
Pointing Loss (0.5 pointing error) (dB) 0.4 0.6 0.9
Net G/T (dB/K) 7.1 8.8 101

* Values are based on the following assumptions: antenna efficiency, 50%: noise
temperature (al antenna flange) for clear weather sky noise. 9 K for background antenna
noise, 10 K: and for receiver noise (NF = 4.5 dB), 527 K. The total noise temperature
is 546 K.

LINK ANALYSIS

STC’s reference link design assumes the baseline 0.75-m antenna for
home cquipment and a typical satcllite transmit e.i.r.p. of 57 dBW.
The trade-offs that led to this choice of values (as opposed, for
example, to a lower e.i.r.p. and a higher G/T) were based predominantly
on the desire to minimize overall system cost, including the cost of
millions of home equipment units which $TC plans to purchasc for
lease to subscribers. Because of the large number of home terminals
involved (5 to 7 million arc expected nationally over a 7-year service
period. either owned or leased by STC’s subscribers), the overall cost
is dominated by the investment in home terminals. which will greatly
exceed the investment in launched satellites.

Following extensive discussions with equipment manufacturers and
other experts. a 4.5-dB receiver noise figure and a 0.75-m antenna
were selected as cost-effective, reference-receive terminal parameters.
This noise figure can be achicved with receivers using direct conversion
(mixer) or a GaAs ficld effect transistor (FET) preamplifier (both types
currently exhibit comparable noise figure performance), and includes
a manufacturing margin that should allow high manufacturing yields
with automated production methods.

The resulting net G/T of approximately 9 dB/K for a reference-
receive terminal is consistent with a 57-dBW baseline e.i.r.p. and the
desired link quality objectives. This required e.i.r.p. is about the
maximum value that can be considered for coverage of a CONUS time
zone because of satellite TWTA considerations (sec satellite description
in the following scction).
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.A reference link budget is shown in Table 3. Up-link earth station
e.l.r.p. and the arid conditions of Las Vegas assure that the down-link
noise budget will be degraded by less than 0.2 dB except for a few
mmu'tes per year. Under clear sky conditions there is a total link
margin of 5.9 dB above the nominal receiver threshold C/N of 10 dB.
However, because fading conditions lead to sky noise increases, which
also reduce home equipment G/T, an atmosphere attenuation of only
-5 dB is allowable before threshoid is reached (see Table 3, under 5-dB
Rain Attenuation).

Expected satellite e.i.r.p. in many areas of the country will be greater
th‘arf required, since the satellite antenna is expected to provide
minimum e.i.r.p. near the edge of coverage and excess e.dlr.p. well
¥n51de the coverage area. Because of this, the margin above threshold
in many locations will be greater than required to achieve link quality
objectives. For example, in Cincinnati, Qhio, the expected clear sky
dqwr}-link margin above threshold is 7.0 dB. With this performance,
Cincinnati terminals would operate below threshold (C/N < 10 dB) for

TABLE 3. REFERENCE LINK BUDGET

a. Up-Link
Earth Station e.i.r.p. 86.6 dBW
Free Space Loss (17.6 GHz, 48° Elev.} 208.9 dB
Assumed Rain Attenuation 12.0 dB
Satellite G/T + 7.7 dB/K
Up-Link C/KT 102.0 dB-Hz
b. Down-Link
Atmospheric Condition
5-dB Rain

Clear Atlenuation
Satellite e.i.r.p. 57.0 dBW 57.0 dBW
Free Space Loss (12.5 GHz, 30° Elev.) 206.1 dB 206.1 dB
Atmospheric Attenuation 0.14 dB 5.0dB
Home Receiver G/T (0,75 m)} 9.4 dB/K 8.1 dB/K
Receiver Pointing Loss (0.5 error) 0.6 dB 0.6 dB
Polarization Mismatch Loss {average) 0.04 dB 0.04 dB
Down-Link C_/KT 88.1 ¢B-Hz 82.0 dB-Hz
Overall C/KT 87.9 dB-Hz 82.0 dB-Hz
Overall C/N (in 16 MHz) 159 dB 10.0 dB
Reference Threshold C/N 10.0 dB 10.0 dB
Margin Over Threshold 5.9dB 0.0 dB

SYSTEM CHARACTERISTICS 221

only 2.6 hours per average year and would exhibit a C/N of more than
14.8 dB (42.8-dB S/N) for 99 percent of the worst month,

The Cincinnati example characterizes expected signal quality under
typical environmental conditions, and the effects of heavy precipitation
on expected periods of operation below threshold. assuming a 0.75-m
receiving antenna. Other locations have been similarly analyzed to
determine the duration of below-threshold reception expected in an
average year as a function of home equipment antenna diameter. The
results are presented in Table 4. Above-threshold operation for 99.95
percent of an average year, (i.e., below-threshold duration for less
than 4.4 hours per year) is satisfied at most locations with appropriately
sized home equipment antennas. For rainy areas like the Gulf Coast
and Florida, the number of hours below threshold is somewhat higher.

Operating frequencies

The satellites can be designed to transmit normal 16-MHz television
programming on practically any three center frequencies in the 12.2-
to 12.7-GHz band, and to receive on practically any threc center
frequencies in the 17.3- to 18.1-GHz band. Thc contemplated design
assumes a single translation frequency of 5,100 MHz in the expectation
that the Region 2 plan developed at RARC-83 will adopt this value.

Specific center frequencies for the threc channels have been tenta-
tively selected in terms of their compatibility with existing terrestrial
fixed service assignments in the United States and with an HDTV
experimental package to be incorporated in the satellites. However,
to allow the use of alternative channel frequencies, which may be
allotted to the United States at the RARC-83, terms will be included in
the satellite construction contract to permit changes of the satellite RF
filters and the translation frequency as necessary. A channel-to-channel
center frequency separation of 40 MHz or more would be required
because of satellite output filter design constraints.

Service areas

The broadcast service areas in coNUS and in Alaska and Hawaii are
shown in Figure 2. sTC sclected service areas approximately the size
of CONUS time zones to allow DBS implementations with existing space
technology and to better accommodate audience preferences (devel-
oped over thirty years of conventional television broadeasting) for
certain types of programming at specific times.

A service area generally the size of a time zone will require satellite
transmitter R power per channel in the order of 150-200 W. A 200-W
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TABLE 4. HOURS PER AVERAGE YEAR IN WHICH RECEIVED SIGNAL
1S BELOw THRESHOLD _‘

>ty

HOME EQUIPMIENT ANTENNA

=
DIAMETER (m) g
LocATION 0.6 0.75 09 . \ X %
Eastern Service Area e ;:;"' 3:)
Atlanta, Georgia 3.2 3.7 29 5=
Boston, Massachusetts 4.6 3.2 2.2 E}
Buffalo, New York 2.4 1.8 1.4 &
Caribou, Maine 8.5 3.0 1.7 ’
Charleston, South Carolina 18.0 13.1 9.5
Cincinnati, Ohio 4.0 2.6 2.0
Detroit, Michigan 7.7 3.0 2.0
Lexington, Kentucky 5.1 3.5 2.7
Miami, Florida 19.8 14.9 1.4
New York, New York 4.5 3.2 23 c
Washington, D.C. 54 3.7 3.0
Central Service Area
Chicago, llinois 6.0 34 24 w
Dallas, Texas 11.6 7.0 5.2 =
Duluth, Minnesota 6.7 2.6 1.9 i
Houston, Texas 18.1 12,3 8.5 0
Memphis, Tennessee 7.7 5.3 4.0 =
Mobile. Alabama 18.1 13.4 9.5 : o
St. Louis, Missourt 5.6 38 3.0 : bt %
Topeka, Kansas 8.1 5.0 3.8 g

Mountain Service Area

Figure 2. CONUS Service Areas and Coverage of Alaska and Hawaii

Albuquerque. New Mexico 2.0 <1 <1 il
Austin, Texas 8.4 4.9 38 o -
Denver, Colorado <1 <1 <1 N é <>
El Paso, Texas 35 1.4 <1 < <
Fargo, North Dakota 7.0 4.0 3.1 s —
Helena, Montana 6.3 2.0 < BSE %.
Wichita, Kansas 16,0 7.1 4.3 w e .
Pacific Service Area U :
Boise, Iduho [.6 <<l <1 [
Los Angeles, California 4.8 19 <1 W o D
Portland, Oregon 4.3 2.1 1.6 ! o
San Francisco, California 5.2 1.8 1.0 Q D‘:’
Seatile, Washington 7.6 3.0 1.9 g ()
Tucson, Arizona 7.4 12 1.9 o b
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TWTA is about the largest, based on current information, that can be
predicted to be available in the near future with adequate (7-year) long-
life and reliability characteristics. If a service area equal to two time
zones (the size of half CONUS) were considered, the RF power require-
ment would approximately double, raising a serious question as to the
ability to provide such a transmitter from the standpoint of lifetime
and reliability. Smaller service areas (e.g., spot-beam areas) introduce
some inefficiencies in terms of spectrum utilization because a frequency
is not used over its full potential coverage area, and power utilization
because antenna pointing tolerances are relatively large in comparison
with the service area.

Since CONUS service areas should be approximately the size of a
time zone, their detailed characteristics were synthesized in order to
achieve comparable minimum performance in cach service area using
a given size spacecraft transmitter ampliifier. To achieve this, the
coverage areas should be nearly of equal size when projected back to
the satellite, except for a *‘normalizing™’ correction factor to accom-
modate excess rain attenuation statistics and slant range differences.*
With such a performance equalization objective, the optimum parti-
tioning of CONUS is dependent on the particular satellite orbital
locations assumed and on the minimum acceptable elevation angle
required for the home terminals. Considering the orbit locations chosen
(see next section). the planned use of shaped beams, and the required
area-by-area e.i.r.p., the four service areas that meet the afore-
mentioned goal are shown in Figure 2.

The psa is limited by elevation angle constraints (the home terminals
along its eastern edge have an clevation angle of about 10°), and its
projected normalized area is smaller than that of the other three service
areas. This situation permits use of a fraction of the power from the
PSA satellite transmitter to provide 0.6° spot-beam service to Alaska
and Hawalii, respectively. A 0.6%-spot beam over Alaska and another
over Hawaii, plus the conNus Pacific coverage area. result in a
composite coverage area which, when normalized, is about equal to
the normalized coverage area of each of the other three conus service
areas.

The receive service area from Las Vegas to Los Angeles was selected
because the small coverage size leads to high satellite antenna gains

*lnclusion of rainfall statistics tends to make predominantly arid service areas
somewhat larger than heavy precipitation areas.
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(and a correspondingly high satellite G/T) and bﬁ.:gause it is in rain
climatic zone 5. This allows the earth station to u'tlllze trgnsmltter§ of
modest power (e.g., 200 W per channel) yet still prowde §ufﬁc1€nt
power margin on the up-link to operate al the q?sued performance
level except for a few minutes per year. The ability to operat-e at .17
GHz with modestly sized transmitters and without a dwe.rsny site
reduces cost and enhances the system’s operational e_fﬁc1ency. In
addition, since the bulk of the source material anticipated for broadcgst
will be on video tape or film, there is little need for broader receive

coverage.

Orbit locations

STC adopted the four orbit locations of 175°, 155°, 135% and 115°W
on the basis that this set represents:

a. A very cost-efficient implementation from the point of view
of spectrum and orbital arc utilization; . . )

b. A practically achievable implementation (n terms of the
required technology; and ] _

c. A cost-effective approach for a fixed level of service, and
one that is comparable in cost to other possible system configu-

rations.

Several generic system configurations, including. one—an_cl two-s.at-
ellite approaches, were studied, each with diffen‘ng orbit location
requirements, but with the common requiremcn.l of acc_cpla{ble h(_)me
equipment elevation angles and a westward satellite location for eclipse
protection. A four-satellite implementation was eventually chgsen after
it was determined that its orbit/spectrum efficiency was eqm‘valenl to
or better than that of the other configurations studied, apd its space
segment cost was comparable to the only other two-satellite approach
that would provide the same channel capacity. Furthermore, the f()l_ll.“-
satellite approach permitted the introduction of DBS on a phased_be-ie.;ls
with the smallest practical increment. resulting in minimum initial
costs. Early service, marketing, billing, installation, and maintenance
problems also become more manageable. _

The selected four-orbit locations are separated by 20° to pe.rm1't reuse
of frequencies without exceeding established interterence criteria, and
are located sufficiently west so that eclipses do not start until uftcr
1:00 a.m. in the areas served. compatible with acceptable elevation
angle constraints.
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The selected orbit locations should not adversely affect other
countries in Region 2 and, in fact, should prove beneficial when orbit/
spectrum efficiency considerations are introduced. Given the more
northerly latitude of Canada relative to the United States (which leads
to lower elevation angles) and Canada’s more casterly extension, and
considering that most of the other countries in Region 2 are east of the
United States, the preferred orbit locations for these countries will be
in the 70°W to 145°W orbital sector. A two-satellite approach for the
United States would place all channel requirements for all coNUS
service areas inside this “high demand™ orbital sector, while a four-
satellite approach would place the MsaA and psa requirements outside
this sector at 155°W and 175°W. Thus, use of these four- rather than
two- or one-orbit locations will be at little or no cost to other countries
in Region 2.

To account for any reasonable RARC-83 results, terms will be included
in the satellite construction contract to permit realignment of the
antenna subsystem on the satellite to accommodate orbit locations
allotted to the United States that may be different from those proposed
by sTC.

High definition television eapabhility

A 100- and a 28-MHz passband mode of operation will be included
in the satellites, available by ground command to experiment with
HDTV during periods when normal broadcast transmissions are termi-
nated. This experimental capability will be made available to qualified
parties interested in the development of HDTV specifications and
standards,

STC expects eventual market development of a home television
system with substantially higher resolution than that of the present
NTSC system, and with large screens. Although the market for such a
system is poorly defined at present, and there are no national standards
for HDTV, the experimental transmission capability included in sTC’s
DBs satellites is expected to stimulate the development of standards in
this area and eventually the establishment of a market.
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Satellite characteristics

E. R. MARTIN

General

Many of the system parameters presented in the previous siectli‘c;n
were chosen on the basis of iterative analyses that coqsuiered sate fl ¢
constraints, as well as BSS recommendatlgns of .prevm'u? IThU confer-
ences. Specifically, the size of the transmit service a-['Ed:h, the e:.l.tr.;)r.1
requirements, and the number of channels have .Slgl’llﬁ(.lan 11£npdc‘:t_ i
satellite characteristics. These factors were combined with in tf)rr{n;aﬁf){
on achievable spacecraft technology to produce the type of satellite

i in this paper. ‘ '
deggl;:::rz;fr}t will I’Z’)epprocured using speciﬁgations based prm:larll); 02
performance requirements (for example, e.i.r.p. and G/T') a{?f no c:]_
any specific design. Therefore, spacecraft c_ontractors will ave C?he
siderable flexibility in designing the satellites. To charatcteilzed_
system, a baseline spacecraft design was synthesized and analyze I[n
sufficient depth to ensure that all projected pcrformance requtreq;;:nbs
can in effect be met. Elements of the b;}se]me spacecraf} will be
described to illustrate a typical implementation. .Such a _representatlon,
however, is only one of many possible alterngtlves v\lfhlch contractors

meect STC’s performance requirements. N . .
m?(llcggti:slﬁlzos will be essep;tially the same. A.capablhty '_w111 ex:)st
whereby ground command controls eacl_l satellite so tt}at it [‘ifa:lthc
reconfigured to serve either of two service areas, prov@ed that the
correct orbital location is chosen. The satellite design used to se'rvz:1
the Eastern Service Area (Esa) from 115° can be reconfigured an
relocated at 135° to serve the Central Service Area (CSA),- and vice
versa; similarly, the satellite design used t0' serve the Mountam-Ser\ncg
Area (MSa) can also provide Pacific Service Area (PsA) .serwc-e, an :
vice versa. The only difference between th.ese two satellite -deSIgns 15
in the antenna beam-forming networks which w1'll be descn.befl later.
For the nationwide implementation, two operational satc':llltes 3ncl a
spare of one satellite design will be useq for ES{\/CSA service, ar:i two
operational satellites and a spare of a slightly different satellite design
will be used for PSA/MSA service.

Abbreviations and acronyms used in this series of papers are defined on
Page 265.
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Peljformance requirements have been carefully selected so that the
satellites can be built without reliance on unproven technology
Although substantial engineering development is required for certair;
spacecraft elements, contractors should be able to build most satellite
components from cxisting, flight-qualificd designs. This approach
a]ilo'fvsllhe satellites to be procured under a fixed-price contract and
minimizes the probability of delayed deliveries and in-orbit anomalies
Table 1 summarizes the satellite characteristics. h

TABLE . SATELLITE CHARACTERISTICS

Mission

Launch Vehicle

Initial Mass on Station
Satellite Mission Life
North-South Stationkeeping
East-West Stationkeeping
Longitudinal Repositioning
Prime Power

Redundancy

Stabilization

Broadcast Channels

Eclipse Capability
Receive Service Area
Transmit Service Areas
Frequency Bands

Minimum e.i.r.p. per Channel

Minimum Broadcast RF
Output Power per Channel
Saturation Flux Density
per Channel
Satellite Communications
Subsystem G/T
Polarization

Television broadcast for individual reception
STS/PAM-D and ARIANE

650 kg

7 vears

+{.1° or better

+0.17 or better*

One at 3% per day or more at slower rates

1,700 W end of life

100% all active electronic elements

Spin- or body-stabilized

Three‘ standard video—I6-MHz bandwidth, two {al-
ternative} HDTV channels—28-MHz and 100-MHz
bandwidth

None

Los Angeles/Las Vegas

See Figure 2 of previous paper

Transmit: 12.2 10 12.7 GHz

Receive: 17.3 10 18.] GHz

Varies locally commensurate with rain attenuation

statistics and range loss. Ranges between 58.2 and 55. 1
dBW. o

185 W end of lite
—88.1 dBW/m? at 17.3 GHz

7.7 dB/K minimum

Transmit;: RHCP for ESA

LHCP for CSA
RHCP for MSA
LHCP for PSA

Reccive: Orthogonal to transmit

; Slqtmnkcep_mgpf each in-orbit spare relative to its nearby operating satellite will be
adequate 10 maintain nominal intersatellite spacing of 0.05°.
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Launch vehiele interface and spaceeraft configuration

The satellites will be compatible with two different launch vehicles.
NASA's Space Transportation System (sTs, also referred to as the
Shuttle) will use a pAM-D booster to carry the spacecraft from the
Shuttle’s orbit inte transfer orbit. The present stTs flight availability
may not accommodate the launch schedule of all satellites, particularly
the early one(s). Accordingly, the satellite design will also be compatible
with a shared launch (i.e., an sTC satellite and another satellite) on the
ARIANE launch vehicle. Although the mass of STC's satellites 1is
compatible with that of a Delta launch vehicle, the volumetric config-
uration is expecled to exceed the dimensional constraints of that
vehicle.

After a satellite is injected into transfer orbit by the launch system,
final injection into a nominally geostationary orbit will be accomplished
by an apogee kick motor (AKM) incorporated in the satellite.

Spacecraft manufacturers will be permitted to propose either spin-
or body-stabilized designs, which must meet all specified performance
requirements. STC's baseline spacecraft has assumed a body-stabilized
design because it appears that the high power required (about 1,700 W)
may be more easily achicved with the large, deployed solar arrays
typical of body-stabilized spacecraft.

Spacecraft mass and size are limited by launch vehicle constraints.
The sTs/PAM-D will place a maximum mass of approximately 1,247 kg
into transfer orbit. The ARIANE Type 111 launch vehicle will be capable
of launching two satellites simultaneously, cach having a weight that
corresponds approximately to this amount, Based on the performance
of applicable AKMs, and considering the liquid propellant required
prior to achieving the desired geosynchronous orbit, spacecraft mass
at the start of service (after apogee motor firing) will be about 650 kg.

The spacecraft dimensions are constrained by both the ARIANE
shroud dimensions and the requirement that it can be configured for
a vertical launch in the STS (i.e., PaM-D and apogee motor thrust axes
orthogonal to the sTs Orbiter longitudinal axis). The satellite is expected
to have an approximately cylindrical envelope during launch, with a
maximum diameter of about 2.9 m and a height of about 2.3 m.

In geosynchronous orbit, the satellite dimensions are expected to be
dominated by the antenna and the solar arrays. STC s baseline satellite
has one deployed antenna reflector measuring 2.9 m in diameter and
two symmetrically deployed solar arrays. each measuring about 7 m
by 1.5 m.
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Table 2 gives a representative mass budget for the satellite. For th
as.sumed STS/PAM-D launch, the AKM mass is approximatel)-/ 593 ke
with a propellant loading of 560 kg (for an ARIANE launch. the :1 o g
zzlotor woyld carry about 100 kg less propellant). The anténnas Eveg};cl
: :<g. of Wth}’l a{?9ul half is budgeted for the reflector and its

eployment mechanism, and the other half for the feeds and beam
fE)rrnmg networks necessary to produce the desired anténna beams-
Pm" all subsystems except communications and power, the ma:.
estimales are bascd on existing hardware being used or p;o osed fSS
olhef satellite programs. Therefore, the contingency mass in L}[:e bud r(;:
provides adequate margins primarily for the comlnu}l"' tions 'é
power subsystems. reations and

TABLE 2. REPRESENTATIVE SATELLITE MASS BUDGET

Irem
Mass ikg)
Launch Vehicle Capability* 2
AKM Consumables ];;f(;

Hydrazine Propellant (plus pressurant) 2
Dry Satellite et

Communications Electronics "o
Communications Antenna 93
Telemetry, I'racking, and Command %
Electric Power 0
Attitude Centrolf p
Reaction Control (dry) ”
Structure ) o
Thermai Control »
AKM Case at Burnout lf
Balance and Miscellaneous "
Contingency :i

* Assumes an optimized STS/P : i ifi
e p STS/PAM-D launch with modified transfer orbil character

+ - . i
Includes 5 kg budgeted to offset solar torgues induced by single antenna reflector

Design life

The dcggn rgquircment for the mission life of the satellites is seven
years. Thls estimate is determined by a conservative evaluatioﬁ ;)f the
effect ot'the synchronous orbit environment on the solar cell arrays
charge-discharge cycling cffects on the life of the batteries e;ndctyl;é
Mass all_ocated to propellant for spacccraft stationkecping. To achicve
the.desned probability of survival for seven years, all spacecraft
cquipment will be redundant where possible. Parts will be ;1crelled in
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their applications, and materials and processecs will be selected so that
aging or wear-out effects will not adversely affect spacecraft perform-
ance.

Communications subsystem

Figure 1 is a typical block diagram of the communications subsystem
of the Esa/csa satellite, excluding redundant elements. The satellite
design for MSA/Psa service would differ only in the receive and transmit
antenna beam-forming networks. This block diagram shows a single-
conversion transponder, with the receiver translating the 17-GHz up-
link signals directly to the 12-GHz down-link frequency band.

Up-link signals arc received by the antenna heam covering the Los
Angeles-Las Vegas area and a wideband receiver. It is expected that
at least two redundant wideband receivers will be provided. All
receivers will have high sensitivity, good linearity characteristics, and
excellent translation frequency stability. Net translation frequency
error, including initial setting tolerance, will be better than = 10 parts
in 10° over the operating life-time of the satellite. Short-term stability
will be better than = 1 part in 10°

Following amplification and down-conversion, the signals are fed to
the input multiplexer where each channel is individually filtered prior
to amplification by a TWTA. Normal broadcast transmissions use the
filters labeled CH.A, CH.B, and CH.C, but HpTv flters of wider
bandwidth (28 and 100 MHz) can be switched in when such experimental
transmissions are used.

Each satellite will have three operating transmitters whose individual
ouputs can be turncd on and off by ground command for emission
control. The TWTAs are expected to have a minimum output power of
about 185 W at end of life. At least threc additional TWTAS will be
provided for redundancy. Based on discussions with Tw1 suppliers
and other experts, it is believed that these power levels are near the
maximum that can be achieved with present or near-term technology
in such devices without sacrificing reliability and/or lifetime. The power
level of these TWTAs is approximately the same as that used successfully
on the cTs satellite. In addition, TWTA manufacturers are engaged in
considerable efforts on units of this power level. Yet, the TWTAS are
considercd the most critical elements of the satellite and will receive
special attention to ensure timely availability of satisfactory units.

The TwTas will not be needed for broadcasting during eclipse
periods. However, because of concerns related to the effect of on/off
transients on TWT life. the Twras will incorporate an eclipse standby
mode that will keep the cathode at near operating temperatures.
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The TWTA outputs are combined in the output multiplexer. The
multiplexer filters are sources of potentially large RF losses which can
be minimized by adequately separatling the channels. High passband
efficiency is particularly important because cxcessive losses would
require TWTAs with higher power levels (which would result in
reliability/lifetime implications for the TwTAs and mass/power impli-
cations for the satellite) and create increased themal loads on the
output filters. Two of the output multiplexer filters are expected to
have passbands of about 28 MHz, and the third of about 100 MHz;
thus, the same output filters will be used for normal and HDTV
{ransmissions.

The multiplexed ®rP output is passed through a harmonic filter to
attenuate out-of-band emissions and through the beam-forming network
required to develop the requisite shaped transmit beam pattern.

{RHCP)
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FORMING
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HARMONIC
FILTER

ANTENNA ASSEMBLY
Beam-forming networks are part of the antenna assembly, which

provides shaped beams to CONUS service areas. Compared to simple
beams of circular or elliptical cross section, shaped beams provide
more efficient use of RF power because their patterns can be tailored
to closely follow irregular contours; this minimizes the RF power
wasted outside the service area, and conscquently, enhances the net
RF power falling over the service area. In terms of interference, shaped
beams also reduce the radiation falling over other countries to the
maximum practicable extent.

The baseline antenna configuration employs a parabolic retlector
with a diameter of approximately 2.9 m. This reflector is fed by a
cluster of feed horns, which are in turn connected to the two beam-
forming networks shown in Figure 1. If the satellite is used to provide
service to the Esa, all of the satellite’s output RF power is fed to the
ESA beam-forming network where it is divided into 16 unequal parts
to feed 16 scparate feed horns. The weighted illumination of the
reflector by the 16 contiguous horns leads to a pattern that closcly
follows the contours of the Esa (Figure 2). If the satellite is used to
provide service to the csA, the satellite’s RF power is fed to the csa
beam-forming network and to a set of feeds to create a csa-shaped

beam* (Figure 3).
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Figure 1. Representative Communications Subsystem Block Diagram (ESA/CSA Spacecraft)

*Since the csa broadcasts operate in LHCP (which is orthogonal to the Esa
transmissions), the feed horns may be shared by feeding the kHCP port of the
feeds for Esa transmissions and the LHCP port for ¢sa transmissions. This
could reduce mass/power on the satellite,
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T
NOTE: '
eirp. VALUES MAY BE RELATED TO
MAXIMUM RECEIVED POWER FLUX
DENSITY (pfd, in dBW:m?) BY THE
FOLLOWING EQUATION: pfd = eirp-16825

CONTOURS — {dBW)
B 1=60.00
2=58.00
3= 58.00
4=57.00
5= 56.00
6= 55.00

% 7=54.00J \
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Figure 2. Computer-Predicted e.i.r.p. Contours for ESA Beam

These patterns have been designed to provide the minimum required
c.i.r.p. at the edges of coverage, with sufficient margin for satellite
pointing error tolerances. Since the antenng gain increases towards the
center of the coverage areas, most locations will obtain e.i.r.p. values
greater than those required to meet the minimum performance objec-
tives.

All communications receive and transmit functions are performed
by the single 2.9-m reflector. Although the final characteristics of the
salellite antenna subsystem are subject to variations depending on the
selected spacecraft design, the above-mentioned baseline antenna is

T I
' ! NOTE. e
eirp VALUES MAY BE RELATED TO MA.MMUM ]
- RECEIVED POWER FLUX DENSITY (pfd. |n.dBWsm‘:
BY THE FOLLOWING EQUATION: pfd = eirp-1625
b
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3=58.00 : ) \
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5=56.00 -
6=56.00 .
F=54.00 ) m
T

Figure 3. Computer-Predicted e.i.r.p. Contours for CSA Beam

typical of possible approaches that may be i‘mplejmented. . "
Since the incerporation of four beam-tormm-g networlfs wouls
significantly increase satellite mass and complexity, sTC \'mll Serrpt:g
the spacecraft contractor to provide some spacecrafl equippe wi )
Esa and csA beam-forming networks and other spacecrafl. cquippe
with MsA and psa beam-forming networks, rather -Ihan require a smgl:e1
design that could accommodate any U.S. service area by groun
: orbit repositioning. ‘ .
Coilén 3g?egngarlier, thlfz shaped-beam satellite amcnr}a offe_rs an im-
portant advantage because it reduces unintentional spillover into other
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nations. ™ In this respect. Appendix A compares shaped and elliptical
beams.
Table 3 shows the e.i.r.p. power budget, including all losses from

the TWTA to the antenna, for the typical ESa edge-of-coverage e.i.r.p.
of 57 dBW.

TABLE 3. SATELLITE E.LLR.P. BUDGET (TypriCAL)

End-of-Life Twia Qutput Power 22.7 dBW
O.u!put Muliplexer and Harmonic Filter Losses 70.7 dB
Line and Switch Losses f()“i dB
Ar.u?nna lLosses (e.g., beam-forming network and feeds) - 1-% dB
Minimum Edge of Coverage Antenna Gain )
.(inc]udes pointing error losses) 370dB
Minimum e.i.r.p. -57.0 JdBW

Other subsystems

The remainder of the satellite subsystems are similar to those of
other communications satellites. Notable variations include the large
power level (about 1700 W at end of life); the comparatively low
battery mass (eclipse power is used only for housekeeping loads and
to keep the Twras warm); the fairly tight attitude control expected (of
the order of +0.07° for roll and pitch and 0.5° for yvaw to maximize
antenna gain and thus minimize the TWTA power level): and the
?ulvanccd thermal control devices, such as heat pipes, that are antic-
ipated to cope with the high thermal dissipation of the TwTas and the
TWTA turn off/turn on thermal transicents that occur during eclipses.

APPENDIX A. Comparisen of shaped versus elliptical satellite
beams

Shaped-beam patterns of a 2.9-m satellite reflector used to generate
ESA coverage have been synthesized and off-axis performance com-
pared with that of an elliptical beam optimized for the same service

’flTU Radio Regulation No. 428A provides that: "*In devising the charac-
teristics of_a space station in the broadcasting-satellite service, all technical
means gva}ilab!e shall be used to reduce, to the maximum extent practicable
the radlatl_on over the territory of other countries unless an agreement hasj
been previously reached with such countries.” \
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area and generated by a [-m reflector. These results represent only
one implementation, but provide information which is believed to
typily possible off-axis envelope improvements under similar geometric
conditions.

Figures Al and A2 show analytically predicted gain contours for the
shaped-beam antenna (operating from a satellite at 115°W) over specific
segments of the earth’s surface, and gain contours of an optimized
elliptical antenna beam (a 3° by 2° cllipse with semi-major axis 20°
counterclockwise from a north-south direction using BSS satellite
antenna characteristics adopted at warc-77). Edge of coverage gain
is 35 dB for the shaped beam and 33.5 dB for the elliptical beam. A
pointing error of 0.1° has been accounted for in the contours shown.

To compare the relative e.i.r.p. of the elliptical and shaped-beam
implementations, the shaped-beam antenna gain contours should be
reduced by 1.5 dB, based on the assumption that the minimum edge
of coverage e.i.r.p. for both implementations would be equalized. The
resultant modified gain values are proportional to e.i.r.p. for each
approach. As an example, contour 4 of the shaped beam should be
reduced to 6.5 dB for comparison with the elliptical beam contours.

Figures Al and A2 show that the shaped beam offers substantial
pattern improvements. For example, over Colombia the shaped beam’s
highest comparative gain is near 0 dB (1.7 minus 1.5), while the
elliptical beam’s highest gain is about 17 dB; over Haiti/Santo Domingo
and Venezuela, the improvement is near 22 dB.

These figures represent only one case, namely, a particular shaped
beam compared with a designated elliptical beam covering a particular
service arca from a specific orbital position, and the results only apply
over the earth segments shown. Although the results provide some
measure of trends, and it is believed that a properly designed shaped
beam always provides improved off-axis envelope (to a gain about 35
dB below the antenna’s maximum gain) over an equivalent elliptical
antenna, analysis of a different case may lead to comparative results
more or less pronounced than those shown here.

Note that large service areas are well suited for shaped beams
because their size is much larger than the individual “*beamlets’ used
to form a shaped bcam (the 2.9-m reflector generates sixteen 0.6°
beamiets to form the £Sa shaped beam). A shaped beam for a smaller
service area, such as onc of the Central American countries, would
probably not be practical, since it requires an extremely large satcllite
reflector.
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Figure A2. ESA-Shaped Beam and Elliptical Beam Gain Contours
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Home equipment terminal characteristics

D. L.. DURAND

Individual residence

The individual reception home equipment will consist of three basic
elements: a receiving antenna with a supporting mount, an outdoor
microwave unit, and an indoor unit (IDU) as shown in Figure 1. The
receiving antenna, its universal mount, and the microwave unit con-
stitute the outdoor unit (opu). The indoor and outdoor units are
connected by a cable. The ODU mounting will vary depending on home
architecture and the foliage or structural blockages in the direction of
the satellite.

The 12-GHz signals received by the home antenna are down-
converted and amplified appropriately for transmission to the 1pU. This
unit, which is located in proximity to the subscriber’s TV receiver.,
further amplifies the received signals, allows channel selection, and
processes the selected audio and video signals to a form that can be
accepted by the subscriber’s unmodified Tv receiver. Input to the Tv
set is at the receive antenna terminals. Figure 2 is an overall block

diagram of one possible form of the individual reception home equip-
ment.

OUTDOOR UNIT

STC’s baseline opu employs an antenna diameter of 0.75 m.
Antennas of 0.6- and 0.9-m diameter may also be used. The antenna
and microwave unit are basically broadband devices which may be
operated across the full BSs operating frequency band and would be
suitable for operation with any 12-GHz Bss system implementation in
the United States. The microwave unit will contain the necessary
amplifiers, mixers, filters, and oscillators to down-convert the received
12-GHz signal to an intermediate frequency, nominally in the 800- to
1300-MHz range. Nominal overall obU performance characteristics are
shown in Table 1. Final specifications will be determined after further
studies and detailed discussions with hardware suppliers.

Abbreviations and acronyms used in this series of papers are defined on
Page 265.
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RECEIVING ANTENNA

A 0.6-0.9 METER DIA.
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Figure 1. Individual Reception Equipment {Basic Elements)

INDOOR UNIT

The 10U will contain the necessary electronics and controls to allow
subscriber channel selection, FM demodulation, descrambling, and am
remodulation. Normal channel reception is expected to be on either
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VHF channel 3 or 4. The 1DU provides a standard NTSC formatted signal
with the usual adjustments of color, hue, volume, and tone retained

in the viewer's Tv receiver.

When second language transmissions are programmed, a switch on
the IDU permits their reception using the viewer's Tv audio channel.
Low-level stereo output jacks will also allow the 10U to be connected
to subscriber-owned stereo equipment suitably located for reception
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TABLE 1. OUTDOOR UNIT PERFORMANCE
(NOMINAL)

Antenna/Mount
Frequency Range
Antenna Diameter (m)
Gain (dB) at 12.5 GHz
Polarization

Adjustment

Wind Survival
Mounting
Weight

Microwave Unit
Noise Figure
Bandwidth IF
Frequency IF
Stability
Temperature Range

12.2-12.7 GHz maximum
0.6, 0.75, 0.9
34.9, 36,8, 384
Circular, selectable at
instatlation
107 — 80° elevation
+ 70° Azimuth
120 km/hr (75 mph)
Universal
Approximately 26 kg

=45 dB

Same as frequency range above
In 800- to 1300-MHz range
+1.0° x 10°°

—20to +38°C

of stereo broadcast transmissions. The subscriber would lower the
sound on the TV receiver when stereo transmissions are broadcast.

Each 1pu will be uniquely addressable to allow control of individual
subscriber service over the air from Las Vegas (¢.g., special program
subscriptions, access to bilingual transmissions and stereo service, and
captioning and teletext services). Table 2 lists the presently planned
performance characteristics of the 1DU.

TABLE 2. IDU PERFORMANCE CHARACTERISTICS

800 to 1300 MHz
3 (expandable with module
change)

Nominal Input Frequency
Number of Selectable Channels

Input Level —75dBm + 15 dBm
Second IF Bandwidth 16 MHz
Output
Frequency VHF channel 3 or 4
60-72 MHz
Signal Level 7 dBmv +3 into 751}
Video-Audio Ratio Approximately + 12 dB
Connector F type

Audio (Stereo) 1 V rms/channel unbalanced
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Community reception

Multiple dwelling units (¢.g., apartments and condominiums) will be
provided with service similar to that of the individual residences
through use of a slightly different outdoor unit and distribution system
as shown in Figure 3.

RECEIVING ANTENNA %

MICROWAVE
UNIT
OUTDOCOR LOCATION
IF
DISTRIBUTION
AMPLIFIER
Y - - _ _ —
A
DISTRIBUTION SYSTEM IF
—————— 1
|
INDOOR LOCATION {
Y \J Y e
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DU DU 10U | DU
‘ L— o
Y | — I _ —_ N
'y —J g | Y i

-
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EQUIPMENT
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Figure 3. Muliiple Dwelling tUnit Receiving Equipment (Basic

Elements)
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This configuration will provide scrambled service to each dwelling
resident and use IDUSs at each set location similar to those required for
individual residence reception. A larger receive antenna and high-gain
IF distribution amplifier are envisioned for multiple dwelling unit
installations.

Service to cable system operators is also contemplated. High-quality
link performance can be achieved at cable head ends with a larger
receiving equipment antenna than the 0.75-m baseline individual
reception equipment. Head end receiving equipment would down-
convert, demodulate, and descramble all channels simultaneously.
Channelizers and regenerators would then condition the signals for
transmission over the cable system using the local cable security
system {0 protect the service.

Teletext

Broadcast teletext transmissions arc cnvisaged which will deliver
selected textual and graphical information to the subscriber. This
information will be transmitted during the normal Tv broadcast periods
with a special digital code embedded in the vertical blanking interval,
and will be cychcally repeated. Through operation of a simple key
pad, the subscriber’s special (optional) teletext decoder will select the
page of interest and store it for local viewing.

Teletext standards have not been fully developed in the United
States. Extensive experiments are planned and standards should be
established before the introduction of STC’s service.

Set-top versions of existing teletext decoding equipment interface
with the Tv receiver at its antenna terminals. However, full display
potential of the Tv tube is not achieved with this cquipment because
the video text generated is impaired by passage through the tuner, 1F
detector, and video circuits. Future television receivers with built-in
teletext reception capability will allow direct drive of the picture tube’s
red, green and blue electron guns; consequently, color saturation and
sharpness limited only by the tube itself will be realized. Effects which
may be present with set-top units (e.g., subcarrier dot crawl, receiver
noise, misregistration of chrominance and luminance, and ghosting)
should no longer be present, and an extraordinarily good display of
text will be possible. When broadcast in this ancillary manner, teletext
may provide access to hundreds of pages of information.

Captioning for the hearing-impaired

Captioning is a process by which the audio portion of a Tv program
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is translated successively into subtitles that appear on the viewer's
screen. A closed captioning process can only be viewed on a Tv set
equipped with a special (optional) decoding unit. Because of the
distractive nature of captions to the general viewer, closed captioning
provides maximum enjoyment to both general viewers and the hearing-
impaired.

Special encoders and decoders have been developed under the
auspices of the United States Department of Health and Human
Services to allow transmission of audio captions on line 21 of the
standard TV signal in the vertical blanking interval. At the TV receiver,
a special decoder extracts the coded information from line 21 and
processes it, controlling character generators and attribute logic to
produce the visible caption.

To prepare for a captioned broadcast, video tapes of the planned
programs will be provided to one of the established National Captioning
Institute centers, where editors arrange the audio dialogue into captions
that are recorded on a magnetic disk. The captions are then digitally
inserted on line 21 of the TV picture during program transmission, so
that it is received along with the regular picture and sound program.

Special decoder units are presently available for closed captioning
under the product name “‘Felecaption.” Two versions are available:
an adapter which easily attaches to an ordinary Tv set, and a 19-inch
color portable set with built-in decoding circuitry.
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Up-link and ground control facilities

D. L.. DURAND

The ground facilities portion of the system will include a centralized
Broadcast Center and System Control Facility (SCrF) near Las Vegas,
Nevada, and backup transmission and monitoring facilities at Santa
Paula, California, and Washington, D.C., respectively. The home
receiving equipment in its various configurations was described pre-
viously.

Construction is to be completed at facilities near Las Vegas, and in
Santa Paula and Washington 1 year prior to the first spacecraft launch,
and full operational status is expected 6 months later.

Las Vegas complex

The Las Vegas complex will be the major ground communications,
operational and control facility of sTC's system. The Broadcast Center
will perform program and RF operations, and other specialized data
processing functions. The SCF provides system control, including
satellite TT&C. Figure | shows a typical layout of the Las Vegas
complex.

PROGRAM OPERATIONS

The Broadcast Center program operations area will control all
aspects of program production, scheduling, editing, reproduction,
evaluation, control, and airing. To accomplish thesc functions, the
facility will contain a comprehensive array of television broadcast
equipment capable of providing up to nine channels of continuous
programming for dissemination to the satellite transmission system.

The output channels and media playback equipment will be directly
controlled by a computerized automated program system, capable of
supervising on-the-air playback without operator assistance. Facilities
for program editing, monitoring, switching. processing, and review will
maintain the highest possible program quality, and a central video
console will provide final production direction, distribution, cueing,

Abbreviations and acronyms used in this series of papers are defined on
Page 265.
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Figure 1. Las Vegas Ground Facility

and control of up-link video. All up-link channels will be monitored
and controlled in this area.

Equipment will be provided for program recording and reproduction
by a variety of media including video tape, film, disc, and other
broadcast quality reproduction formats. Real-time material may also
be used for broadcast and will be obtained via a terrestrial microwave
link,

A modest studio facility with appropriate switching, audio control,
lighting, production cameras. scenery, and furniture will be available
at the Broadcast Center to accommedate local program production.

RF OPERATIONS

The baseband, intermediate frequency, and radio frequency equip-
ment necessary to channelize, scramble, modulate, up-convert, and
process video signals for transmission to the satellitecs will be located
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in the RF operations facility of the Broadcast Center. Under normal
conditions, all up-link video transmissions will originate at the
Broadcast Center. Satellite down-link transmissions will be monitored
for service continuity and tests. Transmissions to the psA and MsA will
be received directly; transmissions to the cSA and ESa normally will
be monitored at the engineering support facility in Washington, D.C.,
but may be patched back to Las Vegas in the event of transmission
anomalies to expedite any necessary corrective action.

Five ll-meter antennas operating in the 12/17-GHz BSs bands are
planned at Las Vegas. One will be equipped with auto track, program
track, and manual positioning capability. The other four antennas will
have limited motion for transmission to the satellites in service. Table
1 lists the planned antenna characteristics, and Figure 2 shows a
representative RF configuration.

The equipment in Las Vegas is designed so that normal Tv program-
ming and TT&C operations can occur simultaneously without impair-
ment or interruption of either function.

DATA PROCESSING OPERATIONS

Certain service information (e.g., request to bring new subscribers
on line), special program subscription, billing data, and home equipment
inventory status or needs will be generated and processed at various
regional locations throughout the country. These data will be formatted
and transmitted to the Las Vegas complex for disposition. Certain
information will require development of appropriate transmissions for
broadcast on the video data subcarrier.

SYSTEM CONTROL FACILITY

The SCF is depicted in Figure 3. Spare and adjacent operating
satellites will be controlled by a single antenna. The sSCF can handle
all facets of satellite housekeeping on a stand-alone basis.

The scF monitors and controls the performance of all satellites. 1t
continuously processes and limit-checks all satellite telemetry data,
generates commands, coordinates ranging and angle tracking of sat-
ellites for orbit determination, and performs other coordinating func-
tions related to launch and transfer orbit operations, and m-orbit
testing. Major components of the sCcF include the operator console,
minicomputers, display panels, and telemetry and command processing
equipment. Considerable redundancy will be provided for all control
center functions.
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TABLE 1. ANTENNA CHARACTERISTICS

Electrical
Operating Frequency Range
Transmit 17.3-18.1 GHz
Receive 12.2-12.7 GHz
Antenna Gain
Transmit 63.5 dBj at 7.5 GHz
Receive 60.5 dBi at 12.5 GHz
Half-Power Beamwidth
Transmit 0.11°
Receive 0.15°
VSWR 1.3t 1
Polarization RHCP/LHCP sclectable
Receive—orthogonal to transmit
Axial Ratio 4ol V
Noise Temperature at 30° Elevation 20K
Mechanical
Antenna Size 11 m
Mount Type Elevation over azimuth
Antenna Point Range Azimuth, 110°

Elevation. 157 to 60°

0.015° rms in 48 km/hr winds gusting te 72
km/hr

0.11° rms in 96 kivhr winds gusting to 136
km/hr

200 km/br any direction

(limited motion)
Pointing Accuracy

Survival Wind Loads
Steering Modes
Full Performance Auto Track
Program Track
Manual Slew
Munual Position
Limited Motion Auto Track
Manual Slew
Manual Position

Transmitter amplifiers dedicated to command functions are sized so
that satisfactory link performance will exist for at least 99.995 percent
of the time. Other TT&C-dedicated units include telemetry receivers,
up/down-converters, and RF filters; adequate redundancy will be
provided for all equipment.

The SCF includes equipment which, in conjunction with additional
equipment located at other field sites, can test the satellites’ initial

performance in orbit. Periodic in-orbit testing, as required, will be
managed from Las Vegas.
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Engineering support facility

STC’s engineering operations will be supported by an existing facility
in Washington, D.C., where personnel will provide overview support
for satellite system technical operations (including monitoring ESa and
Csa transmissions), perform orbital mechanics computations, handle
specialized data reduction and analysis, provide advice on engineering
decisions (e.g., satellite battery management), and aid sCF personnel
in the event of satellite anomalies. The facility, which will require some
equipment augmentation, will be interconnected with the SCF via
terrestrial voice and data links. and will be equipped with computers,
telemetry processors, display panels, and related equipment.

Santa Paula faeilicy

An existing CoMsaT GENERAL earth station site at Santa Paula,
California, will be augmented with one |1-meter antenna and appro-
priate equipment in the initial phase of implementation to provide full
backup of all satellite control functions. This station will also be
equipped with facilities for {imited video program up-linking and
customer advisory services in the event of a major failurc at Las
Vegas. The Santa Paula facility will be linked with the Las Vcgas
complex and the engineering support facility in Washington, D.C., by
both full-period and dial-up terrestrial data/veice circuits.

David L. Durand reccived a B.S. in elecrrical
enginecring from Indiana Institute of Technofogy.
He is carrently Divector of Equipment Engineering,
Surellite Television Corporation. He joined COM-
SAT in 1965 us a member of the technical stuff.
From 1969 to 1974, he was Chief Enginecr at the
Andover Earth Station, Andover, Maine, and from
1974 10 1977, Manager of the COMSAT General
Earth Station. Southbury, Connecticui. Prior fo
Joining COMSAT, Mr. Duwrand was with the Na-
tional Radio Astronomy OGhservatory at Greenbank,
West Virginia, and the Atlantic Missile Range. Cape Canaveral, Florida,
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DEBS/FS frequency sharing

J. E. WHITWORTH

The 12-GHz frequency band allocated to the BSS at WARC-79 is
presently used domestically by the Private Operational Fixed Service,
which has approximately 1,600 licensed transmitters. As the name of
this service implies, most users of the band are private organizations,
(Approximately 64 percent are in the business/industrial category; the
remainder are educational institutions; city, state, and local govern-
ments: emergency/medical; and religious organizations.)

Some of the characteristics of this service that will affect sharing
possibilities are:

a. The Fcc has designated paired 20-MHz channels 260 MHz
apart, and paired 10-MHz channels interleaved between the 20-
MHz channels, which are 240 MHz apart.

b. A high percentage (65 to 70 percent} of the systems are video
or wideband digital with 20-MHz bandwidth assignments.

¢. Typically, pathlengths are quite short (24 percent of the paths
are less than or equal to 1.6 km) and antennas are small (0.6 to 1.8
m). Transmitter powers typically range from 20 mW to | W,

d. A high percentage of users are presently located in a few
major metropolitan areas, such as Los Angeles and New York,
creating serious frequency congestion in these cities.

The potential for interference from the Fixed Service into pBS home
receivers has been analyzed [1] and found to be a significant problem
that must be resolved before introducing DBS in the United States.
Basically, three possible sharing alternatives exist: co-channel sharing,
adjacent channel sharing (interleaving), and band segmentation.

STC has evaluated all three possibilities through predictive modeling
of interference levels and a field measurements program. The meas-
urements program was conducted to accomplish the following:

a. determine the extent and magnitude of potential interference

Abbreviations and acronyms used in this series of papers are defined on
Page 265.
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in several of the major metropolitan areas where frequency
congestion in the 12.2- to 12.7-GHz band is significant;
b. provide a basis for comparing predicted and measured inter-
ference levels to develop a more realistic prediction model; and
¢. evaluate the possibility of implementing either co-channel or
adjacent channel frequency sharing.

Measurements were made at 16 different sites in Boston, New York
City, Philadelphia, and Cleveland. The data obtained indicated that
the level of interference that would be experienced by DBS home
receivers is significantly less than that predicted by commonly used
computer models. Figure 1 shows the cumulative distribution of the
difference between measured and predicted values. As the figure
indicates, 85 percent of the measured values were more than (¢ dB
below computer-predicted values. The difference results from the fact
that computer-predicted values typically do not consider terrain,
foliage, and structure shielding of the small DBS antenna, or fine grain
pattern variations of the Fs antenna.

Although typical levels of interference were significantly below
predicted values, measured interference levels were high enough to
lead sTC to conclude that co-channel interference would be a serious
problem. {Values corresponding to 2 C/} = —2 dB at the input to a
typical DBS receiver were measured.)

The actual spectrum occupancy of the Fs systems in the band was
in many cases less than that allowed by the assigned bandwidths, On
the other hand, there were cases of digital modulation in which the Fs
spectrum occupied the total 20-MHz bandwidth, and if DBS systems
were interleaved (i.e., operating + 10 MHz from these Fs systems),
unacceptable interference would be experienced.

The results of the measurements program were used as an input in
the development of a more realistic computer model, which could then
be used to predict the number of households that would experience
unacceptable interference from Fs systems. The analytic model culled
a data base of current FS systems to determine their frequency,
transmitted power, antenna pattern, and location, and used these data
to compute interference intensity contours. These contours were then
used to compute the number of households that would likely experience
unacceptable interference in six major metropolitan areas: Los Angeles,
New York City, Cleveland, Philadelphia, Dallas, and Boston.

The interference intensity contours were prepared on 13 arc minute
width maps that were subdivided into 7%z arc minute quadrants. Figure
2 shows the complexity of these contours in and around Boston (each
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Figure 2. Interference Intensity Contours for the Boston Area
(12280/12420/12660 MHz Composite)
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numerical value in the figure represents a different interference level).
These maps were used to calculate the percentage of the area that
contained interference levels corresponding to a C/1 value of less than
35 dB.

As indicated, actual Fs installations, with their individual character-
istics, and realistic DBS antenna patterns were used for these calcula-
tions. In addition, the propagation model used for the calculations
assumed an extra 10 dB of attecnuation based on field measurements.
It was also assumed that the DBS home terminal antenna would provide
47-dB discrimination {relative to the main beam) against FS interference.

Demographic data from the 1970 U.S. census (updated to 1979 on
the basis of such information as birth rate and construction permits)
were used to calculate the number of households in each of the 7% arc
minute quadrants. These demographic data were available for 1-minute
by 1-minute grids throughout the United States. The percentage of the
area of each 72 arc minute quadrant with predicted interference
of C/1 less than 35 dB was multiplied by the number of households
in each quadrant, and the numbers of households with such inter-
ference in each quadrant were added to arrive at the results in Tables
1 and 2.

As shown in Table [, approximately 6.4 million households in the
six metropolitan areas, or approximately 51 percent, would experience
unacceptable interference with co-channel sharing.

TABLE 1. Co-CHANNEL SHARING: NUMBER OF HOUSEHOLDS IN
MAJOR METROPOLITAN AREAS THAT MIGHT EXPERIENCE
SIGNIFICANT FS INTERFERENCE

MAJOR METROPOLITAN AREAS NOMINAL Caspt +10 dn
(MM As) {THOUSANDS) {THOUSANDS)

Los Angeles 3,018.3 3,949.8
New York (ESA) 2.588.6 4,451.2
Bo-ston (ESA) 3447 797.3
Philadelphia (ESA) 248.4 377.7
Dallas 135.3 362.3
Cleveland (ESA) 84.1 223.5
Total National MMAs 6,419.4¢ 10.361.8
Total Eastern Service Area MMAs 3,265.8 6,049.7

“Cities located in STC’s proposed Eastern Service Area (ESA) are identified.

*Number of households that would have a C/I less than 35 dB on one or more of the
12,270 MH_z, 12,410 MHz, and 12,650 MHz frequencies,

“Approximately 51 percent of the total households in these MMAS,
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To provide a basis for sensitivity analysis, a second case labeled
“+10 dB"" is shown. This would be the predicted number if, for
example, the DBS antenna provided 10 dB less isolation than assumed
for the nominal cases. As shown, in the + [0 dB case, the number of
households experiencing unacceptable co-channel interference would
increase to 10.4 million,

Table 2 shows the estimated number of houscholds in the six major
metropolitan areas that would experience interference if adjacent
channel sharing were attempted. The nominal case in the table assumes
a DRS receiver filter selectivity providing 30-dB isolation against the
adjacent channel Fs signals. Even with this assumption (which would
require very sharp filter skirts in the home terminal), approximately
930,000 households in the six major metropolitan areas would still
experience unacceptable interference. A + 10-dB case is again shown,
representing the situation if either the pBS antenna did not provide the
assumed sidelobe discrimination, or the filter selectivity provided only
20-dB instead of 30-dB isclation against adjacent channel interference.
The number of houscholds experiencing interference increases to
approximately 2.6 million in this case.

TABLE 2. ADJACENT CHANNEL SHARING: NUMBER OF HOUSEHOLDS
IN MAJOR METROPOLITAN AREAS THAT MIGHT EXPERIENCE
SIGNIFICANT FS INTERFERENCE

MAIOR MEETROPOLITAN AREAS NOMINAL Case® + 10 ds
(MMAS) {(THOUSANDS) (THOLSANDS)

Los Angeles 634.3 1.661.2
New York (ESA) 2242 T14.6
Boston (ESA) 323 1.0
Philadelphia (ESA) 10.8 35.7
Dallas 13.4 62.3
Cleveland (ESA) 15,1 46.3
Total National MMAs 930.1¢ 2.621.1
Total Eastern Service Area MMAs 282.4 897.6

«Cities located in STC's propesed Eastern Service Area (ESA) ure identified.

*Number of househotds that would have a /1 less than 35 dB on one or more of Lhe
12,280 MHz. 12.420 MHz, and 12,660 MH~ frequencies.

cApproximately 7 percent of the total households in these MMAs.

These results show that the number of households that potentially
would suffer interference is significant. despite the fact that realistic
assumptions were incorporated in the modeling {(e.g.. the 30-dB filter
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isolation factor used in the adjacent channel case and the extra 10-dB
attenuation over free space used in both the co-channel and adjacent
channel cases to account for shielding effects).

Note that even though the number of households experiencing
interference in the adjacent channel case is significantly less than in
the co-channet case, the former still is not a good solution. It would
not be possible to predict beforehand which households actually would
experience interference without conducting a site survey for each
customer. Therefore, not only would adjacent channel sharing require
excellent filtering in DBS receivers but, in addition. it could create
serious operational and installation problems.

In summary, it was concluded that co-channel sharing is not feasible
because of the unacceptably large number of households that would
be affected. There does not appear to be any practical way of localing
pRS home receivers so that interference could be avoided. A second
conclusion was that adjacent channel sharing, although not as prob-
lematic as co-channel sharing, would still result in a significant number
of households (7 percent) that might be subject to interference. [t could
also create serious operation problems and nccessitate a difficult and
costly receiver design.

The third sharing alternative that has been investigated is band
segmentation, for which several approaches have been considered. All
the preferred approaches recognizce the basic characteristics of rs
users, and are designed to minimize impact on existing FS uscrs. For
example, the band could be segmented with & single boundary. From
the viewpoint of spectrum efficiency, this is an optimum approach,
and also has the advantage of limiting the rF bandwidth of the pES
home terminals, which could reduce costs and lower the receiver noise
figure somewhat. The Fs frequency plan presently in use in the band,
however, provides predominantly for paired (20-MHz) assignments
separated by 260 MHz. Therefore, to minimize the impact on FS users,
twg bands separated by 260 MHz could be cleared for DBS systems.
This wguld continue to provide Fs systems with the same frequency
separation for their paired frequencies, and would result in only one
Fs frequency being displaced for cach Bss frequency assigned.

Recently, strategies for band scgmentation that would lead to efficient
band sharing have been examined. Based on an analysis of the Los
Angeles area, it has been determined that the existing F$ systems in
that area, which now span the entire 12.2- to 12.7-GHz band, could be

corppacted into approximately half this bandwidth if the following
actions were taken:
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«. Some systems presently assigned 20-MHz channels with
capacity requirements of less than 300 telephony channels are
reassigned to 10 MHz.

h. A new oplimized frequency assignment plan is developed
for Fs making maximum use of the present paired frequencies.

c. All systems with 0.6-, 1.2-, and 1.8-m antennas are requircd
to upgrade to 1.8-m high-performance antennas, and all 2.4-m
antennas are upgraded to 2.4-m high-performance antennas, to
reduce intrasystem interference and allow more frequency reuse
within a given geographical area.

d. Two “‘star” type networks (one with 17 radial paths, the
other with 13 radial paths) plus approximately 16 additional paths
are reassigned outside the 12.2- to 12.7-GHz band.

Since Los Angeles is by far the most congested area of the country in
terms of Fs use, the same amount of compacting could be accomplished
nationally with relative ease.

The overall cost of clearing a given part of the band for DBS is
reduced if frequency compacting is used in conjunction with moving
some FS systems to other bands. Since there is considerable unused
spectrum allocated and available to the terrestrial fixed service in the
18- and 22-GHz bands, there should be no barriers to FS operation in
these bands.

Some classes of Fs systems are better suited than others to move to
higher bands. In general, short-haul, single-hop systems could move
up easily at minimal cost and with no significant degradation of service.
Figure 3 shows the distribution of path lengths of systems presently
using the 12.2- to 12.7-GHz band. As shown in the figure, 55 percent
of the paths arc less than or equal to 8 km. These types of systems
should be first considered for reassignment to the higher bands. In
addition, approximately 10 percent of the currently operating Fs
systems are providing less than 300 channels of telephony. Recently,
equipment for operation in the 18-GHz band for these types of
telephony systems has become available.

Some types of Fs systems could not move to higher bands quite so
easily. Long-haul, multihop systems are one such type, along with
systems that have very high reliability requirements. In such cases,
movement out of the band, while still possible, could be expensive.
Therefore, 1o the extent that movement out of the 12-GHz band is
necessary to accommodate DBS, systems that happen to be on the
frequencies assigned to pDBS should not simply move out; rather, the
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efficiency of present FS band use should be examined, and a sequence Abbreviations and Acronyms
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of moves planned that takes into account inefficiencies i p AKM  Apogee Kick Motor
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W. H. CUrry, Jr.

(Manuscript received July 18, 1981)

Abstract

In early 1981, Satellite Business Systems (sBS) initiated customer services
consisting of private, switched networks for integrated voice, digital. and
image transmission using satellite links among carth stations located on
customer premises.

SBS plans to evolve systein capabilities to allow the introduction of shared
services for customers with more modest transmission needs and to accom-
modate growth in large networks.

The paper relates the essential engincering features to the resulting opera-
tional capabilities, and describes currently planned system evolution. Segments
discussed include the satellite, carth station, and telemetry, tracking and
command (TT&c) and control configuration, as well as the time-division
multiple-access (TDMA) burst architecture.,

System and service overview

SBS offers large-capacity telecommunications services to business
and government organizations via communications satellites providing
conn.ectlvity throughout the contiguous 48 states. Customer services
consist of private line, switched communications networks for inte-
grate_d voice, data, and image transmission among dispersed customer
locations. In addition, Communications Network Service, Series A
(CNs-A) provides advanced services, such as video teleconferencing
and other high-data-rate transmissions, which are economically sup-
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ported through earth stations located on customer premises.

The transmission capacity of the customer’s network is allocated
among network earth stations as needed. Optional transmission ca-
pacity can be provided on demand to a network during pecak traffic
periods. Other Cns-A features, such as voice activity compression,
further improve transmission efficiency and thereby reduce the cost of
quality service.

SBS earth stations can interconnect with customer-provided pBxs, '
data terminals, and other communications terminak equipment, as well
as with other common carrier communications services and facilities.
Customer equipment collocated with an $BsS earth station can be I
interconnected with conventional on-site facilities. Customer terminal

locations remote from the carth station can be interconnected by
communications facilities or by services acquired either by the customer
or by sBs on the customer’s behalf from other common carriers.
Complete interconnectivity of all services specified by the customer
is provided by the system swiltching and transmission design. The

principal operating features of cNs-a and the technical features that
make them possible are summarized in Table 1.

TaBLE 1. SBS SERVICE/TECHNICAL FEATURES

CNS$-A FEATURES GOVERNING TECHNOLOGY

Integrated Voice. Data, and Image
Transmission

Time Division Multiple Access
Private Networks All-Digital Transmission

Bulk Transmission Encryption® (op- RF Transmission at 12/14 GHz
tional)
Unattended Earth Stations* 5- or 7-Meter-Diameter (nominal) Para-

bolic Antennas
Centralized Network Management
Dynamic Allocation of Network Capacity

Port Activity Compression for Increased
Transmission Efficiency

Temporary Assignment on Demand of
Pooled Transmission Capacity (optional)

* Evolutjionary.

Because of the wide range of alternatives and the great flexibility
offered by the sBS design, there is no ‘‘typical”” CNs-A network. A
network can consist of as few as 3 or as many as 100 earth stations,
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each serving as a switching node for as many as 365 voice circuits (or
the equivalent capacity in data trgnsrpnsmon). to an aggregate of about
12 Mbit/s per satellite communications controller (sc¢). The earth
station configuration is shown in Figure 1. .

Users perceive little significant differcnce between $BS service and
the service and procedures characteristic of local pyblic telephone
companies and private networks. For examplef, call dialing procedures,
audible call processing signals (dial tone, ringing, busy), and the speed
of completing connections are similar. An advantage of CN$-A is that
it extends these reliable services to high-ratc data and image trans-
mission. Moreover, network transmission capacity may be used inter-
changeably for voice or data and dynamically assigned among network
nodes as needed.

SBS plans to introduce additional services late in 1981 to economi-
cally serve customers with smaller traffic volume by sharing nctwork
resources. Communications Network Service, Series B (CNs-B), will
permit two or more private networks to share an earth station. Message
Service Type 1 (Ms-1) will permit low-cost long-distance telephone
service. Access to MsS-1 earth stations will be via dedicated lines
furnished by sBs. Later, sBs plans to introduce ms-11, which will
connect users to earth stations via the public telephone system.

The sBS design features which allow the fiexible evolution of these
services include stored program controlled switching and processing
at earth stations, and time-division multiple-access of the satellite
transponder. The details of that design and the planned cvolution of
the services are addressed in the sections that follow.

Major system segments

The major system segments are the ground, space, and control
segments, whose interrelationship is depicted in Figure 1. The Tr&C
system and the network control center (NCc) provide satellite and
network control for all customer networks. Individual customer net-
works consist of three or more earth stations communicating through
atransponder. A key component of cach earth station is the scc, which
performs a variety of functions summarized in Table 2.

One earth station in each transponder provides the TDMA timing
reference and dynamic capacity allocation for all networks operating
in the transponder. This station, called the reference station, performs
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The ground segment consists of all the customer-premises earth
statfons. As indicated in Figure 1, the main components of an earth
station are the port adapter system (PAS)', the scc, the burst modem
{BM), the radio frequency terminal (RFT), and the monitor and command
(M&C) system. The functions of these components are summarized in

EARTH
STATION
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Table 2. The significant earth station RF characteristics are summarized
in Table 3.

TABLE 3. EARTH STATION CHARACTERISTICS

Antenna Diameter 5 7
Nominal {m)
e.ir.p. (dBW) 79.8 82.7
GIT (dB/K) 30.4 333
Gain (dB)
Receive 53.8 56.7
Transmit 5583 58.2
Beamwidth
3-dB Points (deg)
Reccive 0.37 0.27
Transmit 0.31 0.22
Polarization
Receive Horizontal Horizontal
Transmit Vertical Vertical
Tracking Stepped Stepped
Command Command

Other earth station components now under development include the
data aggregator (DAg) and the specialized carrier switch (scs). The
Dag will allow networks to operate across more than one transponder,
thus increasing the overall network capacity. The s¢$ cxpands the
voice-band switching and call processing capacity of the system. These
capabilities, needed to allow for system growth in CNS-A, CNS-B, and
Message Services, arc described in more detail in the section entitled
Svstem Evolution.

Earth stations are configured with an r¥ shelter and antenna which
are co-located on the customer premises, as shown in Figure 2. The
shelter houses the transmitting and receiving RF chains (amplifiers and
frequency converters) necessary to couple the up-link (14-GHz) and
down-link (12-GHz) from/to the 70-mi1z intermediate frequency of the
burst modem.

The antenna diameter normally used is approximately five meters.
A larger antenna (nominal 7-meter diameter) is available at sBs
discretion to ensure acceptable performance in some geographic areas.
Five-meter antennas are intended to be roof or ground mounted,
whereas seven-meter antennas are normally ground mounted. A low-
noise amplifier (LNA) is mounted on the antenna structure for improved
receiving (G/T) performance.
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Figure 2. 5.5-Meter-Diameter SBS Antenna and RF Shelter Installed
on Customer’s Rooftop in Chicago, Hlinois

The remaining earth station components (burst modem. satellite
communications controller, and port adapter system) are located on-
site convenient to interconnections to the customer’s communications
plant and terminals. These components are connected to the RE shelter
and antenna via a 70-MHz interfacility link (1rL). The M&c loop,
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connecting the carth station components to the network control center
through the satellitc communications controller, is designed to allow
unattended operation of the earth station.

SBS intends to have more than 50 earth stations installed by year-
end 1981 and approximately 200 by year-end 1983. Some of these
installations will be required to support services that exceed the
capacity of a single sCC and some must be able to operate in more than
one transponder. Thesc variations are discussed in more detail in the
section entitled System Evolution.

Space segment

The sBs space segment includes the satellites, the TT&c earth
stations, and the satellite control facility (scF).

Satellites

Each satellite carries 10 active and 6 redundant traveling wave tube
amplificrs (Twras), each of nominal 43-MHz bandwidth, plus 1 active
and 3 redundant receivers. One receiver serves all TWTAs. (A receiver/
TWTA combination is referred to as a transponder.) The satellite
communications subsystems are shown schematically in Figure 3.
Figure 4 is a photograph of the sBs (Hughes Aircraft Company type
376) spacecraft undergoing tests.

The satellite orbit is precisely maintained to minimize satcllite drift
and thereby eliminate the cost of accurate earth station antenna
tracking. The satellite antenna coverage, shown in Figure 5, has been
shaped to provide weighted coverage of the contiguous U.S ., favoring
the arcas of high earth station density.

Using a Delta vehicle, sBs launched its first satellite into geostationary
orbit at 100°W longitude on November 15, 1980, A second Deita vehicle
launch to 97°W longitude is scheduled for fall 1981 and a Space Shuttle
launch to 94°W longitude is scheduled for 1982,

Telemetry, traeking, and command (TT&C) Earth Stations

Space segment operational support is provided by a complex con-
sisting of a beacon station, a control station, and a satellite control
facility. For a spacecraft launch, additional tracking and command
facilities to provide worldwide coverage are leased.

SBS uses two geographically separated 1T&C stations for receiving
telemetry from the satellites, for tracking to determine the orbital
parameters, and for issuing commands to the satellite. Each station is
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Configuration

now equipped with antennas and associated equipment that wil! enable
simultaneous processing of TT&C signals and beacon transmissions.
The satellite uses the beacon RF carrier as a reference for antenna
pointing. The TT&C signals arc transmitted to each satellite as modu-
lation of the beacon RF carrier.

One TT&C earth station located at Castle Rock, Colorado, is desig-
nated as the primary beacon station. Figure 6 is an architect’s rendering
of this station. The other TT&C station is combined with the satellite
control facility at Clarksburg, Maryland, and is designated as the
primary control station. Figure 7 is an architect’s rendering of the
Clarksburg Tre&c site.
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Figure 4. SBS-1 (Hughes type 376) Spacecraft Undergoing Tests

BEACON STATION

The beacon station currently consists of a fully steerable antenna
and RF terminal equipment, two limited motion RF terminals, and
tracking, telemetry, and command processing facilities. The beacon .
station provides the following functions for the SBS system: Figure 6. Castle Rock, Colorado, TT&C Fuacility
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#

Figure 7. Clarksburg, Maryland, TT&C Facility

a. primary tracking beacon for satellite antenna pointing,

b, primary satellite commanding {modulating the tracking
beacon),

¢. in-orbit tesling,

d. drift orbit monitoring,

¢. secondary telemetry processing,

f. tone ranging.

Each of the limited motion antennas is dedicated to a specific
geostationary satellite and provides beacon and command capability
and secondary telemetry processing. The fully steerable antenna
supports the drift orbit monitor/control and in-orbit testing and ranging,
as required, and provides backup to the limited motion antennas and
RF transmitting and receiving functions.

CONTROL STATION

The control station currently consists of two limited motion antennas
and RF systems, and the associated TT&cC processing facilities. It serves
the following functions in the SBS system:

a. primary telemetry processing,

b. secondary spacecraft commanding and beacon transmission,
¢. RF system monitoring,

d. tone ranging.
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The control station also has a prototype customer-premiscs carth
station RF terminal to support system testing.

Satellite control facility

The satellite control facility—the nerve center of the TT&C system—
is responsible for control of satellite operation. Satellite commands are
formulated in the satellite control facility and forwarded to the proper
TT&C earth station for formatting and transmission. In addition to
general monitoring of the satellite status, this facility is used to perform
the following specific functions:

a. to generate, validate, and transmit commands;

b. to evaluate telemetry information;

¢. to relay attitude and ranging data to the orbit determination
computer at COMSAT;

d. to receive attitude and orbit correction parameters from
CoMsAT computers and generate proper correction commands;

e. to evaluate inputs from the RF system monitor;

f. to exchange appropriate information with the network control
center.

RF system monitor

The RF system monitor (RFSM) is a key component of the satellite
control facility used to analyze transmissions from all sBs satellite
transponders for their RF characteristics. It has receive and display
equipment that is tunable over the entire satellite down-link frequency
band. It is collocated with and shares an RF terminal with the satellite
control facility.

Current sysiem operation

The SBs system supports private customer networks providing both
advanced and conventional communications services. The advanced
services involve high transmission rates and connectivity not otherwise
available, The conventional services are those that customers accept
as standard from commeon carriers, but that can be flexibly integrated
with more advanced customer requirements.

A ONS-a Network consists of all the earth stations serving a particular
customer, the access lines, and a satellite transponder. Customer-
premises earth stations (CPES) communicate among one another via
TDMA bursts in the transponder. More than one network may operate
in any given transponder.
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SBS designates one carth station in cach transponder as the reference
station. The reference station provides the accurate time reference
needed for 1DMA and controls the allocation of network capacity.

CNS-B Network operation is similar except that some customers
may share the resources of specific earth stations. The resuiting cNs
features are described in the following sections.

Full conneetivity

All earth stations in a nctwork can communicate directly with all
other earth stations in the same network. Likewise, any switched
station on a customer’s network (¢.g., telephone or data terminal} can
be connected on a dial-up basis to any other compatible station.

Dynamic network capacity allocation

Because earth station transmissions and satellite access are accu-
rately controlled in time., network and satellite transponder capacity
can be fiexibly and efficiently assigned to meet dynamically changing
customer tratfic requirecments. In a CNS network, as opposed to
networks using fixed-capacity trunk routecs, changing the relative
transmission time allocated to earth stations in a given network permits
the network capacity to be dynamically allocated to match the demand.

Five levels of capacity allocation control operate in conjunction to
provide demand assignment of network capacity:

a. assignment of full-time transmission units (FTUs} to the
network for basic services (tariffed feature);

b. dynamic assignment of demand transmission units (DTUS) to/
from a network as network loading changes (optional tariffed
feature);

¢. fully variable/demand assignment (Fv/DA}, a standard CNs
feature;

d. variable destination/demand assignment (vo/DA), a standard
CNS feature;

e. voice activity compression (VAC), a standard CNs feature.

FULL-TIME TRANSMISSION UNITS

An FTU is a full-time assignment of 224 kbit/s of simplex transmission
capacity to a CNS network. The minimum tariffed ¢NS network
configuration is one FTU per earth station and three earth stations per
network (minimum of three FTus per network). Since the number of
FTUs reguired to support a network is a function of the network
configuration, changes to the FTUs in a specific network would normally
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be made commensurate with major nctwork reconfigurations.

The FTUs are assigned to a network rather than to individual earth
stations. The transponder reference station can automatically allocate
capacity to specific earth stations on demand within the neiwork
capacity boundaries established by the number of network Frus (and
prus) authorized by the customer.

DEMAND TRANSMISSION UNITS

A portion of each transponder’s capacity (time assignment) is
available in a pool for assignment on demand to customer networks
that have selected this tariffed option. A DruU is 224 kbit/s of transponder
capacity assigned from a common pool {subject to availability) to a
customer’s network. Upon request, the reference station increases or
decreases network capacity from/to the pTU pool in minimum ncre-
ments of 224 kbit/s. The maximum augmentation available to a network
is limited to thc number of DiTUs authorized by the customer. DTU
capacity changes are implemented over TDMA superframe burst bound-
aries, which occur several times per second.

FULLY VARIABLE/DEMAND ASSIGNMENT

The reference station normally allocates available nctwork capacity
by assigning the burst length {capacity) of each network earth station
determined by the total network leased capacity (FrUs and DTUs). This
capacity allocation is based upon the current traffic, which is reported
by each scc to the reference station several times per second. Total
network capacity is thereby efficiently reallocated among network
nodes (earth stations) as nodal traffic requirements change.

VARIABLE DESTINATION/DEMAND ASSIGNMENT

To enable a call at an originating earth station to be directed to a
specific address served by a destination earth station, the TDMA frame
structure provides a destination address for each traffic channel in an
earth station transmission burst. Therefore, the transmit SCC can
flexibly load its assigned burst capacity with traffic without regard to
the traffic destination. Further, the reference station need not be
concerned with the assignment of received capacity to individual earth
stations, since the destination scc can screen the aggregate network
traffic as received and strip off for processing and delivery those trgfﬁc
channels with local addresses. Variable destination/demand assign-
ment—a standard feature of cNs TDMA—thereby simplifies the process
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of adding new calls and deleting old calls from the burst traffic channels
at each earth station and facilitates efficient utilization of transmission
burst capacity.

VOICE ACTIVITY COMPRESSION

Typical periods of port inactivity substantially cxceed the earth
station burst repetition interval of one burst every 15 ms (6673 bursts
per second). Voice activity compression—another standard feature of
CNS TDMA—teduces channel loading by recognizing temporarily in-
active voice ports and excluding their data from traffic channels in the
TDMA burst.

Voice activity compression is implemented by sampling the content
of voice-band transmit buffers and filling assigned burst capacity
according to a priority system that excludes information from inactive
ports. Since telephone conversations are marked by frequent pauses
and listening periods that substantially exceed the 15-ms transmission
burst repetition rate, there is frequently no need to assign a traffic
channel in every burst to every port carrying a conversation in progress.
If no new voice information is received, destination receive buffers
insert normal idle channel “‘noise’ to the talker’s receive circuit so
that a normal telephone conversation ensues.

The network capacity assignment features discussed in the previous
paragraphs resuit in a significant reduction in the transmission capacity
that would otherwise be necessary to support a given function and
network, and thereby provide significant cost savings to the users.

Time-division multiple-aceess (TDHMA) architecture

Many of the ¢N§ advanced features are possible because access to
the satellite transponder is controlled in the time domain. This process
is called time-division multiple-access (TDMA)}. The SBS TDMA burst
architecture is designed to allocate transmission capacity among earth
stations of a network according to total network activity. This is
achieved by assigning each earth station in the network an exclusive
periodic time interval during which only signals from that satellite
communications controller appear in the transponder. The duration of
this exclusive time assignment is dynamically varied (shortened or
lengthened) 1n response to changes in traffic activity among the sccs
of a network. Specific scC transmit burst time boundaries (capacity)
are assigned by the transponder reference station as a result of periodic
capacity status messages from each 8CC operating in the transponder.
Changes to SCC capacity assignments are implemented within seconds.
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Figure 8 is a diagram of the sBs TDMA frame structure showing the
frame, the control field, the traffic ficld, and a traffic channel. The
frame is exactly 15 ms in duration, including the unassigned portion.
A superframe is 300 ms in duration, and consists of 4 groups of 5
frames, or 20 frames total, The superframe represents a complete SCC
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status reporting and capacity assignment cycle for a transponder.
Changes in the capacity allocation among the transpondcr SCCs can
occur only at superframe boundaries.

The frame {Figure 8a} is the basic repetitive unit of the TDMA
structure. The frame duration is controlled by a primary frequency
standard (atomic clock) at the refercnce station with an accuracy of
one part in 10° or better. (This basic repetition rate is subdivided as
necessary to drive all of the clock circuits in the scc, including the
digital data port clocks.)

The control field (Figure 8b), identified by a synchronizing burst
from the reference station scc, marks the beginning of each frame. It
has a duration of 10.5 channels. (A channel, consisting of 512 bits, is
the basic capacity measure of the TpMA burst hierarchy.) The control
field is used by the reference station to transmit burst time boundaries
(capacity assignments) and other control information such as any
deviation from the nominal satellite range (propagation delay).

The control field also contains the (ransmit reference burst (XRB)
sent by each scc in the transponder once per superframe. The XRB is
used to report traffic activity and earth station status and alarms. and
to confirm the accuracy of the transmitting station’s synchronization
with the reference station.

The traffic field (Figure 8¢) contains the individual traffic bursts from
each SCC utilizing the transponder. Each scc’s tratfic burst is separated
from the previous scc’s burst by several symbo! periods of guard time,
followed by the synchronization preambie identifying the next scc
traffic burst. The preambie is then followed by the number of active
traffic channels at the scc, which is constrained by the current scc
burst length assignment by the reference station.

Each traffic channel consists of an address portion (16 bits plus an
additional 16 bits for forward error control of the address portion),
followed by 480 bits of traffic data. A channel represents 480 bits per
frame and 32 kbit/s, which is the equivalent voice delta modulation bit
rate,

In the case of data transmission, the channel represents the next 480
data bits. For data rates less then 32 kbit/s, data accumulate at a rate
less than one channel per 15 ms and therefore need not be included in
each burst. On the other hand, for data rates exceeding 32 kbit/s, the
data accumulate at a rate greater than one channel per 15 ms and
therefore multiple channels per burst must be allocated. The scc stored
program gencrates the proper channel transmission patterns to effi-
ciently load each scc burst. For example, the burst pattern for a data
port operating at 9.6 kbit/s is three channels per ten bursts. The pattern
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for a data port operating at 224 kbit/s is seven channels per burst.

If the capacity allocated to an scC exceeds the number of active
channels during a frame, the scc fills out its burst with null channels.
Should traffic activity exceed the assigned capacity, then one or more
ports (usually a voice port) will not be allocated a channel in the next
burst. This condition is referred to as “‘freezeout.”” Because of the
redundancy of speech, an occasional 15-ms freezeout of a voice port
will not impair a conversation in progress.

If the 15-ms frame capacity is not fully used by the (one or more)
subscribing networks operating within a transponder, the reference
station will assign the unused capacity to itself so that the entire frame
will be filled. This unused capacity represents a pool of transmission
capacity that is available to be assigned to one of the customer
networks as demand transmission units (D1Us).

System evolution

SBS currently has under development a series of system enhance-
ments planned to extend the range of services that can be competitively
offered. These evolutionary capabilities will allow service extension
to both larger and smaller volume users. The planned system com-
ponents, configurations, and services are described briefly in the
following paragraphs.

Data Aggregator

Some large private and shared nctworks (CNs-B, Message Scrvice)
will outgrow in a few years the capacity and connectivity afforded by
a single transponder. The data aggregator. currently under develop-
ment, will allow a netwark to operate through two or more transpon-
ders. An earth station will be configured to transmit into one tran-
sponder (one up-link transmission) and receive data streams from two
or more transponders (multiple down-link reception). The two or more
down-link data streams will be screened for addresses and those
destined 1o local users will be collected into a standard 15-ms frame
for processing by the scc. Earth station up-link transponder assign-
ments will be made 10 batance the network traffic load. Figure 9 shows
such a configuration using the data aggregator to receive from four
transponders simultaneously. Since all stations can monitor the data
streams of the four transponders, full network connectivity is preserved
although stations can transmit on only one transponder.

Some earth stations (with or without data aggregators) may be
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required to support more than one RF transmit chain sharing a single
antenna. The data aggregator design allows it to support as many as
three sccs (Figure 9). yWithout a data aggregator, two SCCs can be
installed at an earth station by using separate R¥ terminals and a single
antenna, as shown in Figure 10. The necessary additional component
is the hybrid coupler to allow both RF terminals to operate with the
single antenna.
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| SeC#3 | R
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BURST
MODER
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Figure 10. Earth Station Configuration Using Two RF Terminals
and One Antenna

Specialized earrier switeh

SBS is procuring a digital switch and call processor to provide voice-
band services for small volume (Message Service) users. For such
applications, customers will be charged by call activity, as opposed to
CNS-A and B services, in which the charges are based on full-time lease
of the service without regard to usage (with the exception of DTUSs).
The specialized carrier switch will concentrate small volume demands
and route calls using either satellite or terrestrial transmission paths
as appropriate.
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A typical earth station configuration employing a specialized carrier
switch is shown in Figure 11. The specialized carrier switch may or
may not be collocated with the earth station. As mentioned earlier, use
of separate RF chains will permit a single antenna to be used at an
earth station to serve cNs-B and Exchange Services.
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t

I BURST
e —— sc MODEM TO/FROM
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ACCESS | gwITCH I
LINES ses) =

<—|—Q‘—‘ SPECIAL LOCAL
P > l DISTRIBUTION
| |

FACILITIES

—

TERRESTRIAL
TRUNKS
{TO OTHER SCC's)
Figure 11. Earth Station Configuration with Specialized Carrier
Switch (used for Message Services)

Local data distribution

A current impediment to the expansion of high-data-rate (>9.6-
kbit/s) communications applications is the lack of the local (within a
30- to 50-mile radius of the application) distribution factlitics that are
pervasive for voice-band (=3-kHz) services. To demonstrate the
technology for providing such services, $8S is currently providing the
earth stations and the satellite link between local data distribution
networks in New York City and San Francisco. This demonstration
uses cellular radios operating in the recently authorized 10-GHz band
and coaxial cable to connect high-data-rate terminals with the sBS earth
stations. Figure 12 shows the concept, which is planned to demonstrate
operational capabilities starting in the third quarter of 1981.

Bulk encryption

SBS has under development a bulk encryption feature that will
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protect all the information channels of a network. This feature, which
is planned to be available in the second half of 1983, will use the
federally approved Data Encryption Standard (DES) algorithm.

Encryption/decryption will be implemented as a modular option for
either single- or multiple-transponder ¢Ns-a Networks.

Teleeconferencing

The use of coordinated video, facsimile, and audio technology to
allow meetings among groups dispersed across the contiguous United
States promises to significantly improve business productivity, Over
the past several years, $Bs has conducted demonstrations and partic-
ipated in the development of specialized equipment to make video
teleconferencing an economical and effective business tool. These
efforts have led several $BS customers to plan for the implementation
of teleconferencing service in late 1981 and early 1982.

SBS offers consulting services for design and implementation of
tf:leconferencing facilities, and, of course, provides the transmission
links among customer premises.

Dynamic assignment of network capacity, discussed earlier, is a
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significant factor in making teleconferencing (and other high-data-rate
services) cost effective.

Conclusion

The sBS system is now involved in revenue operations, and customer
installations are proceeding rapidly. As of late summer 1981, 21
customers had subscribed to the initial private network service (CNS).
The first satellitc was launched to [00°W longitude on November 15,
1980, and the second satellite is scheduled for launch to 97°W longitude
in late September 1981, The number of installed earth stations will
exceed 50 by year-end 1981 and 200 by year-end 1983.

The system design allows for a variety of earth station configurations
to support a wide range of competitive services. The system evolution
is proceeding to extend economical service to both larger and smaller
volume users.

The operational experience gained by SBS in evelving cxpanded
service capabilities is also being applied to the second generation
system planning. Over the next decade, $Bs intends to continue to
assume a leading role in implementing technological and engineering
innovation to enhance business productivity.
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4/6-GHz ionoespherice scintillation
measurements during the peak of
sunspot cycle 21
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Abstract

Since 1970, ComsaT Laboratories has been conducting C-band ionospheric
scintillation measurements using INTELSAT carth stations around the world.
Early data established the existence of 4- and 6-GHz ionospheric scintillations
and gross features, such as dependence on local sunset conditions, diurnal and
seasonal patterns, geomagnetic boundaries, and magnitude of frequency ()
dependence. Analyses of power spectral density confirm an f* dependence
for weak scintillations, which can be explained by the conventional weak
scattering theory for a thick screen with a power law electron density
fluctuation spectrum of p = 4. Data collected from 1977 to 1980 at the Hong
Kong Earth Station provide further insight into 4- and 6-GHz scintillations
during maximum solar activity. Characteristics such as occurrence frequencies,
durations, global scales, and spectral roll-off slopes are unique in that they had
not been observed in previous years. Peak-to-peak fluctuations of up to 14-dB
magnitude were observed for which the f * power spectrum dependence is no
longer valid. In terms of cumulative statistics, a model of scintillation increase
as a function of solar activities was developed for engineering applications.

Introduciion

Studies of electromagnetic wave propagation in the ionosphere datc
back half a century, with T. L. Eckersley’s {(1930) among the earliest

293
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[1]. However. not until World War Il and later did engincers and
scientists engage in large-scale research on this subject. Lovell and
Clegg present a good summary of work done before 1950 [2].

In the 1960s and 1970s, scattering mechanisms became the focus of
studies of ionospheric wave propagation studies. Practical scatter
communications systems were implemented at unr, and the theory
was used to develop probing techniques and diagnostic methodologies
for the upper atmosphere [3]-[6]. Among these, scintillation analyscs
of forward- and backward-scattered radio waves determined charac-
teristics of ionospheric inhomogeneitics. i.e., the irregular fluctuations
of dielectric constant. Such analyses are essential in establishing
cumulative statistics for fading and/or scintillation, which are nceded
to evaluate the reliability of communications links. Since the mean
fluctuation of the diclectric constant, (e — ), is inversely proportional
to the square of the frequency, the level of electromagnetic wave
interaction with ionospheric plasma decreases with frequency. Before
1970, therefore, it was assumed that no ionospheric scintillation would
occur at gigahertz frequencies.

Since 1970. COMSAT Laboratories has been measuring 4/6-GHz
ionospheric scintillations through INTELSAT earth stations and satel-
lites. These measurements produced a significant finding that was
confirmed by other researchers: cven at gigahertz frequencies, iono-
spheric scintillations of appreciable magnitude do ¢xist [7], [8]. Intense
signal fluctuations often erupt suddenly without a noticeable precursor
and can last for hours with intermittent changes in magnitude and time
rate [9]-[16].

The gross features of 4/6-GHz ionospheric scintillations can be
summarized as follows:

«. Scintillations occur in the geomagnetic cquatorial region,
mainly between 30° GMN and 30° GMS and expand and contract
as solar activities increase and decrease, respectively.

b. The frequency of occurrence of scintillation events has strong
diurnal peaks. The probability of occurrence is greatest about one
hour after local ionospheric sunset, and scintillations may last for
hours until midnight.

. The frequency of eccurrence varies by season, with peak
activity around vernal equinox and high activity at autumnal
equinoex.

d. An f-* relationship with s between 1.5 to 2.0 exists between
the 4- and 6-GHz scintillation amplitudes.
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¢. The power spectral densities of the scintillation generally
exhibit a power law frequency dependence for spectral frequencies
greater than the Fresnel frequency. An =1 asymptotic frequency
dependence can be considered rcasonable for most weak scintil-
lation events.

All these features have annual variations related to the Il-year
sunspot cycles.

This paper analyzes tonospheric scintillation data collected at the
Hong Kong Earth Station from March [977 to October 1978 and from
November 1978 to June 1980, as the solar activities increased toward
the peak of the current sunspot cycle 21 as shown in Figure 1. The
data provide further details of ionospheric scintillations which arc
unique in solar maximum years.
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Experimental configurations

~ Two geostationary satellites, five earth stations, and eight up/down-
link signals were involved in the experiment. The two satellites,
lNTELSAT v F8 Pacific Ocean Region (POR) and INTELSAT 1v-A Fl
Indian Ocean Region (10R), were at 174°E and 63°E, respectively. The
five earth stations were Stanley, Hong Kong; Sentosa, Singapore; Si
Racha, Thailand; Paumalu, Hawaii: and Padukka. Sri Lanka. Detailed
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information is given in Table 1. Only the Hong Kong Earth Station
(HK) was used for data collection. The separation between the I0R-HK
and POR-HK links in the lonosphere at an altitude of 300 km is about
2,000 km, or about 1 hour geographical local time. Two beacons and
six communications carrier signals were monitored at the Hong Kong
Earth Station, as illustrated in Table 2. The lowest transmission path,
from Si Racha to POR, has an elevation angle of approximately 8°. The
elevation angles for all the other paths are more than 10°, which is well
above the angle (~5°) at which tropospheric and multipath effects may
degrade microwave signals [17]-[19].

After more than 10 years of continuous measurements at selected
INTELSAT earth stations, the method of monitoring carriers and data
analysis for inospheric scintillation studies have been standardized
[15]. For each carrier or beacon signal, a buffered output proportional
to the automatic gain control (AGC) voltage is fed to a strip chart and
an FM magnetic tape recorder for data collection. The input to each
IF amplifier includes an attenuator, which is normally set at 5§ dB; the
amplifier gain is then adjusted to accommodate the attenuation. The
data can thus be calibrated by changing the attenuation in 1-dB steps
to provide a = 35-dB range for a scintillation experiment within +0.5-
dB accuracy. This accuracy limit is established because even under
clear sky conditions, the buftered 1F output has small noise-induced
variations.

Data analyses for strip chart data follow the 15-minute Py, and P,
method of Whitney, Aarons, and Malik [20]. The scintillation index,
ST, is then defined as

Pmax - Pmin
e Ml w
Prn;lx + Pmin 100%

ST =
51 is used for the evaluation of cumulative statistics for a year and for
a worst month, which are essential for system applications. Magnetic
tape data are analyzed for a detailed study of severe scintillation events
for research purposes.

General patterns of signal fluetuations observed at
an earth station

To identify ionospheric scintillation, it is first necessary to recognize
the general patterns of signal fluctuations observed at 4 GHz in a
standard INTELSAT 30-m antenna receive system, Figures 2-4 give
patterns observed at the Taipei Earth Station during 1977 [15].
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EARTH STATION INFORMATION

TABLE 1.

ELEVATION

GEOGRAPHIC LLOCATION

MEASUREMENT

ANGLE

ANTENNA
(SATELLITE)

GLOMAGNETIC

EARTH
STATION

Periop

{DEG)

LaTITUDE

LLATITCDE

LONGITUDE

19.59
27.76

HKI1{POR)

Stantey,

1977-1980

10.52°N HKZ2(10R)

2

22°1

114°13E

Hong Kong

42.78
11.31

7.87
43.94

SNHIOR)
SN2(POR)
SRUPOR)
SR2(IOR)

Sentosa,

1979-1980

10.36°5

O1°15'N

103°50°'E

Singapore
Si Racha,
Thailand

1977-1980

13°06'N 1.57°N

100°56'E

Paumalu.
Hawaii

21°40'N 21.40°N PA(POR) 49.05 19771978

158°02'W

Padukka,

07°11'N 2.88°§ PD{IOR) 67.12 1977-1978

80°06'E

Sri Lanka
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TABLE 2. SIGNALS MONITORED AT HONG KONG
EARTH StaTION (HK)

FrEQUENCY (MHz)

PATH Up-LINK DowN-LINK NATURE
POR — HKI1 None 3950 = 2.5 POR Beacon
SN2 — POR — HKI 5977.5 3752.5 Communications Carrier
SR1— POR — HKI 6227.5 4002.5 Communications Carricr
IOR - HK2 None 3950 = 2.5 IOR Beacon
SNI — I0R — HK2 6190.0 3965.0 Communications Carrier
SR2 — 10R — HKI1 6103.75 IR7R.7S Communications Carrier
PA — POR — HKI| 5940.0 37150 Communications Carrier
PD — 1OR — HK2 6097.5 3872.5 Communications Carrier

Figure 2 reveals a typical pattern in which mild (less than 4 dB}, but
clearly noticeable scintillations occurred mostly along the 10r link.
These events started suddenly, and reached maximum peak-to-peak
fluctuation in a few minutes. Major scintillations lasted less than 2
hours. but mild fluctuations did net taper off until past local midnight.

Figure 5 shows the spectra of the six 10-minute records given in
Figure 2. Spectra A and F (beforc and afier the intense signal
fluctuations, respectively) are typical of weak scintillations. The mean
square fluctuations of amplitude increase with frequency at the low
frequency end until they rcach the maximum near the Fresnel fre-
guency. Beyond this point, the spectra roil off in a Gaussian form.
However, during signal fluctuations (B, C. D, and E), the characteristics
of roll-off change from Gaussian to a power law form. For the four
records (B, C, D, and E)}, the roll-off slope remains approximately the
same, yielding an f* dependence. Theoretically, the /=7 dependence
is consistent with the conventional weak scattering theory. with a
power law electron density fluctuation index of p = 4 [4], [10]. [11],
[15]. [16].

Figure 3 is a signal fluctuation pattern resulting from atmospheric
turbulence and local wind. Strong signal fluctuations were observable
from beacon and tracking channels at both 10R and POR antenna receive
systems. The fluctuations are caused not only by effects such as
turbulent refraction, lower atmospheric gradient, and local tcrrain
multipath, but also by the angle-of-arrival change resulting from the
dynamic response of the earth station automatic tracking systems [16].
For earth stations, such as Taipei and Hong Kong, thosc fluctuations
occur predominantly in the early morning or early afternoon.
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Figure 2. General Patterns of Signal Fluctuations Observed From
an Earth Station Antenna Receive System—lonospheric Scintillation

Figure 4 shows a typical pattern for carth stations during precipi-
tation. Absorption of water vapor and raindrops attenuates clectro-
magnetic waves. The attenuation is not apparent in the figure because
at 4 GHz the valuc of attenuation coefficients is very small [21]. Signal
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fluctuation is evident in beacon channels but not in tracking channels
because, during absorption, no significant amount of phase or wave-
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Figure 4. General Patterns of Signal Fluctuations Observed from an
Earth Station Antenna Receive System—~Precipitation

front diqurtion will occur. The beacon fluctuations are attributed to
the volatility of water vapors, and characteristics of raindrops such as
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particle size, shape, drop-size distribution, and terminal velocity [21].

Fluctuations of tropospheric origins shown in Figures 3 and 4 can
be further differentiated from the ionospheric scintillations in Figure
2 by studying the power spectral densities in terms of factors such as
Fresnel frequencies and roli-off slopes. The turbulence structures in
the lower atmosphere have scale sizes, clongations, and refractive
index corrclation spectra that are distinctively different from those in
the ionosphere [11], [12], [15], [16]. o c
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Figure 6. Monthly Glance at Ionospheric Scintillations in March 1979

the solar maximum year g 2 € 1 —& | -
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From March 1979 to March 1980, ionospheric scintillations of over E - - '
1.0-dB peak-to-peak fluctuations at cither 10R or pOR links were 2 & 2
observed at the Hong Kong Earth Station for about 100 evenings. In 2 = 5

2000
|
|

March 1980, scintillations occurred almost every evening, as shown in
Figure 6. The frequency of occurrence (20 evenings in April 1979 and
10 evenings in September 1979) confirms the theory that scintillations
have seasonal variations, with peaks at vernal and autumnal equinoxes.

Except for the evening of March 21, 1980, when only the 10Rr link
scintillated, the monthly glance clearly suggests that scintillations
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usually occurred on both links and lasted from 3 to 5 hours in at least
one link. This behavior had not been observed in earlicr years when
sunspot numbers were much lower. For example, in Figure 2, only the
10R link indicated fluctuations for about 2 hours, although residual
fluctuations remained. Obviously, ionospheric disturbances responsible
for gigahertz scintillations are stronger, larger, faster, and of longer
duration during years of high solar activity than during years of low
to medium solar activity. A similar conclusion has been reached by
researchers studying various types of ionospheric disturbances, some
of which are related to gigahertz scintillations, such as equatorial
spread-F and gravity waves.

Figures 7, 8, and 9 provide records of three 1onospheric scintillation
events in March 1979, In all three figures, the fluctuation patterns of
the two carrier signals from the IOR satellite are well corrclated,
irrespective of the up-link paths (i.e., whether the signals are from
Singapore or from Thailand). This is also true for the fluctuation
patterns of the two POR satellite signals. This correlation has proved
valid for data collected over the year, suggesting that i1onospheric
scintillations observed from an earth station are predominantly down-
link phenomena.

o000 -
374779

SIGMAL LEVEL {dB!

! 35 dB

Figure 7. Records of fonospheric Scintiflation on March 3—, 1979

SIGNAL LEVEL (dB)
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Figure 7 shows that the 10R link scintillated before the ror link,
which is rare for a year of maximum solar activities. Before 2200 hours
local time, significant scintillation occurred in the 10Rr link, while the
por link had only low-level fluctuations. Furthermore, the 10R scintil-
lation started suddenly without any precursor. These features are
typical for years of low solar activities, as illustrated in Figure 2. 10R
scintiliation lasted almost an hour and then faded quickly. A separate
and obviously uncorrelated scintillation event occurred along the POR
link at about 2200 hours. The signal fluctuation enhanced itself gradually
until it reached a magnitude of about 8 dB peak-to-peak. The event
lasted slightly more than an hour and was followed by another minor
event with peak-to-peak fluctuations of 3 dB.

Figures 8 and 9 represent the majority of events with the following
typical characteristics:

a. Scintillations occurred on both links. Although the onset
times of the two links were not simultaneous {they differed from
afew minutes to 2 hours}, the scintillations nevertheless overlapped
for a significant length of time (from 20 minutes to several hours).
That the two links are separated at an F-max height (300 km} of

\
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Figure 8. Records of lonospheric Scintillation on March 18-19, 1979
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about 2,000 km suggests that ionospheric disturbances, which
created irregularities causing ionospheric scintillations, may have
scales on the order of at lcast 2,000 km.

b. Most scintillations did not erupt suddenly, but with a no-
ticeable gradual increment of fluctuations as precursors. Fre-
quently, the scintillations were intermittent for an entire evening;
they were not confined to 2 to 3 hours as those observed in
previous years. Individual fluctuation cvents lasting more than 2
hours along at least one link were common.

¢. Because of the precursor, it is difficult to identify the exact
onset time of a scintillation event. However, the figures clearly
show that the PoR link scintillated much earlier than the 10Rr link,
and the time delays of scintillations between the two links were
on the order of 30 minutes to 2 hours. This indicates that gigahertz
scintillation is an ionospheric sunset phenomenon, and the time
delays are associated with the ionospheric sunset times at altitudes
of 200 to 400 km where F-region irregularities are known to be
present under disturbed ionospheric conditions.

d. An extensive effort was made to correlate the scintillation

e D100.
3/21/79

SIGNAL LEVEL (dB)

IOR TX:5R RX:HK

Figure 9. Records of Ionospheric Scintillation on March 20-21, 1979
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patterns between the two links with a proper shift of time scale
to accommodate the time delays. Detailed correlations between
the links could not be established; hence, it was concluded that
the scintillations along the two links were independent events,
Recent observations [22], [23] suggest that, although the disturb-
ances may have a spatial scale as large as 2,000 km and a time
scale of several hours, and travel with the ionosphere from east
to west in line with the local sunset, the specific irregularities
responsible for scintillations nevertheless exhibit much smaller
spatial scales and are relatively short-lived.

Further details on ionospheric scintillations can be obtained by
examining the signal fluctuation patterns in the frequency domain.
Since data collected at Hong Kong involved AGc voltages correspond-
ing to the intcnsities of the waves incident on the antenna, only power
spectral densities can be analyzed.

Power spectral density curves for the event on March 18, 1979 are
plotted in Figure 10 for three separate 10-minutc segments of data
starting at 2100, 2300, and 0000 hours local time, As expected, the
mean square fluctoation first increases with frequency until it reaches
a maximum at the Fresnel frequency, beyond which it starts to roll off
with a power law slope. Note that the roll-off slope no longer follows
an f~ law with » equal to approximately 3, as observed in scintillation
studies for previous vears [4], [11], [13], [15], [16]. The slope and the
Fresnel frequency change significantly as a function of time, as does
the peak-to-peak fluctuation. To illustrate this point, the Fresnel
frequencies and roll-off slopes for the three representative events given
carlier are tabulated in Table 3.

The differences between scintillations on the POR link and on the 10R
link can be clearly scen from Table 3. During the sunsct hours in Hong
Kong, the 10r link penetrates the ionosphere westward in the direction
of the sun. The 10R scintillation events have Fresnel frequencies
generally less than 0.100 Hz and f~ roll-offs with # < 3.0. On the
pther hand, along the eastward por link, which penetrates the dark
1onosphere, scintillation cvents show a spectral broadening effect, with
Fresnel frequencies consistently greater than 0.10 Hz. The broadening
effect is caused by multiple scatterings, which are more likely to occur
along the eastward than along the westward link. Furthermore, the
rt?ll-off slopes along pOR are significantly steeper than those of 10r
since the value n cxceeds 3.0 all the time. Ionospheric irregularitics
along the 10r and pPOR links are obviously not identical. They differ in
physical parameters such as height, size, moving velocities, and
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random refractive index spectra, which dictate the Fresnel frequencies
and roll-off slopes.

Annual statisties of seintillation and their solar cycle
dependence

For communications applications, the cumulative statistics (i.e., the
percentage of time in a year, and in a worst month, that ionospheric
scintillations exceed a given level) are crucial for link design. These
statistics are needed to establish the system margins that ensure the
desired quality of a link. Annual statistics of ionospheric scintillations

TABLE 3. FRESNEL FREQUENCY AND ROLL-OFF SLOPE OF SCINTILLATION EVENTS

GIVEN IN FIGURES 7, 8, AND 9

IOR LINK

POR LINK
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are provided in Figure 11, where poR and I0R beacon signals are shown
in solid and dashed lines, respectively. Besides the four sets of annual
statistics covering March 1977-March 1978, October 1977-October

rrrrr 1T T rrrr T T [1 TTTT T 7T I
1978, November 1978—November 1979, and June 1979-June 1980, the
figure also includes statistics collected in two earlier measurcments: 8 I
March 1975-March 1976 as measured in Hong Kong, and June s 28 Eifi 5
1976-June 1977 as mecasured in Taipei. Recalling the surge of monthly oz T TTEET E e
sunspot numbers from 1975 to 1980, shown in Figure 1, one can readily v 72 g -
conclude that ionospheric scintillations are closely correlated with L_ o gzg -
solar activities. o iR z 23 -
To examine this correlation further, the occurrence of scintillations | G RRRgER 2 § < N
was evaluated in terms of the percentage of time in a year during it é:é%?@ i h
. .- . . F - B Zaht > Z L o n
which peak-to-peak signal fluctuations excecded 1.0 dB, as a function $388%83 2ag _
of the monthly averaged Ziirich sunspot numbers for past and present B ! @ .
INTELSAT ionospheric scintillation programs. For each program, upper Lo e
and lower bounds of occurrence are established based on the maximum I~ % fifiif =
2 cooses

and minimum percentages of occurrence monitored in the multiple
carrier channels. The bounds of the abscissa are the maximum and
minimum monthly sunspot numbers observed. Figure 12, which gives
a summary plot, suggests a log-linear dependence of the scintillation
occurrence on sunspot numbers for the years in which the maximum
sunspot number is less than 70. A gradual saturation appears as the -
sunspot number exceeds 70.

Cumulative statistics for communications carriers at the Hong Kong -
Earth Station are similar to those for the beacons because the 4-GHz
down-link path is always dominant for signal fluctuations observable — Huw
at the receiving station. The cffects of the up-link path and of the
satellitc on carrier fluctuations observed at down-link are complicated -
and involve such phenomena as up-link scintillations, rain attenuations
and depolarization, transponder nonlinearity, interchannel and co- L
channel interferences, antenna peinting crrors, signal angle-of-arrival
variations, and sky brightness temperature changes. Most of these
phenomena can be regarded as attenuation in the time domain and
dispersion in the frequency domain, which tend to have a smoothing
effect on scintillations. The smoothing effect is evident in Figure 13,
which compares cumulative statistics for carriers and beacon signals.
Statistics for carrier signals are consistently lower than thosc for = - e =
beacons. For the por/sk link, which involves a low elevation angle up- -
link path with a considerable amount of up-link tropospheric scintil-
lations over a ycar, the difference of statistics can be 2 to 4 dB for a
fixed percentage of exceedance time. Beacon statistics mark the upper

7
PEAK-TO-PEAK FLUCTUATION (dB)
Annual Statistics of lonospheric Scintillations at Hong Kong Earth Station

Figure 11,

Q30330%3 $1 ¥SSIDSEY IHL FWIL JO IDVINIDHAD
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Figure 2. Dependence of 4-GHz Equatorial lonospheric
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limit of signal fluctuations for all carriers in communications systems
applications.

Worst-month statistics

In digital communications systems, outages from loss of synchro-
nization and the time required to restore it are critical. To establish an
outage condition, a typical CCIR criterion is that the mean 1-minute
value of the bit-error rate should not be worse than 10-* for more than
0.3 percent time in any month [14], [15]. Consequently, in addition to
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Figure 13. Comparison Between Cumulative Statistics of Beacon
Signals and Carriers

annual statistics for ionospheric scintillations. worst-month occurrence
statistics are also essential.

The worst month can be defined either as the worst calendar month
or as the worst 30 days. The worst calendar month is a month in which
the maximum minutes of peak-to-peak signal fluctuations are equal to
or greater than 0.5 dB, the minimum detectable level of ionospheric
scintillation, The worst 30 days is a continuous 30-day period covering
major scintillation events with the highest magnitude of peak-to-peak
fluctuations in the entire year. For years of low and medium solar
activity when the scintillation level is low to moderate, worst-month
statistics for both definitions differ substantially, which would yield
Substantial differences in assessing the impact on a digital communi-
cations system [14], [15]. In solar maximum years, such discrepancy
does not exist. For either definition, March 1s the worst month for
1979 and for 1980. In both months, ionospheric scintillations occurred
almost every evening and maximum peak-to-peak fluctuations were
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registercd. The worst-month statistics for March 1980 are shown in
Figure 14 along with annual statistics and “4.4/1 conversion’” statistics
for comparison. The 4.4/1 conversion is an engineering rule, used when
worst-month statistics are not available to convert annual statistics
into monthly statistics, or vice versa | 4]. According to this rule, the
annual percentage exceedance for a given scintillation level is multiplied
by 4.4 to derive the worst monthly percentage exceedance for the same
scintillation level, The figure shows that this rule generally underesti-
mates scintillation by approximately 1 dB of the actual worst-month
statistics.
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Figure 14. Worst-Month Statistics and 4.4/1 Conversion Statistics at
Hong Kong Earth Station

The diurnal variation of ionospheric scintillation is shown in Figure
15, which clearly indicates that ionospheric scintillations occur after
local sunset. For the POR link, activity starts around 1800 hours local
time, increases drastically with time, and peaks between 2000 to 2200
hours. Activity decreases gradually through midnight, then drops off
quickly in the early morning after 0200 hours. The pattern for the 10R
link is similar but has a time lag of approximately | hour.
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Monthly scintillation variations are shown in Figure 16. The two
peak activity periods are March and September, Compared with earlier
re§ults [7(, 18], [13], it is evident that during solar maximum years,
scintillation activities spread considerably around the equinoxes. How-
ever, the pattern is not necessarily universal. Recent AFGL ionospheric
scintillation measurements at Ascension Island, in which ComsaT
Laboratorics also participated, indicated that January is the worst
month and March is a quiet month in that location. It is suggested that
the monthly variation pattern is geometrically dependent on the
Propagation path relative to the location of intense ionization patches
In the ionosphere known as the Appleton Anomalies [22], [23].
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Conclusions

T[onospheric scintillation measurements at Hong Kong from 1977 to
1980 coincided with the solar maximum period of the current solar
cycle 21. During 1979 and 1980, scintillations were observed for
approximately 100 evenings, a much longer time than in previous
years. Additional data have provided a new view of the phenomena:
many scintillations appear unique compared with those of previous
years. Satellite beacon signals with maximum peak-to-peak fluctuations
of 14 dB were observed. Furthermore, simultaneous observations of
signals from the POR and I0R satellites provided a rare opportunity to
examine ionospheric scintillation on a global scale. Scintillations
frequently occurred on both links with POR usually starting fluctuation
first. The onset time delays varied from a few minutes to 2 hours.
Power spectra revealed that the f * dependence is no longer valid.
Scintillations in evening hours at Hong Kong, as observed from the
eastward link pointing to the dark zone of the ionosphere, do not
correlate with those observed from the westward link pointing to sunlit
areas of the ionosphere. Solar cycle dependence is evident when
cumulative statistics are compared for six consecutive |-year periods.
Worst-month statistics provide correction criteria for the empirical 4.4/
1 conversion rule used for system engineering applications.
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Abstract

Methods of designing and realizing generalized dielectric resonator filters in
a microwave integrated circuit structure are presented. These methods permit
realization of the most general transfer function characteristics of narrow
bandpass filters, including real, imaginary, and/or complex transmission zeros.
Design and test results on an elliptic function bandpass filter show close
agreement between the theoretical response and the experimental data.

Introduction

Microwave integrated circuit (MmIc) technology offers numerous
advantages in the realization of varicus components for satellite
transponders. Advances in Mic technology and requirements of high
reliability, performance, mechanical and thermal integrity, light weight,
ease of tuning and testing, and reproducibility led to the development
of integrated MIC receivers [1] for satellite transponders. In addition,
the introduction of solid-state microwave power amplifiers in the
transmitiers will contribute to the integration of portions of the
transponders. However, high-quality microwave bandpass filters re-
quired in the channelizing input and output multiplexers need high @
resonators for their realizations. Waveguide cavities that cannot be

* This paper is based on work performed at Comsar Laboratorics under the
sponsorship of the International Telecommunications Sateliite Organization (INTEL-
SAT).
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reduced to Mic form are currently used for such filters. For the
multiplexers to meet required electrical performance specifications
under environmental conditions, the waveguide cavities must be made
of a highly temperature-stable material. Invar is the most commonly
used material for this application, although recently lighter graphite
fiber-reinforced plastics (GFRP) have also been used in the construction
of flight-qualified filters. Therefore, integration of the channelizing
input multiplexers in an MIC structure is a very desirable development
in transponder and filter technology.

Since high Q resonators arc necessary in the realization of these
filters. the conventional edge-type coupled resonators in microstrip or
strip lines are not suitable. High dielectric constant low-loss materials
present an attractive medium for realization of the narrowband filters.

A dielectric body having free-space boundaries can resonate in
various modes [2]-[4]. If the dielectric constant of the malerial
constituting the body is high, the electric and magnetic fields of a given
resonant mode will be confined within and ncar the resonator and will
attenuate to negligible values at a distance that is small compared to
the free-space wavelength. Therefore, radiation loss is usually very
small, and the unloaded @ of the resonator is limited mainly by losses
inside the dielectric body. In most materials, the magnetic permeability
is unity, and no magnetic losses exist. Electric field losses occur
because of the nonzero loss tangent of the dielectric material. If all the
electric energy of the resonant mode is stored inside the dielectric
resonator, and if no losses occur because of external fields, then the
unloaded @ will be given by @, = 1/tan &. In practice, the relative
dielectric constant (e,) of the material is large. but finite, and external
losses always result because of radiation or dissipation in the surround-
ing metal shield. These losses tend to reduce (),, whereas external
electric-stored energy tends to increase ,. For a relative dielectric
constant of 30 or higher, these cffects are small, and @, = I/tan § is
a good approximation. Typical tan & values for materials of intercst are
about 0.0001 to 0.0002; therefore, (0, values of 5,000 or more may be
expected.

For the fundamental mode resonance, the dimension of a dielectric
resonator is one-half wavelength in the dielectric material. Since
A, = MV,, where A, is the wavelength in dielectric and A the wave-
length in air, the resonator dimensions will be small compared to A if
€, is large. Because the dimensions of an air-filled waveguide cavity
are of the order of the free-space wavelength A, a dielectric resonator
can be made much smaller than a waveguide cavity resonator.
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Much work was performed about 10 years ago on dielectric resonator
filters with materials such as TiO, that possess a relative dielectric
constant of about 100 at room temperature [51-[7]. This material, used
in filter applications, has a disadvantage: its dielectric constant varia-
tions with temperature amount to about 1,000 ppm/°C, compared to
[nvar cavities which register 1 ppm/°C. This fact greatly limits the use
of dielectric resonator filters in most applications. Recent developments
in low-loss, high relative dielectric constant and low temperature
coefficient materials [8]-[9] have revived interest in the subject. With
the newly developed materials, the unloaded Q’s of metallic cavities
and the stability of Invar can be approximated. Though several designs
of dielectric resonator filters in coaxial and waveguide realizations
have been developed [10]-[11], no elliptic function filter realization
using dielectric resonators has beenreported. Realization of generalized
transfer functions of bandpass filters with finite transmission zeros
(i.e., elliptic function and group-delay-equalized filters) using dielectric
resonators should be valuable in achieving smaller and lighter filters
and multiplexers for easy integration.

This paper describes new configurations of dielectric resonator filters
that realize the most general transfer functions suitable for MIC
structures and that are potentially useful for satellite applications.
Since the estimated loss in these filters is higher than that of corre-
sponding waveguide filters, their use may be attractive in input
multiplexers where losses are tolerable. Filter configurations given are
of the canonical form {12}, where the “‘series’” couplings between
resonators are provided by either the evanescent fields outside the
resonators or by microstrip lines; the “shunt™ or *‘cross” couplings
are produced by microstrip lines of appropriate electrical lengths.

Since, in the realizations presented here, the dielectric resonators
are embedded in the inhomogeneous medium of the microstrip sub-
strates and various metallic boundaries, their resonant frequencies are
considerably different from those of isolated resonators; therefore, an
iterative analytical method for computing resonant frequencies of
dielectric cylindrical resonators in inhomogeneous media was devel-
oped [13] and is summarized in the next section.

The main steps in computing the coupling between a dielectric
resonator and a microstrip transmission line are also presented.
Measurements on several test cases show good agreement between
theory and experimental data.

The new configurations for the generalized bandpass filters using
dielectric resonators and microstrip lines are exemplified in the design



324 COMSAT TECHNICAL REVIEW VOLUME 11 NUMBER 2, FALL 1981

of a representative filter that verifies the basic principle of realizations
of finite transmission zeros. Measured response of this filter, which
was constructed and experimentally tested, agrees well with the
theoretical model.

Dimensioning the resonaior

Several approximate methods have been developed [4], [7], [11] for
determining the resonant frequency of a dielectric cylinder in the
presence of either one or two conductor planes perpendicular to its
axis. When a resonator is used in a microwave circuit employing a
microstrip transmission medium, the microstrip substrate, as well as
other dielectric supports and metallic boundaries, can significantly
alter the resonant frequency predicted by the idealized conditions
usually assumed.

This section summarizes the results of a method for computing the
resonant frequency of a high dielectric constant cylinder inside a
metallic cylindrical cavity [13], which includes a microstrip dielectric
support and several options for supporting the resonator (Figure 1).

CYLINDRICAL
CAVITY

DIELECTRIC
RESONATOR

DIELECTRIC
HOLDER
MICROSTRIP
MICROSTRIP LINE
SUBSTRATE
{al b i

Figure 1. Three Possible Ways for Supporting a Dielectric
Resonator Coupled to a Microstrip Line (a) from below; {(b) from
above; (c) from the side edge

The basic assumptions are as tollows:
a. All dielectric materials involved are isotropic and lossless.
b. The metallic boundaries are perfectly conducting.

¢. The electromagnetic field distribution is that of the dominant
TE,; mode.

Figure 2, which shows the configuration analyzed, consists of a
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Figure 2. Cross Section of Cavity Under Analysis

cylindrical, high dielectric constant material (region 3), positioned
within three layers of different dielectrics (regions 1, 2, and 4).
Reference 13 describes the method for obtaining the resonant frequency
of the dominant mode in this structure.

Examples of the results for the resonant frequency as a function of
both physical and geometrical parameters are given in normalized form
in Figures 3 to 5. Several important conclusions can be drawn trom
these data. First, the metallic boundaries strongly affect the free-space
resonance by shifting it up to 25 percent. Second, variations of the
diclectric constant of the microstrip substrate will produce a pertur-
bation of less than 1 percent if its nominal value is not greater than half
the resonator dielectric constant and its thickness is not larger than
one-fourth of the resonator thickness. Also, the side walls effect can
be neglected if they are farther than one resonator radius away. The
theoretical results extracted from Reference 13 were compared to
several experimental data sets obtained with different size resonators
placed inside different boundaries; it was concluded that the accuracy
of the method is better than 1 percent, and a sample of these results
is provided in Figure 6.
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Figure 3. Normalized Resonant Frequency of a Dielectric Disk in
the Presence of a Dielectric Coated Conductor Plane

Computation of coupling between dielectrice
resonators and microstrip

Since the filter realizations considered use dielectric resonators
coupled to microstrip transmission lines, accurate determination of
physical dimensions and properties of the coupling structure is essential
for successful filter designs. This section presents the basis for
theoretically computing the external @ of a dielectric resonator coupled
to a microstrip transmission line. The following basic assumptions are
made in the analysis:

a. The width of the microstrip line is small enough so that the
field distribution in the resonator is not significantly disturbed
from the field configuration of the dominant TE,,; mode.

6. The coupling line length of the microstrip within the resonator
is smaller than a quarter wavelength in the substrate.
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means. In the first configuration, the resonators are placed inside a
rectangular metal box, which is also thc microstrip housing. The
dimensions of the housing must be those of a waveguide below cutoff
for the frequency band used to avoid spurious modes.

The second configuration for generalized filters provides indirect
coupling between resonators by first coupling the energy from the
resonator to a microstrip iransmission line, and then coupling the
energy back from the microstrip line to the second dielectric resonator.
The two housings have a common metallic wall; the microstrip line
passes near the bottom of the common wall as shown in Figure 7. The

DIELECTRIC COMMON
(DIELECTAIC " METAL
: WALL “HOUSING

SPACERS ——_ _
FRONT VIEW . SIDE VIEW
MICROSTRIP
SUBSTRATE
U
) 7‘:‘ 2y F
DI D
1o
MICROSTRIP CONDUCTOR
TOP VIEW

Figure 7. Coupled Dielectric Resonators by Means of a4 Microstrip
Transmission Line

amount of coupling between the two resonators is controlled by the
height 4 of the resonator above the microstrip substrate, whilc the
sign of the coupling is controlled by line length €. This new means of
coupling enables the realization of arbitrary sign and the most general
transfer function characteristics of bandpass filters, as described later.

Quantitative determination of the coupling coefficient between re-
sonators, mounted as shown in Figure 7, can be deduced from
knowledge of coupling resonators to microstrip as shown in Figure 2
and the equivalent circuit of the line length connecting the resonators.
If the coupling coefficient between the resonator and the microstrip is
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known, the equivalent circuit of two resonators coupled as in Figure
7 appears as shown in Figure 8a. The coupling coefficient M betwecen
the two microstrip-coupled cavities can be obtained by calculating the

DR

i b | | L G2
Iy —-*of—{ }—"WL+§34}M—; b—ox in
W Vo
— ZO —_
M_i_,_f%ﬁo—f_ —_———

Figure Ba. Equivalent Circuit of Microstrip Coupled Dielectric
Resonators

M
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Figure 8b. Direct-Coupled Cavity Equivalent Circuit

open-circuit impedance parameters of the two circuits in Figures 8a
and 8b and identifying the corresponding elements. The condition for
equivalence betweeln the two circuits can be casily determined to be

2% + DA
cot BE = 0 ie., E:L—A—L k=012, D

where x is the wavelength in the dielectric substrate. For the values

of € given by equation (1), the coupling between the two cavities is

1
M = (—1F . (2
V0.0 )

when Q.. Q. arc the external Qs of the resonators. Thus, for a
positive coupling coefficient, the line length € must be a quarter

wavelength, and for a negative coupling, it must be a three-quarter
wavelength. Either sign coupling is realizable by p

roper choice of line

lengthor configuration, while the magnitude of the couplingis controlled

by the height A
substrate, the arc radius R, the angle ¥ {

characteristic impedance Zo.
To determine the external Q’s in equation (2), the lumped element

equivalent circuit (Figure 9) of the structure shown in Figure 2 is

of the dielectric resonator above the microstrip
see Figure 2), and the line’s
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is [14] of the circuit in Figure 9 at the reference plane

1+ mLpiM
Zo=] al, wm?
4w,L,A N 0C, olA (3)
wlm? 2 h ? L,C,
where
w, = (L.C)"
and
A=(ow— wlo,

The external @ of this circuit, defined by

2w {Stored Energy)

Q.=
{Energy Exchanged per Cycle) @

can be computed from the input impedance as
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o 0X,
27, 0w | 0w = w,

Q. = (5)

After algebraic manipulation, substituting equation (3) into equation
{5) yields

472 V4
=777 (6)
where
z == (7)
"G,
w, 1’
2= ®)
'

The impedance Z, is conveniently defined as the coupling impedance
since it characterizes the tightness or looseness of the coupling
proportionately (o its value. Note that even for large values of Z,, the
external Q cannot be made arbitrarily small since it has a lower bound
which is (Z,/Z,).

Computation of coupling impedance
The self-inductance of the dielectric resonator can be computed from

2 W’n
[

L= 9)

where W,, is the average magnetic energy stored. At resonance, this
value can be computed from the energy stored in the electric field

W<,=%f£fe8dv . (10)

In the above expression, W, is the maximum value of the energy and
relates to W, by
W =

m

W, . (11)

[0
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An incrementa! voltage induced in the microstrip due only to a
current in the resonator loop can be computed via

AV = joml, (12)

and also from the magnetic flux in the loop ABCD in Figure 10:

AV :jw.uojfﬂ ~ds, . (13)
5

Figure 10. Magnetic Flux Linkage of the Resonator Field into an
Increment of the Microstrip Line

Combining equations (9) through (13) and substituting in equation
(%) vields the coupling impedance:

oui [ 05

z (14)

T

Explicit expressions of electric and magnetic field components E and
H can be found in Reference 13.

Experimental and numerical results

Measurements performed with several microstrip circuits of different
lengths and radii are compared to theoretical computations (when
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applicable). Figure 11 shows the dependence of the external and
unloaded ()’s on the position of the microstrip coupling arc, The results
of external 0 were normalized with respect to the minimum value
(which occurs around RyR, = (.65), sincc the purpose of this plot is
to verify experimental results with theory where this minimum occurs,

7T 7 | ]
— THEORY EXPERIMENT

MATERIAL b

+:D-38 {TRANS TECH)
*= DRD-130 {JFDY 1

Qe/Qgmin

Ro#Ry

Figure 1. Measured and Computed External Q's of Dielectric
Resonators as a Function of Ry/R,

Figure 12 shows theoretical computations based on equation {6) for
three different values of the line capacitance Cp, as affected by the
presence of the resonator, normalized with respect to its unperturbed
value (C,).

The experimental data slope fits well with the theoretical one for
small values of the normalized line length (WR/X,) as expected, since
only one section of lumped elements was used to characterize the
transmission line. The dielectric resonator increased microstrip capac-
itance by 20 to 35 percent from its unperturbed nominal value.

Filter realization

The most general (narrow) bandpass transfer function characteristics
can be realized by the canonical form of coupled cavities described in
Reference 12. For an ¢ven number (2n) of cavities, this canonical form
is symmetrical and consists of two identical halves. Each half contains
n direct coupled cavities with series couplings of the same sign. Each
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Figure 12. Measured and Compuied External 's of Diclectric
Resonator as a Function of Microstrip Coupling Angle b, (dielectric
resonator material DRD-160}

cavity in one half is coupled to the corresponding cavity in the other
half by a shunt coupling. For the realizations of the most ger_lc_ral
transfer functions, the filter structure should be capable of providing
the shunt couplings with prescribed signs: that is, certain sht_lnt
couplings must be positive while others must be negative, depending
on the filter transfer function. Figure 13 is a schematic diagram of th-e
canonical form filter, which may be realized in two ways using dielccnjlc
resonators and microstrip lines and the coupling configurations dis-
cussed above.

The first configuration uses all microstrip couplings for both the
series and shunt couplings of the canonical forms, as shown in Figure
14. Input/output coaxial-to-microstrip launchers provide the filter
terminals. All series couplings are realized by means of A/4 lines. Shunt
couplings of positive sign are also realized by A4 lines, while those of
negative sign are realized by 3a/4 lines. Since most of the shunt
couplings are small compared to the series couplings, the angular
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Figure 13. Canonical Form of a 2n Cavity Fifter-Series Couplings
All Having Same Sign (positive); Shunt Couplings Must be Either
Positive or Negative for Arbitrary Realization
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Figure 14. Possible Reulization of a General Dielectric Resonator
Filter

extent v, of the shunt lines can be made small to provide the required
coupling values. Also, the lines for the small couplings can be made
of a lower characteristic impedance to further reduce the couplings.
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The direct evanescent fields of the resonators arc prevented from
producing couplings by the metallic housing. This housing can be made
in the cover by cylindrically shaped grooves surrounding each of the
dielectric resenators as shown in Figure 14. Tuning screws can be
added to fine tune the resonator center frequency. In this configuration,
all couplings are realized in the microstrip and are therefore controllable
to a high degree of accuracy by the line’s characteristic impedances.
However, losses increase because of added housing surrounding the
resonators and the conductor losses in the microstrip.

The second configuration is similar to the first, except that the series
couplings are realized by the cvanescent fields inside a waveguide
beyond cutoff. Shunt couplings are still realized by the microstrip
lines. In this case, the filter housing consists of two rectangular boxes
with a common wall open at the bottom allowing for the shunt
microstrip couplings between the corresponding resonators. Because
this configuration is a lower loss structure, due to series couplings
realized through the cutoff waveguide fields, conductor losses of the
microstrip are avoided. However, spacings between resonators must
be precisely controlled to provide the appropriate couplings.

Design of a representative filter

This section describes a representative generalized dielectric reson-
ator filter and provides an experimental verification of the realization
and coupling computations explained carlier. A 4-pole filter provides
the basic unit for experimental verification.

4-Pole Filter Design

A 4-pole elliptic function filter with a center frequency f, of 4.75
GHz and an cqual ripple bandwidth W of 30 MHz was chosen for the
verification. The passband ripple of the filter is 0.05 dB and the
minimum out-of-band rejection is 25 dB. The synthesis procedure
described in Reference 12 can be applied to obtain the following
normalized element values of the prototype circuil shown in Figure 15:

R

H

1.2052 M, =0.884

My = 0.8236 M, = —0.2565

For a configuration in which the microstrip lines coupling any two
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Figure 15. Eguivalent Circuit of 4-Pole Filter

resonators are identical, the external Q’s of each resonalor arc
determined as

1y 1 f,

== =314 W == 179.1
Qi =gw Qo = 1w
L £ , -1,

T T R ¢ T LA
Qo MW 192 e MW

The microstrip line was etched on RT-Duroid substrate (.025 in. thick.
A 0.059-in. (1.5 mm} spacing was used for the distance between the
resonator and substrate. The corresponding coupling angles were
subsequently determined as

by, = 100° U = 90°
l|133 = §7.8° lbm = 61.64°

Figures 16 to 18 contain the measurcd responsces of the experimental
filter. Figure 16 shows the insertion and return loss. The insertion loss
response contains the two zeros of transmission characterizing the
elliptic function response, with the average minimum out-of-band
rejection of 21.5 dB, which is slightly lower than the 25-dB designed
rejection. This discrepancy is primarily duc to a rcalized M,, coupling
slightly larger than the design value. Figure 17 is an enlarged insertion
loss response. The 1.7-dB mid-band loss, when corrected for the
launcher and microstrip line losscs of 0.25 and 0.35 dB, respectively,
corresponds to average unloaded resonator Q's of approximately 3,500,
these agree closely with the manufacturer’s quoted value. The center
frequency of this filter is within 0.1 percent and the bandwidth is within
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16. Measured Insertion and Return Loss Response of 4-Pole
Dielectric Resonator Elliptic Function Filter
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Figure 17. Enlarged In-Band Insertion Loss
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Figure 18. Group-Delay Response

Figure 19, Experimental 4-Pole Filter
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0.2 percent of the design value. Figure 18 shows the measured group-
delay filter response, and Figure 19 is a photograph of the experimental
filter.

Conclusions

This paper has discussed advances in realizing generalized narrow-
band microwave filters using high dielectric constant resonators.
Theoretical computations of both the resonant frequency and coupling-
to-microstrip lines as a function of the resonator’s properties were
reviewed with excellent experimental verification. New filter structure
configurations realizing the most general filter transfer tunctions were
introduced and the concept was experimentally verified. These struc-
tures are fully compatible with MIC technology and represent a
significant advance toward realizing an MIC input multiplexer for
satellite transponders.
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Abstract

The concept of user-related delay associuted with automatic-repeat-request
(ARQ) protocols is defined. An exact analytical expression for delay is obtained
for the selective-repeat ArQ system with infinite buffer. The Ar¢ scheme which
is a hybrid mixture of go-back-N and sclective-repeat is examined. Analytical
expressions for throughput efficiency and delay are derived for this hybrid
system as well as for go-back-N and the seleclive-repeat ARo system with
finite buffer size. The periormance of cach technique is compared for various
bit error rates, block sizes, and channel capacities.

Introduction

Error control systems for reliable digital data transmission can be
broadly divided into two categories: (1) forward error correction (FEC)
systems using crror-correcting codes. and (2) ARQ syslems using error-
detecting codes and error correction by retransmission. In the current
state of technology. error protection provided by the ArQ systems is
orders of magnitude better than that obtained with Frc systems. Thus.
ARQ is the most commonly used scheme for error control in a data
communications system whenever a feedback channel 1s available.

There are three basic types ol ARQ systems: stop-and-wait, go-back-
N, and sclective-repeat. In the first. the transmitter sends a data block,

345



346 COMSAT TECHNICAL REVIEW VOLUME 11 NUMBER 2, FaLL 1981

encoded for error detection, to the receiver and waits for an acknowl-
edgment belore scnding the next block or retransmitting the same
block. This system is inherently inefficient because of the idle time
spent waiting for an acknowledgment for each transmitted data block.
It gives very low throughput for data communications via satellite. In
go-back-N ARrQ, data blocks arc transmitted 1n an interleaved manner.
When a data block is negatively acknowledged, the transmitter hacks
up to the data block and resends that block and suceecding blocks.
Go-back-N AarQ and its variations are more cfficient than stop-and-
wait ARQ [1]-[5]; however, they require relatively low bit error rates.
Performance becomes degraded at higher bit error rates for channels
with high data rates or large round-trip delays as in satellite channels.
The throughput efficiency drops rapidly as the channel ¢yror rate
increases. For example, in go-back-N ARQ, the efficiency is less than
10 percent for channel capacities greater than 1 Mbit/s and for bit ¢rror
rates higher than 10 °. This incfficiency, which 1s caused by the
rejection of possible error-free data blocks by the receiver aund their
transmission following an erroncous data block, can be overcome 1o
a varying degree in the selective-repeat system.

In an idealistic infinite butfered selective-repeat ARQ, the transmitter
resends only those data blocks that are negatively acknowledged. Then
throughput efficiency is given by | — B, where B s the block error
probability. However, with finite bulfers, successfully transmitted
blocks can be lost because of receive buffer saturation: in this case,
an implementable selective-repeal arQ is required. The net conse-
quence 1s that some redundancy can occur, which lowers the perform-
ance from the idealized infinite butfer case. With a finite buffer and
any ARQ scheme involving either selective receplion or lransmission,
the probability of successful transmission and reception of a data block
depends upon the past history of that data block and those preceding
it

Recent work by Easton [6] analyzing selective-repeat ARQ assumes
that a retransmitted data block always arrives error-free at the recetver.
This is not consistent with the random distribution of channel errors.
In Yu and Lin’s analysis | 7], an artificial inferior system is construcied
which operates with help from a “'genie.”” The transmitter resends the
crroncous data blocks before the negative acknowledgments arrive,
since the genie knows which data blocks were onginally transmitted
erroncously. The approach taken here 1s to focus on a rundomly chosen
data block and tracc its history to find the average number of
transmissions needed for successful transmission and reception. The

R
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assumptions used here are explicitly related to the past history, and
as a result, the bounds obtained for throughput and delay can be
readily improved.

This paper develops a realistic model for sclective-repeat protocol
which considers the implication of finite buffering. The modifications
to selective-repeat ARQ introduced to avoid bufter overflow arc feasible
to implement. First, a hybrid ArQ scheme is considered which consists
of go-back-N transmission and selective reception. This system is
designed for buffers of sizc N and improves the performance given by
go-back-N ArRQ without the full complexity of selective-repeat ARQ
implementation logic. Next, selective-repeat ArQ is analyzed with both
infinite and finite buffering. Throughput efficicncy and delay are
compuled for each of the ArQ schemes. The concept of delay is closely
tied to the user and is defined as the totai delay incurred in delivering
the data block to the user after it leaves the transmutter. This delay
consists of D, the transmission and propagation time for a data block,
and D), the possible delay resulting from retransmission of that data
block and those preceding it. The delay. I),, will be referred to as the
ARQ delay. In selective-repeat ArQ, it occurs first because of retrans-
mission of an erroneous block, and second, because the data blocks
must be delivered to the user in sequential order. Thus, a data block,
even after arriving error-free at the recciver. will be held up in the
buffer until all preceding data blocks are received crror-free.

In go-back-N ARQ. the delay is directly related to the number of
retransmissions and hence 1o the throughput. If B is the block error
probability, and N — [ data blocks are sent during the time interval
between the transmission of a data block and the receipt of its
acknowledgment, then the average number of times a block must be
retransmitted before delivery to the user is known [1] to be NB/(1 —
B}, and the throughput efficiency. 7. is

|

"I INBI - B)

In po-back-N arq, if a block is retransmitted & times, then
D= kd
where  is the time interval between two conseculive {ransmissions of

the same block. (It is essentially the round-trip time needed to receive
the acknowledgment.} Thus. the average delay, D, is
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NB
. 2
Bd (2)

D=D.,+l

In deriving equation (1), it was assumed that a data block is found
to be in error at the time of its cxpected arrival at the receiver. This
would not always be the casc, since the loss of a data block would not
be detected until the next data block arrives. The expression for
throughput in that case has been computed by Kaul [2], and differs
slightly from equation (1).

Go-back:-N transmission and selective reception

In the conventional go-back-N AR¢ system, the N — 1 received data
blocks tollowing an erroneousty received block are discarded regardless
of whether they are received successfully. This results in a significant
reduction in throughput etficiency and increased delay as the channel
error rate increases. This paper considers an ARQ scheme in which the
transmission is still go-back-N. and hence simple to implement. but
the reception of data blocks is selective, Thus, more complex logic is
required at the recciver buffer. which is activated whenever an
erroneous block is detected; and a negative acknowledgment (NACK)
is sent to the transmitter. In this scheme, however, thc N — |
succeeding blocks arc checked for errors and the successful ones are
stored in the buffer. After receiving a NACK, the transmitter backs up
to the negatively acknowledged data block and retransmits it and
N — 1 succeeding blocks. The data blocks are sent to the user in
sequential order as soon as one or more contiguous error-free blocks
are found without any missing blocks.

The following analysis assumcs that the transmitter always has a
data block to send, and that it transmits a block ¢very ¢ seconds. If d
is the round-trip time (time to receive the acknowledgment), then N
and d are related by the following expression:

(N = Ijt==d<Nt

Consider a data block "“X,"" which is being transmitted for the first
time at time T seconds. Suppose that [, out of N data blocks sent at
thetimes T — (N — 1)t, T— (N —2)¢, ..., T — t, T. have not been
received successfully at the receiver (see Figure 1). The probability of
that event is
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‘\'C“ . Bh . S;\-‘ f1 (3)

where § = 1 — B. The above expression does not consider the past
history of the N — | data blocks sent in the current cycle at times T
—(N -, T—(N-21,...,T- 2, T — ¢ Since some of these
blocks could have been sent successfully prior to T — (N — 1)1,
equation (3) will produce a lower bound for the throughput of the
system and an upper bound for the delay.

I/ I

TN - T — (N — Kt T

B/ I

T+ Kt T+ Nt

Figure 1. Retransmission of Data Block X because of an Error in a
Preceding Block in the Hybrid ARQ System

The data block X is sent only once if {;, = 0. The probability of that
event is then given by

P = 8Y . )

It is sent twice if I, is nonzero, and during the next cycle where data
blocks are sentat T + ¢, T + 2¢t, ..., T + (N — ), T + Nr: the
unsuccessful blocks from the previous cycle are sent error-free (see
Figure 1). Thus, the probability that the data block X is sent twice is
N
P(2) = ZNCM - Bh - SN §h

fi=1

=S[(1 + By —-1] . (5)

The data block X will be sent »# times if » — 1 retransmissions are
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required to clear the 7, errors. The probability of this condition will be
given by

N fyoa

Pn) = X > -+ 2, NC, BrSNh

h-1&-1 g1

N, BE S s € Bl
N T YA
— SN+ B+B A+ + B
~ U+ B+ B+ B 6)

for n = 2. Thus, the average number of times the data block X is sent

; s-v{l + Zn[(ﬂ%) - (IIMBB)]}

S K+1 YCx

As in the go-back-N case, throughput efficiency. n. and delay, D, are
then computed from fi as

_1
Ul (8)
D=D,+(n—- hd . (9

Selective-repeat

The conventional go-back-N ARrRQ system or its variations are inad-
equate for high channel error rate. The advantages of the scheme
discussed in the previous section arc that it is simple to implement on
the transmission side, it needs a buffer of size N blocks at the receiver,
and there is no buffer overflow. The simplicity, however, has been
achieved at the expense of resending data blocks which may have
already been sent successfully. The only way to aveid this problem is
by the selective-repeat scheme with an infinite buffer available to store
successfully transmitted blocks. The throughput of this system is
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simply given by S, since the average number of times a block nceds
to be transmitted before it reaches the receiver is 1/S. However, in
contrast with the go-back-N transmission scheme, the delay experi-
enced by the data block is not directly related to the average number
of times a data block is transmitted. The delay arises because the
receiver outputs the data blocks only in sequential order.

Selective-repeat ARQ with unlimited buffer

Consider a data block X transmittcd for the first time at time T. The
time interval from T — (N — Dt to T (including both end points) is
defined as the first cycle. All data blocks transmitted during this cycle
would sequentially precede X. If these blocks are reccived error-free,
then the delay for the data block is Dy, and the probability of that
event is S¥. Now, suppose the Kth data block sent at time T — (N
— K)t is rececived in error; then it will be retransmitted at T + K¢
Thus, the data block X will be delayed by Dy + Kt, if the block
retransmitted at T + Kt is received error-free and, prior to this, all
other data blocks sent during the first cycle have been received
successfully. Notice that if [, blocks out of the first K — 1 blocks sent
during the first cycle contain errors and if those blocks and the Kth
black are sent successfully in the first retransmission during the second
cycle, the block X will still be delayed by D, + K. Thus, when the
probabilities of all these events are included, the probability that the
delay is Dy + Kt is given by
K=1
2 KilCﬁ Bir - EN-wi . §h+l

-0

S¥-B-(l + B)*! (10)

P(Dy + K¥)

i

with 1 = K = N.

Suppose that all the erroneous data blocks sent during the first cycle
are not cleared in the transmission of the second cycle, but later during
the third cycle. Let the last block to be cleared be transmitted at T
+ Kt + Nt (sec Figure 2). If {, blocks out of the first K — | blocks
sent during the first cycle were in error, and if [, of them are still n
error after retransmission during the second cycle, these /; blocks and
the Kth block (the shaded block in Figure 2} are sent successfully
during the third cycle. Also, out of N — K blocks sent during the first
cycle after the Kth block, s, blocks could be in error. These m, blocks
would be sent successfully during the second cycle because the Kth
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- - = /// - - - X 1st CYCLE

T—IN—= T — N — Kit T

- - - W% - - = 2nd CYCLE

T+t T+ Kt T+ M

- = - V/ _ - = 3rd CYCLE

T+ Kt + Nt

Figure 2. Repeated Errors in the Transmission of a Data Block
Preceding Data Block X in the ARQ Scheme of Selective-Repeat
with Infinite Buffer

block is the last one to be cleared during the third cycle. With the
probabilities of all these events included. the probability that the delay
is Dy + Nt + Kris given by

K-IN-K §

PD,+ Nt + K)= > > DwaC Biet v KC, Bm
F =0 w0 z-u
. S.\'*h—l—nr\ . ]\C'_“ BF:O 1., Sh- 2. Snu . S!
= SY-Bl + B K-(1 + B+ By (11)

Equations (10) and (11) can be generalized to find the probability
that the delay is D, + nNt + KT, which requires n + 1 retransmissions,
and the Kth block is cleared last during the (n + 2)th cycle. The final
expression can be derived in the same manner as cquation (11), and
is given by

P(Dy+ nNt + Ki) = S¥ Bl (1 + B+« 4 Bryv-&

.{] + B+ -+ Bu+])K—|
SR (L= BrYR(L— Bs L (12)

Il
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where f = K=Nandn =0, 1,2, .... The average delay is thus
given by

* N
D =D, S¥+ 2 > (Dy+ nNt + Ky P(Dy + nNt + Kt)
n-0K-1

:D0+D|

where D, is the average delay associated with the selective-repeat ARQ
system and is given as

x N
E 2 (nNt + Kty 8- Br+1 (1 — B )W-X (1 — Brv2)k-s

D =
n—0K-1
N 2t
— 1V N
’2( DG
(N + 1 & , NG B’(l — B
(l—B)E( l+1 1 - B (13)

Equation (13) is an exact expression for delay in a selective-repeat
ARQ scheme with the availability of unlimited buffer. This “‘ideal™
delay may be compared with average delays computed in the previous
section for the go-back-N transmission/selective-reception system, and
in the next section for selective-repeat with a finite buffer.

Selectiverrepeat ARQ with finite buffer

In reality, buffers are always finite; thus, in a selective-repeat ARQ
scheme whenever a data block needs to be retransmitled a few times,
buffer overflow occurs. Since the erroncous block is selectively
retransmitted, the data blocks following it are transmitted sequentially
and the successful data blocks among them must be stored until the
erroneous block is received successfully, Therefore, with a finite size
of the buffer at the receiver, there is a finite probability that some data
blocks will be received successfullv at the receiver and must be
discarded for lack of buffer space. To compute the throughput efficiency
and delay, the discard probability must be considered, However, the
ARQ scheme could be modified so that no data blocks are discarded,
Thus, if the available buffer size is greater than or equal to nN, but
less than (n + )N, the selective transmission is changed so that any
time a data block needs to be retransmitted for the ath time, it adopts
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go-back-N transmission and selective reception. The data block and
those following it which were transmitted in the previous cycle will be
re-sent until the transmitter receives an ACkK for that data block.
Selective-repeat arQ will be used as long as no block needs to be
retransmitted more than » — 1 times. Note that the ArRQ scheme has
been adapted to chminate any butfer overflow. As an example, the
throughput efficiency and delay will be computed when a bufter of size
2N data blocks is available. The extension of this analysis for a larger
size buffer is quite straightforward.

THROUGHPUT EFFICIENCY

Consider a data block X that is being sent for the first time at time
T. This block is sent only once if it is not in ¢rror and nonc of the
N — 1 blocks sent before X (during the first cycle as shown in Figure
3) need to be retransmitted for the second time (otherwise, the data
biock X will be re-sent during the second cycle). Thus, if /, biocks out

- - - %/// - = - Oth CYCLE
- - - %// - - - X | 1stevele
- - - % - - - X | nd cvCLE

T+ Kt T+ Nt

Figure 3. Retransmission of Data Block X Because of Two
Retransmissions of a Data Block in the ARQ Scheme of Selective-
Repear with Finite Buffer
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of these N — 1 blocks sent during the first cycle are in error, these
must not be the repeat errors of blocks transmitted during the previous
cycle (referred to as the Oth cycle in Figure 3). For example, if the
data block sent at T — (N — K} is erroneous, the corresponding block
sent at 7 — (2N — K)t during the previous cycle should be crror-free;
otherwise, this block must be retransmitted for the second time at 7
+ Kt during the second cycle. The probability of the above event is
then given as

N-=1

> NIC, Sh - BhSNI = SN(1 + BVl (14)

=t

As in the previous section, the past history of the N — 1 blocks sent
before the data block X is not considered. Since some of these blocks
could have previously been sent successfully, the throughput efficiency
will be alower bound and the delay calculated with the same assumption
will be an upper bound.

The data block X could be transmitted twice in two distinct ways:
(1) if it is in error in the first transmission, and if /, out of ¥ — 1 blocks
transmitted before X during the first cycle are in error, and nonc of
them is being retransmitted for the second time; and (2) if some of the
[, blocks are repeat errors and hence during the second cycle, X will
be retransmitted whether or not it was transmitted successfully during
the first cyele. In both cases, all the blocks sent erroneously during the
first cycle are transmitted successfully during the second cycle. Thus,
the probability that block X 1s sent twice is given by

N1

PQ2) = E N—IC“ St Bh B §N-1-0 . §0-T

n=0

N--1 ¢
+ Z EI “Cfn Bl Sl N—Ichbh‘l SN
=1 =t

-S5(1 + B)- 51
SN+ BN — (1 + BSW-'T . (15)

il

By a similar argument, X is transmitted » times in two distinct ways:
(1) if it is in error in the first transmission with no repeat errors
occurring in the other N — | blocks, and the erroneous blocks in the
first cycle get successfully sent in the next n — | cycles; and (2) if
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some of the blocks sent during the first cycle are repeat errors and
these blocks and block X are cleared during the next m — 1 cycles. The
probability of this event can be calculated in the same manner as
equation (15), and is given by

P =S +B+  +B- W —(1+B+ -+ B
+ U +BS( + B+ -+ B
—+BSU+ B+ +BNY , =3 . (I6)

When the average number of transmissions is written as #,

o

n= nPin)
1

n

= SM(1+ B 1= BYY

N N (_1)K+I
* ?‘, Cepr
. 83 (—D¥
N N-F N-1 —_—_—
+ SN¥(1+B) zl CXT B (=59 (17)

and the throughput efficiency is given as

T‘l:

=0 —

DELAY

If all the data blocks sent during the first cycle from T — (N~ 1) 1o
T seconds are received error-free, then the delay for block X is the
delay, D,, and the probability of that event is S¥. Suppose that the Kth
data block transmitted at T— (N — K)¢ is received in error and that this
is not a repeat error, i.e., the data block sent at T—{(2N — K)r was sent
successfully. The delay for block X will be D, + K¢, provided that
none of the erroneous blocks sent during the first cycle before the Kth
block is a retransmitted block and all of them are sent successfully
during the second cycle. Thus, the probability that the delay is D, +
Kris given by

K-1

P(D,+ K1) = E KC) - Sh+1. Bl. §K 10
=0

.B,S;\-‘f.'\'.Sh*|
= SVBS(1+BS)X ', 1=K=N-1 . (18)
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The delay would be D, + Ki + Nt, if some /. of the /; blocks and
the Kth block are in error in the second cycle, and are sent successfully
in the third cycle. There is also the possibility that some #1, blocks out
of N - 1 — K blocks sent after the Kth block during the first cycle
contained errors which were cleared in the second cycle. The proba-
bility that the delay is D, + Nt + Kt is then given by

P(D,+ Ni+ K1)

N-1-K K=1

_ Z Z N*'*KCH,, k=10, §hems ‘g"-B - Bm™
M= =0
.SK*[!HH . SN—K—m;

1)

. z WC BB §hl - S St

fa—0

=S¥ BH14+BS)¥ K [1+BS(1+B)jF~' . (19)

The factor of §%~=+! guarantees that none of the errors in the blocks
sent during the first cycle is a repeat error from the Oth cycle.

When the above expression is generalized, the probability that the
delay is D, + nNt + Kris given by

P(D,+nNi+Kr)
=SN+1Bn+1[]+BS(I_+_B+... +Bn—|)]-\"—l—}\’

1 +BS(I+B+ -+ +B"]
:SN'+IBn+l[l+B(i_BrI)]N—l K

1+ B(I =B (20)

withl=K=N—landn =20,1,2,-"-"

For the above delays, the data block X is sent only once. Whenever
the block X is sent twice or more, the delay involved will be D, +
nNt, where n is the number of retransmissions. Thus, the probability
of delay being D, + Nr will be given by cquation (15) and the
probability of the delay being D, + nNr will be given by P(n + ) from
equation (16) for n = 2. Thereforc. the average delay will be

D=D,+D,
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where T , "PE
. 25 Yz
D, =3 3 (aNt+Kf) P(Dy+nNt+Ki) = SR
n=0k | o o O 4o <L
- = T2 z
+ 2} (aN1) P(n+ 1} G2 | S
N-t o X 2
= Nta—1) + >, F(B,N, 1, K) (21) 73 + O
= Lo 4 e 3
where i1 is the average number of times the data block X is sent, and = §
& )
K+ N—1I { _ - b prd .
F = N1 gy S0 CBU - B (22) z N kS
(K + 1)1 + B)¥(1 — B Q £
i 3
a rel =
Numerical results 40 g
The finite expressions given in the previous sections for throughput 5 =
and delay were numerically evaluated for data block sizes of | and 2 S ’::,
kbits. The round-trip delay, d. is assumed to be 600 ms. The number % =
of 1-kbit data blocks (N) sent during one round-trip delay is given by -
39, 154, and 927, which correspond to satellite channel capacity of 64 2
kbit/s, 256 kbit/s, and 1.544 Mbit/s, respectively. 1% N
Figures 4 to 7 show throughput efficiency as a function of bit error - =
rate for the two block sizes and for increasing satellite channel capacity. o
The three curves in each figure are for go-back-~, the hybrid scheme =
of selective-reception and go-back-N transmission, and selective-repeat %
with finite buffer size. The fourth curve represents the hypothetical S
case of selective-repeat with an infinite buffer. Note that the hybrid -
scheme significantly outperforms go-back-N arq. The throughput for ~ _§
selective-repeat with a finite buffer approaches the throughput for 12 %
selective-repeat with an infinite butter for bit error rates less than g
10-5, =
Figures 8 to 11 present the corresponding curves for the ArQ delay. <
Even in the selective-repeat with an infinite buffer case, the delay is L
very significant, of the order of several seconds for bit error rates _gn
greater than 10-4, Again, the hybrid system produces considerably less © o
delay than the go-back-N scheme for all ranges of bit error rates; and | o
the delay for selective-repeat with a finite buffer case approaches the ° P = il 3 =

delay for selective repeat with an infinite buffer for bit error rates less LNaHSNOYHL



1.0

BT EAROR RATE
Figure 6. Throughput Efficiency with I-kbit Block Size and 1.544-Mbit/s Channel Capacity

SELECTIVE REPEAT g
WITH INFINITE £
BUFFER 4
SELECTIVE =
08 |- -
REPEAT WITH m
FINITE BUFFER z
- HYBRID SYSTEM =
2 »
I 06 "
< =
=2 23]
o <
@ e
E z
<
04 S
=
[
=z
[¢s]
- Z
0.2 z
GO—BACK—N z
m
=
b
L [ H il ‘."11
108 1077 108 108 10 103 >
BIT ERROR RATE :
o
Figure 5. Throughput Efficiency with 1-kbit Block Size and 256-kbitls Channel Capacity =
10
SELECTIVE REPEAT
WITH INFINITE
BUFFER
08| _
SELECTIVE
T WITH
- HYBRID SYSTEM REFEA
Z 06 FINITE BUFFER m
T m
& T
2 GO—BACK- N A
= m
= Z
= o]
04 <
e
Z
o
=)
m
5
0z | >
Z
>
=~
o
4] | | | t g
108 107 108 b 104 103 @
m
z
w




362 COMSAT TECHNICAL REVIEW VOLUME 11 NUMBER 2, FALL [981 EFFICIENCY AND DELAY IN ARQ SYSTEMS 363
o T T T T
T T o
o
[us}
b 1200 - -
g3 &
o by
= 3
w Z g,
> )
E £ ©
vl ey
Z s = 1200 |- GO BACK — N 7
“ < =
L I =
= oz
(]
Eé HYBRID
< L _
= 1000 SYSTEM
- -
s £
7 b
s = a
T il
- 2 3 :
pu 1= = 800 - -
vl LY
o w W
o = :
= i % <L :
< > T -2 :
[t T = 2
S o o = i
£ w z o A= i ]
w = | S < . 600
> Z v - =
[ ) - =
SR < =
w o 1
I = ] © (]
Ll T
w Z o) e =
5] - =
. a0 —
~
= SELECTIVE REPEAT
J:; WITH FINITE
ih‘)
= BUFFER
= 200 -
2
P
1= ol
3 SELECTIVE REPEAT
= ; WITH INFINITE BUFFER
&~ 0 et l !
l‘; 108 w0 108 10 101 13
= BIT ERROR RATE
.2b
o o Figure 8. ARQ Delay with I-kbit Block Size and 64-kbit/s Channel
L . L J o apacit
2 @ @ = ™ o~ Car ¥
— ] o < (=)

1NdHINCHHL



364 COMSAT TECHNICAL REVIEW VOLUME }1 NUMRBRER 2, FALL 1981

T T i
1400 - i
HYBRID
SYSTEM
1200 |- il
GO—BACK —N
1000 |- i
£
>
I
1
w
O
810 | .
SELECTIVE
REPEAT WITH
FINITE BUFFER
600 .
200 _
mr SELECTIVE REFEAT 7
WITH INHINITE BUFFER
Q I I L
108 107 106 100 1074 w03

BIT ERROR RATE

Figure 9. ARQ Delay with [-kbit Block Size and 256-kbitls Channel
Capacity

EFFICIENCY AND DELAY IN ARQ SYSTEMS 365
T T T
1400 | -
HYBRID SYSTEM

1200 [ ]

1000 [~ GO—BACK—N b
@
=
80 | 7
-
i
w
o

SELECTIVE REPEAT
WITH INFINITE BUFFER
800 [~ 7
SELECTIVE REPEAT
WITH FINITE BUFFER
400 N
200 1
| J |
108 107 106 107® 10* 103

BIT ERRCR RATE

Figure 10. ARQ Delay with 1-kbit Block Size and [.544-Mbills

Channel Capacity



366 COMSAT TECHNICAL REVIEW VOLUME 11 NUMBER 2, FALL 1981
| T T ]
1400 | 4
GO-BACK-N
1200 + HYBRID .
SYSTEM
1000 .
£
- SELECTIVE REPEAT
>
< WITH FINITE BUFFER
T a0 _
600 [ 8
400 r— 4
SELECTIVE REPEAT WITH
INFINITE BUFFER
200 s
1 1 i
108 107 106 0> 104 103

BIT ERROR RATE

Figure 11. ARQ Delay with 2-kbit Block Size and 1.544-Mbit/s
Channel Capacity

EFFICIENCY AND DELAY IN ARQ SYSTEMS 367

than 10-%, Since a particular ARQ scheme would be selected based on
the grade-of-service requirement for both the throughput efficiency and
the ARQ delay, and the complexity of the implementation, Figures 4
to 11 would facilitate this choice.
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Abstract

During 1978 and 1979, ComsaT Laboratories participated in an experiment
of frequency and time synchronization via satellite. This paper describes
Comsat’s efforts to assist with time synchronization experiments conducted
by the United States Naval Observatory (usno), Washington, D.C.; the
National Bureau of Standards (nBs), Boulder, Colorado; and the National
Research Council of Canada (NRC). The experiments were performed via the
Communications Technology Satellite (cTs), using two small 2.4-m earth
terminals operating in the 12/14-GHz bands. These terminals were colocated
with the master time scales at UsNe and NBS. This paper also describes a new
application of PsK data transmission to the problem of standard synchronization.

To synchronize the master time scales (primary time standards) so that
uncertainties are less than 5 ns, transmission speeds of 1 Mbit/s BPsK have
been demonstrated to be practical. For the coordination of less demanding
frequency and time standards, such as commercial atomic clocks, potentially
useful results have been demonstrated with psk transmission data rates of 50
and even 25 kbit/s. Additional work is indicated to improve the methods and
equipment for clock synchronization, and for comparison of time and frequency
standards, as well as for spacecraft ranging.

Introduction

CoMSAT’s participation in an experiment of frequency and time
synchronization using the Communications Technology Satellite (cTs)

369
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(1] was intended to demonstrate the advantages of employing small
(2.4-m) satellite earth terminals operating at 12/14 GHz at the site of
the master time scales. Prior to COMSAT's participation, the experi-
menters transported clocks from the master time scale locations to
larger fixed earth terminals for the duration of the experiment. These
clocks were then returned for recomparison to determine their drift.
This process introduced inaccuracies that were unacceptable, and the
cost of transporting the clocks was relatively high.

In addition to providing small carth terminals at the master time
scale sites, COMSAT introduced a digital transmission format to replace
the FM analog video format used at the larger earth terminals. This
application of digital communications techniques and theory to the
time and frequency coordination problem may enable development of
a commercially viable frequency coordination and time synchronization
system via satellite.

The experiments described in this paper werc primarily applicable
to the synchronization of master time scales with frequency uncer-
tainties of one or two parts in 10". CoMSAT's long-term goal is to
develop time and frequency synchronization methods that can also
satisfy less demanding satellite communications applications for which
frequency standard uncertainties of one to two parts in 107 are
acceptable; the cost of the system must also be economical in terms
of satellite resources and earth terminal equipment.™

The use of the time transfer process to synchronize frequency
standards that are typically used for communications {one part in 10"
accuracy) must provide uncertainties of no more than 50 ns. Such
frequency uncertainty between standards would produce a possible
drift of their dependent time scales of 10-1 s/s x 86,400 s/day = 86
ns/day. Therefore, a daily time transfer to 50-ns uncertainty would
allow frequency coordination to the specified accuracy.

Currently available one-way satellite broadcast methods for clock
synchronization can achieve uncertainties of about I ms. For these
systems, uncertainties are limited by the inaccuracy of onboard satellite
oscillators, the bandwidth of the broadcast circuit, and the uncertainty
in the satellite-to-user path length.

The term ‘‘time transfer’” rcfers to the process of measuring the
difference between the indicated time of day of a distant clock and a

#*An immediate economy can be reatized in the equipment if the requirement
is only to coordinate frequency and not absolute time between sites.
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master time scale [2], One classic method of time transfer is to
physically carry a portable clock between the two locations. This clock
is synchronized with the primary time scale prior to its departure, and
then serves as the master clock against which the distant clock is
compared. The transportable clock is resynchronized on its return to
determine the drift and to compute the probable error at the time that
the distant clock was synchronized. A frequency coordination can be
made with two or more time transfers between standards by measuring
the relative drift rate of the time scales, that is, their frequency
difference.

Background

A master time scale typically consists of an ensemble of Hewlett
Packard 5060 series cesium standards. The frequency uncertainty in
such a standard is about four parts in 10%. The ensemble frequency
uncertainty can be as low as one or two parts in 10", which corresponds
to time drift rates of approximately 1 ns/hr for individual clocks and
5-6 ns/day for the ensemble. Loran C may be used to maintain
synchronization of widely separated clocks to within 1 ps. It is possible
to compare clocks by carrying a peortable clock between sites, which
may result in uncertainties as low as 0.2 ps. Two-way satellite
synchronization has alrcady demonstrated a significant improvement
over these standard techniques.

Tweo-way satellite time transfer

Two-way time transfer is a cooperative exchange of local time of
day (TOD) to determine any difference between the TOD generated by
two clocks. The offset, T, is defined by the difference in the local ToD
at two stations (4 and B):

T=T0D, - TOD; . (N

If the oscillator frequencies on which the local time scales are based
are not exactly the same, then successive measurements of T will show
a change in T with respect to the time of observation. The time of
observation will be designated by X (in seconds) and will start at some
convenient time of day (i.¢., X = 0). The relative drift rate of two time
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scales is defined by the dimensionless quantity e such that at times 1
and 2

LT
“TXxx. @

The value € is equal to the inverse of the relative frequency offset of
the frequencies on which the two time scales are based and will indicate
the drift rate between the two scales. It will be assumed that ¢ is
constant over the range of X being used. Therefore, the measurement
7(X) can be expressed as a linear function in X. Thus,

TX)=T,+ X (3)

can be used to determine 7, the time offset, at any time after the
reference start time of day (when X = 0). The offset at this time is Tj.
If the two clocks under test are colocated, T can be measured directly
with just a time interval counter. The counter is started with the first
clock’s I-puise per second (1-pps) output and stopped with the second
clock’s 1-pps output. It is assumed the two clocks differ by less than
1 s, since this is the largest difference that can be measured using
1 pps. The accuracy of this direct measurement of T is limited by the
resolution of the time interval counter, the repeatability of the trigger
level settings of the interval counter, and the short-term phase noise
of the oscillators controlling the two time scales.

Noisesfree satellite link

If the two clocks are not colocated, the time interval counter must
be connected between the clocks via a communications channel, and
the stop trigger pulse originating at the distant clock must travel over
this channel. The propagation delay will appear as an additional time
offset if the measurement is attempted directly as described above. To
avoid this problem, a two-way symmetric link via satellite can be used.
Each earth station typically has an atomic (cesium) clock generating
a pulse sequence of 1-p pulses at a rate of 1 pps. At both stations, each
pulse starts a time interval counter and is then sent through the satellite
transmission channel (full-duplex operation between stations) to the
opposite station. The received pulses are used to stop the time interval
counters at each station. The time interval ¥ recorded by the two
stations (4 and B} will be
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Yo=T+ET, + Ug+5C,+D, +ER, 4)
Yo= —T+ET, + U, +8C,+ Dy + ERy (5

where  ET = equipment transmit time delay (the time required

for a signal to travel from the time interval counter
start input to the station antenna)

ER = equipment receive time delay (the time required
for a signal to travel from the station antenna
to the stop input of the time interval counter)

U, D = up-link and down-link propagation times,

which are a function of the satellite range
with respect to the particular station
and the frequency used

SC = internal propagation time of the satellite
transponder at the frequency used.

The observed value of ¥ for two stations can be used to determine

the offset, T, between the station time scales under the following
conditions:

a. The total signal propagation time in both directions between
the two stations must be equal:

Ug +SCy+ D, =U,+ 8C; + Dy . (6)

b. The ground equipment detays should be known so that a
constant {K) can be directly predicted, yielding

(ETg + ER,) — (ET, + ERp) = K . 7

To satisfy condition (@), any inequality in equation (6) should be
less than the uncertainties in the expected measurement made
using the link. Based on equations (4) and (5), these conditions
yield

Tzw _ 8)

Figure 1 shows a diagram of this process. If K is not known (i.e.,
the terminal delays have not been measured), the absolute time offset
cannot be measured. In this case, the frequency offset can be deter-
mined by repeated measurement of ¥,, Y5 if it can be assumed that the
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unknown value of K does not change between measurements. Thus,
= from equation (2),
Y 5
% §¥ ~ énd ez(ym“ Yo = K}y = (Yo — Yo — K) 9)
= 3 © g ) :: 2X, — Xo)
25 18g Pl LA LYY~ (Yas
= o wE s 3 (¥ Yp1) (Yar Yi)
5 j = E2el - - (10
o< o = = 2 o 2(X| Xg)
w o3 I < Lo 5 2';
ge 8 il T @
/ 27 2 = L = The frequency offset (1/€) can be determined by two measurements of
” Y,, Y, at different times. In most applications, it is not necessary to
know the actual time offset between two sites that require a frequency
coordination, which eliminates the need to measure K. Consequently,
« [= a . earth station instrumentation can be simplified significantly since the
én e Em § - = individual transmit and receive time delays are difficult to measure
© @ ég = g o § with nanosecond resolution.
52 [FdE Ez s J§ Noisy satellite link
4= — =8
:ﬂf} E égg "ugi ; g g by The previous methods must be modified when a single measurement
" 2o @ P55 DIL G Y = of Y for each path is not sufficient to measure the absolute time offset
5 - E e “z":Z i E s> ;'IPN E with the desired accuracy. With a noisy communications channel, it
% L kS g;% M ;E o I N is necessary to make repeated measurements of Y at each station to
Wl <ot EED LS £ form a good statistical estimate. The process is complicated since the
% E %; %Eg 4 < Eg " - B spacecraft is not perfectly stationary with respect to the earth stations.
= ;éa' ;.%J Ly 5T — Thus, the observed time interval Y is a function of the time of
2% 312% 5 g; 2 E observation. For relatively short periods of observation (500-1,000 s),
EE g2 o <& .2h Y(X) can be modeled by a third-order power series [3]. The coefficients
= s H of this power series can be experimentally found by fitting a third-
order curve to the resull of repeated measurements of ¥ over a short
period. The factors contributing to these coefficients can be analyzed
= g by collecting the terms of cquation (4) into three groups—the time
é 8L & 2 - z base factors, the spacecraft and propagation delay, and the ground
g < %E L t EE ° g terminal delay:
o T > Ezq2 5
£ |23 | h38(g ¢ YO0 = T + PO + EXX) an
+;§ w” 7 E - E 2 The time base term T(X) has the components
= =
2 3 73 T — Ty + €X . (122)
= o
- The propagation and spacecraft transmission time delay can be ap-
proximated by a third-order power series:
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PX)=P,+ PX+PX+PX . (12b)

Since the earth station equipment delays are fixed:

EX)=ET+ER=A . {12¢)

If the three factors are substituted in equations {12a)~(12¢) and
collected

YOO =(A+ T, + P+ (P + X + P2 + PXY . (13)

Typical frequency standard offsets (e) are 10 %, while typical range
rates (P,) are grealer than 10°% seconds per second (s/s} or about
3 m/s. Since P, > €, equation (13) reduces to

YX) = (A + Ty + P)+ PX + P.X° + PX . (14}

The sign of T, at the A and B stations will be different. The fundamental
assumption in two-way time transfer is that P(X) will appear the same
to both stations. Therefore, the A and B expressions of Y(X) can be
subtracted, as in equation (8), producing an expression for the time
offset between the two station clocks in terms of the curves YiX)
developed at each station from the observed data:

_ YA(X) - ;H(X) - K (15)

TU

where K is the difference in the terminal delays A, — Ay, as In equation
(7). If the fundamental assumption is valid, T, (X) will not contain
significant terms XV with N > 1. This will not be the case if the A and
B transponder paths have significantly different time delays or if the
relative spacecraft motion with respect to the ground stations cannol
be accurately modeled by Y(X) of the order used.

High-speed data collection

In a typical time transfer situation. the relative time between two
standard clocks is known to better than 500 ns. This knowledge can
be used to increase the rate of data collection beyond the one data
point per second obtained using 1 pps without introducing ambiguity
due to the path length. If the period between pulses is less than the

FREQUENCY AND TIME COORDINATION VIA SATELLITE 377

propagation time over the satellite link (=250 ms), an uncertainty as
to the true path length is introduced, since the received pulse used to
stop the time interval counter will not have originated at the same time
as the starting pulse to the counter. For example, assume that a
1.-MI"IZ square wave is transmitted instead of the 1 pps and that the
n‘me interval counter is started on the rising transition of the transmitted
signal and _stopped on the next rising transition received from the
s.econd station. The path time measured will be less than actual path
time (measyred using 1 pps} by some integer number of microseconds
since the time interval counter will never wait more than | ps for a;
stop tra‘nsuion. Since the true clock offset is known to within 0.5 s
no amlqlguity is introduced by measuring the path time modulo by thé
transmission rate.

The a@vantages of high-speed data collection are apparent if the
process is considered in terms of the standard deviation for each
second of data.

If N independent samples (X) are made of a random population with
a mean of p, a variance of ¢?, and a normal probability distribution
the sam_p]e mean and sample variance will be approximately p. and crz,
respectlvely; this is the case provided that N is sufficiently large,
typically greater than 30. However, as demonstrated in Reference 4:

gl each N sample set is averaged to form a single new statistic X such
at

X +X, + + Xy
N 1

X:

the mean pz will be equal to p and the new sample variance will be

2

2 — a
A R RS
N

1
ﬁ(
Therefore, the standard deviation of a large number of such N averaged
samples will be o/\/N. The sample standard deviation is a useful
measure of the quality of a particuiar link for time transfer service.

For example, if a particular link transmitting 1 pps has a 15-ns
standard deviation, increasing the rate to 1,000 pps (without otherwise

changing the character of the link) and averaging 1,000 samples to
generate one statistic per second will result in a 0.47-ns standard
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deviation. The gain can be even greater if the individual samples are
not strictly independent but are drawn from a source containing
periodic as well as random noise.

Data reduction technigue

In an actual satellite time transfer, the observed Y is recorded along
with the time of day at which the interval counter was started.
Typically, one point per second is recorded during the observation
period. Later, the observed values of Y(Y. where i = 1to N, the total
number of observations) and the time of day are processed as an
estimate of the path length by fitting a polynomial of X (the time of day
in seconds) to the data set by the method of least squares. The accuracy
of the resulting polynomial is measured by calculating the standard
deviation, sigma (), from the difference of the observed points (Y)
and the fitted curve Y(X), or the “‘goodness of fit”:

1a

(ZU[Y,- - Ymr)

o= N1 . (16)

The data are filtered by discarding improbable values, those more
than + mo from the fitted curve. If m = 3, there is a probability of less
than 0.26 percent that a valid point is rejected. After the improbable
data points have been removed, the coefficients of Y(X) are recomputed
from the remaining points and the test and discard process is repeated.
The series of operations is iterated until no points are left outside the
(mo) window, as flowcharted in Figure 2. The quality for time transfer
of the link under evaluation is measured by the value of sigma resulting
from this process.

' If the errors observed on a link corrupted by white noise have the
expected Gaussian distribution, filtering to a 3-o bound would not have
a significant effect on the uncertainty of the time transfer since the
number of points removed would be low. However, for some types of
links, mechanisms can produce bursts of crrors lying outside a Gaussian
distribution. Two examples have been observed in time transfer work:
Threshold operation of an FM system, and PSK systems operating at
low energy per bit to noise power density ratios. Under these condi-
tions, the filtering can be used to include only the data points produced
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EXCESSIVE ERRORS

Figure 2. Data Reduction Algorithm

when the transmission system is well behaved, that is, producing
errors with a Gaussian or normal distribution, allowing operation with
a marginal link.

Ideally, the scatter of errors [Y; — Y(X)] in the observed data will
be random with a normal distribution. Plots of the scatter with respect
to time can reveal any periodicity in the errors or other nonrandom
effects in the system. In a well-designed time transfer system, the
observed errors will be only random.

Wideband FM transmissions for time transfer tests
using CTS (Hermes) and Symphonie satellites

Tests were conducted in a 3-station configuration between USNO,
NBS, and NRC/CRC using the crs (HERMES) satellite. The $YMPHONIE
satellite was used for tests between Ottawa and Paris, France. Initially,
a l-pps signal was exchanged between pairs of participants. The
transmission format was limited by the video modem equipment
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available at the Canadian earth station which required that wideband
FM be used with a transmission signal containing video sync pulses.
The actual [-ps pulse was added to the synchronization signal to form
a composite video signal for transmission. During some of the CTs
experiments and in the continuing SYMPHONIE trials, the I-pps signal
was replaced with a [-MHz signal. The format of the video is shown
in Figure 3. The video baseband was limited to 4.2 MHz and the system
RF bandwidth was typically 20 to 30 MHz. This system required an
overall link budget of 87-dB Hz carrier-to-noise spectral density or a
C/T of —141.6 dBW/K to remain above the FM threshold (13 dB) of
the demodulators used for this experiment.

+07V
1 pps

0

wesre 1] ] .,
CR
+0.7 vV
1 MHz

0

16,625 Hz 03V

Figure 3. Modulation into the TV Video Satellite Terminal

A detailed report on the M results and COMSAT’s participation is
contained in References 3 and 5. Typical results produced uncertainties
in the 1-s measurements between 1.5 and 16 ns depending on the earth
stations used. The 1-MHz signal combined with the use of a phase
lock loop {PLL) tracking filter at the receiver has shown random errors
(scatter) with less than 0.2-ns standard deviation. However, these
accuracies are achieved at the expense of considerable satellite and
earth station resources.

Use of PSK transmission for time and frequency
transfer

The actual time transfer experiments conducted between American,
Canadian, and French standard laboratories have used experimental
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satellites which were made available without charge to the participants
[cTS(HERMES) and sYMPHONIE]. The experiments required essentially
full transponder service with a carrier-to-noise density ratio (C/N,) of
better than 87 dB Hz. A commercially viable time transfer system
demands a more efficient transmission method. The use of PsK in this
discussion does not refer to a spread spectrum system in which system
timing is recovered by correlation techniques. Considerable work has
been performed using spread spectrum for time transfer work, but this
technique was not employed for the experiments reported in this paper.
These experiments were conducted to evaluate the use of a commu-
nications type of PsSK transmission, that is, using signals with an E,/N,
greater than zero at the “‘chip’” or data clock rate, as compared to
spread spectrum signals where the E,/N, is typically less than zero at
the chip rate [6].

Typieal BPSK modem

The simplified diagram of a typical BPSK modem (Figure 4) shows
the essential operations that relate to its use for time transfer. The
clock from the data source generates a PN sequence which is mod-
ulo 2 added to the input data. The result is applied to the IF port of a
double-balanced mixer. The mixer output is a phase-modulated (= 90°)
signal suitable for satellite transmission. The receiver coherently
detects the BPsK signal to recover the randomized data stream. A PLL
bit synchronizer recovers the original clock frequency. The presence
of the PN sequence ensures that this circuit has sufficient transitions
to function irrespective of the type of data being sent. The regenerated
clock is used to produce an identical PN sequence that is synchronized
to the one used in the transmitter. The sequence is again modulo 2
added to the data stream, and the original data are recovered, as shown
in Figure 5. The psKk modem can be directly substituted for the video
channel used in the wideband FM experiments to transmit 1 pps
between participating stations. This can be done as described above
using the I MHz from the cesium standard as a clock and the | pps as
data to the modem. Ina typical commercial PSK modem, the regenerated
clock is used to gate out the received data. A user extracting time
information may apply either the edge of the data or its associated
clock pulse as a reference. This allows the use of high data collection
rates by starting and stopping the time interval counters on the modem
clock rather than the data signal. This method would permit simulta-
neous use of the link to provide time and data transfer for different
customers.
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Figure 5. P§SK Time Transfer Data Patterns

Description of

During May 1

tests conducted

979, a series of tests was made with Harris PSK modems

located at usNO and NBS to demonstrate the feasibility of using PSK in
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time transfer work. The tests evaluated only the system’s random error
performance for a limited set of data rate and C/N, configurations. No
attempt was made to calibrate the terminal delays.

For these tests, an interface was designed and built at COMSAT
Laboratories. Figure 6 is a block diagram of this interface which
allowed the modem to be driven with a data clock rate between | MHz
and 10 kHz. The actual data input to the modem from the interface
could be any signal from 1 to 1,000 pps. All clock and data signals
were derived from the cesium standard’s |-MHz output with the
dividers reset by the cesium 1-pps signal. Figure 7 shows the inter-
connection of the terminal equipment.

For the results presented in this paper, the data signal was always
1.000 pps. The HP9825A time interval counter was set up to internally
average 1.000 time interval values measured at the 1,000-pps rate, and
to output the average value. This resulted in a nominal 1 point per
second to be recorded by the HP982SA calculator-controller. The
HP9825 also recorded the time of day from the HP59309 clock with
each data point. The HP59309 has a resolution of 1 s. Therefore, the
data points recorded were logged as having occurred at the last integer
second; their actual time of occurrence could have been up to just
under 1 s later.

TRE(‘(')RDED = ’IA(J Ir'JAaL < TR[-'.(?ORDED + 1 . (17)

This uncertainty in the actual time caused problems in the data
reduction.

A possible error of up to 1 s in the recorded time can have a
significant effect when it occurs in the presence of satellitc motion.
For example, if the observed range rate (AY/AT) is 50 ns/s, and a
measurement of ¥ is made at 125.8 s but recorded at 125.0 s, the error
in ¥ would be 0.8 s - 50 ns/s or 40 ns. This type of error is peculiar to
the experimental configuration used in these tests and would not be
observed in a properly designed psK time transfer system.

COMSAT-conducted PSK experiments

Comsat conducted a series of tests in cooperation with the NBS
Boulder, Colorado, facility to evaluate the performance of a satellite
link using psk modulation of time transfer signals. A small 12/14-GHz
terminal was supplied by Comsar at the Boulder site. The performance
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was measured by computing the size of the random error performance
of each trial circuit and by analyzing error scatter diagrams for the
presence of any nonrandom errors,

Bench test

Prior to the satellite transmission tests, one of the Harris modems
was connected in a 70-MHz 1F loopback configuration. Data were
collected in the same manner as in the satellite trials, and the standard
deviation calculated as previously described. These results (Table 1)
represent the ultimate performance that can be expected from these
modems. No bench tests were conducted with controlled noise levels
injected at the IF because equipment was unavailable.

TABLE 1. MODEM PERFORMANCE OF 70-MHz LOOPBACK WITHOUT

NOISE
CLock RATE (kHz) STANDARD
(ALL DATA DEVIATION
= 1,000 pps) S1GMA (ns)
1,000 0.27
500 0.36
100 0.51
50 1.5
25 29
10 9.0

Satellite trials

Two 12/14-GHz transportable carth terminals were used for this
experiment, one at USNO and another at NBS. Each has 2.4-m antennas,
FET receivers, and 20-W TwtT transmitters. Reference 1 contains a
detailed report on these terminals. Tests of the pSK modem for time
transfer were conducted using a satellite loopback of signals from the
NBS Boulder terminal. Thus, the results represent a spacecraft ranging
experiment rather than a true time transfer. However, the random
errors observed are the same as those that would be experienced
in a two-station transfer experiment. Trials using CTS transponder |
(200-W) were run with 10 W of terminal transmit power. Trials in the
second transponder (spacecraft power of 20 W) used the full 20 W of
terminal power to start, and lower transmitter power as required to
achieve the indicated C/N,. Tables 2 and 3 contain link budgets for



388 COMSAT TECHNICAL REVIEW VOLUME 11 NUMBER 2, FALL 1981

TABLE 2. LINK POWER BUDGET FOR TIME
TraNSFER PSK TESTS (2.4-m TERMINALS,
TRANSPONDER 1)

UpP-1.INK
Transmitted Power (dBW) 10
Gain (2.4-m antenna)(dB) 48.5
e.l.r.p. (dBW) 58.5
Path Loss (dB) -207.3
Spacecraft G/T (dB/K) 6.4
C/T up (dBW/K) —142.4
DOWN-LINK
{SPACECRAFT ATTENUATOR = 5 dB)
Spacecraft e.1.r.p. (d{(BW} 52
Path Loss (dB) -206.3
G/T (2.4-m antenna)(dB/K) 21,4
C/T down {(dBW/K) ~132.9
C/T overall ({BW/K) —142.8
C/N, (dB Hz) 85.7

TABLE 3. LINK POwWER BUDGET FOR
TRANSFER PSK TESTS (2.4-m
TERMINALS, TRANSPONDER 2)

UP-LINK
Transmitted Power (dBW) 13
Gain (2.4-m antenna)(dB) 48.5
e.ir.p. (dBW) 61.5
Path Loss (dB) -207.3
Spacecraft G/T (dB/K) 6.4
C/T up (dBW/K) -~ 139.4

DOWN-LINK

(SPACECRAFT ATTENUATOR = 4 dB)

Spacecraft e.i.r.p. (dBW) 9
Path Loss (dB) —206.3
G/T (2.4-m antenna)(dB/K) 20.4
C/T down (dBW/K) — 1459
C/T overall (dBW/K) —146.8
C/N, overall (dB Hz) 81.8

both configurations at full power. All tests used Brsk. Time data
transmitted at 1,000 pps and internal averaging by the time interval
counter produced one data point per sccond for recording. This
production of raw data at | pps is consistent with the methods used
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in the wideband Fm work reported in References 3 and 5.

Time base errors

Initial results showed surprisingly high values of sigma (=16 ns).
Examination of the error scatter diagrams revealed an obvious periodic
error in the form of a sawtooth waveform of about 50-ns amplitude and
14-s period. The scatter diagram for file 15501 is shown in Figure 8 as
an example. For this data file, the initial fitted curve was

Y(X) =357 x10-* -5.78 x 10-83X —-5.17 (18)
x 107X ~9.64 x [0-VX7

The value of X is given in seconds, starting at X = 0 for the first data
point; Y is the range in seconds. Since the data signal used was
1,000 pps, the maximum value of any ¥ data point is 1| x 10-*s. The
range rate or change in path length at the time of this data file was
about 58 ns/s. The source of the periodic error is the discrepancy
between the recorded and actual time of the data, as described in
equation (17). If the data were collected at a rate of 1.077 s/point,
rather than 1 point/s after 12 points, the recorded time would be in
error by 1 s. At a range rate of 58 ns/s, the resulting error is 53 ns. To
reduce these data, the time scale of the raw data was computed with
even-sized increments starting at X = ¢ and an increment DT:

DT = Last TOD - First TOD
" Number of Points - |

(19)

This assumes that the data points were generated at even increments.
An operational system would require a more precise clock in the data
logging system since system error is limited by clock quantization and
the range rate.

Results

Table 4 gives the error performance of the links measured, which
represents the use of a =3¢ windew in the reduction process.
DETAILS OF TYPICAL FILES

These results were computed with a corrected time base, equation
(19), to remove the sawtooth error pattern. Even with this correction,
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TaBLE 4, PSK MoODEM RESULTS

CrLock
DaTA MoOpEM RECOVERY
FILE CTS Crock  C/N, EJ/N, Sioma LiMiT SIGMA/SYMBOL.
NUMBER TRanNsPONDER RATE (dB Hz} (dB) (ns) (No NoISE) LENGTH(%)
15501 1 1 MHz 86 26 0.39 0.27 0.04
15502 1 | MHz 86 26 0.36 0.27 0.04
15503 1 1 MHz 86 26 0.75 0.27 0.08
15504 i 1 MHz 86 26 0.63 0.27 0.06
15505 2 1 MHz 82 22 0.50 0.27 0.05
15506 2 1 MHz 67 7 5.6* 0.27 0.56
15606 2 | MHz 67 7 29 0.27 0.29
15507 2 100 kHz 62 12 10 0.51 0.10
15508 2 50 kHz 57 0 15% 1.5 0.07
15608 2 50 kHz 57 10 7.5 1.5 0.04
15509 2 50 kHz 51 4 N L.5 0.06
15510 2 25 kHz 57 13 18 29 0.05
15511 2 25 kHz 52 8 180 2.9 0.45

*Excessive error was observed as a result of time base inaccuracy. All results use
1000 points averaged per recorded point with a nominal 1-point/s recording rate.

periodic errors still occur in many of the scatter diagrams. Figures 9a
and 9b show the scatter diagram of file 15505 with and without time
base correction. Although the standard deviation (sigma) of the error
scatter is low, 0.5 ns, the true random error may be even lower and
masked by a periodic error. To analyze this periodic effect, the scatter
data sets for both the original and the corrected time base calculations
were passed through a discrete Fourier transform to measure the
frequency components. Figures 10a and 10b plot the results of the
process. The Y axis (in nanoseconds) represents the amplitude of the
spectral component at the particular frequency indicated on the X
axis.* Figure 10a, the transform of the uncorrected data set, displays

*To compulte the FFT, the error data set was interpolated to form a new data
set sampled at a 1-Hz rate. The new data set was processed 128 points at a
time, providing a frequency resolution at the output of 1/128 or about 7.8 x
10-* Hz. The amplitude present at each point is the magnitude of the complex
result at each point. Each data set was subdivided into as many whole 128-
point blocks as possible, and the #FT was calculated for each block. The results
of all the blocks are averaged to form the transform of the entire data set. For
example, data set 15505 (350 s long) was processed in two blocks, consisting
of times 0 to 127 s and 128 to 256 s, The points of time 257 to 350 s were not
used.
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the characteristic decaying (1, ‘2, Y5, Ya, V5, .. .) power series of a

triangular waveform. The actual amplitude of the first spectral com-
ponent is related to the peak-to-peak amplitude of a sawtooth by a
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factor of 1/w. The rms amplitude, corresponding to the standard
deviation, is equal to 1/\/12 times the peak-to-peak amplitude. Both
of these factors are approximately equal to 0.3 times the peak-to-peak
amplitude. Thus, the 53-ns peak-to-peak sawtooth of the uncorrected
data has its first component at 0.085 Hz with a 16-ns amplitude. When
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compared with Figure 10b, the FFT of the corrected time base error
data set show the same spectral components are reduced in amplitude,
The first peak of 0.45 ns correspnds to a sawtooth amplitude of about
1.5 ns. The sawtooth signal remaining in these data is a significant part
of the computed sigma, (.5 ns,

Many of the data sets show evidence of slower periodic errors,
which are also believed to be related to the required time base
correction. The algorithm used assumed that the original data were
sampled at a uniform rate. The slow variations observed, for example,
in file 15506 (Figure 11), are probably due to changes in the sample
rate as the original data were recorded. File 15606 (Figure 12) was
created from the first 160 s of file 15506 in an attempt to measure the
sigma for a relatively less disturbed section. The sigma of the new data
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set (3 ns) still contains significant periodic noise in the 0- to 0.1-Hz
region.

In a data set in which the errors are from a Gaussian source and thus
have a normal distribution, less than 0.26 percent can be expected to
fall outside a 3-¢ filter window. For a typical raw data set of 300 points,
less than one point can be expected to be excluded. Figure 13, the
scatter diagram of data set 15509 before filtering, shows the advantage
of using this type of filtering on data containing some points well
outside a normal distribution. These raw data had a sigma of 141 ns
before filtering with a 3-o window. The filtered data had a final sigma
of 11 ns with a distribution of errors that is approximately Gaussian.

FREQUENCY AND TIME COORDINATION VIA SATELLITE 395

FILE 166068 ERRORS

-]
£ ol A v W N M
: of M\v/v *\] %“*j \&; 31 i *Y/
a4 Ivuf

LN
o
o~[—
1

%6 50 75 100 125 150 175
TIME (s}

FFT OF FILE 156068 ERRCRS

%]
+

I

Aoy

Y *‘Jﬂk A

iy M M%

0.1 02 03 04
FREQUENCY {Hz)

Figure 12. Data File 15606

AMPUTUDE ins)

P |

o
o -
=4
o

Figure 14 shows the error distribution before and after filtering. This
error pattern is typical of the performance of a phase-locked loop
operating at a low E,/N,. The outside points are produced when the
loop has lost phase lock and are distinctive from the Gaussian behavior
of the locked loop.

In much of the data obtained by these trials, the observed link
performance was limited by the systematic error made in recording the
time of day. An operational system would have to be designed to
collect data at as high a rate as possible and to log it with accurate
timing. The ultimate rate of data collection will be limited by factors
such as the time interval counter’s reset time and internal averaging
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speed, the data transfer and storage speed, and ultimately the observed
time interval zero crossings caused by the satellite range rate. Despite
the systematic errors, it has been demonstrated that the system used
for these tests can provide an efficient, usable time transfer commu-
nications link. The low data rates of 25 and 50 kbit/s are particularly
suitable for frequency coordination of local crystal and rubidium
standards.

Areas requiring additional work
Laboratery simulation of link performance

Work involving the use of satellites for two-way time transfer has
been primarily “‘on the air™ tests. Controlled tests are necessary at the
baseband and IF levels to evaluate the performance of existing and
proposed systems. The relatively inefficient video Fm time transfer
method, which consumes large power bandwidth, is still being used
via SYMPHONIE between Ottawa and Paris.

The psk system will require additional work to characterize time
transfer performance as a function of C/N,, data rate and clock recovery
methods. Existing commercial modems must be evaluated to determine
their suitability for this type of service. These measurements should
be made using the standard tools of the time transfer field, the cesium
clock source and precise time interval counters, and the existing
system simulation equipment such as modems, up/down-converters,
and noise generators.

“Free’ time transfer

Evaluation of techniques for free time transfer over existing psSk
full-duplex data circuits such as spade and 1TpDMA is needed. Time
transfer does not require any information transfer in the usual sense.
The transfer can be made by tracking the phase relationship of the
receive and transmit clocks associated with a digital transmission. If
necessary, a one-time transmission of the time of day by each station
can resolve any bit-to-bit timing ambiguity. The link can then support
time transfer and data transfer for separate customers at practically no
increase in link budget or reduction in data throughput.

TDMA Environment

The high data rate associated with the specified INTELSAT full-
transponder TpDMA system is particularly attractive for high accuracy

FREQUENCY AND TIME COORDINATION VIA SATELLITE 399

time and frequency comparisons between network stations. For ex-
ample, a 120-Mbit/s service would have a QPSK symbol length of
approximately 17 ns. With a clock recovery circuit able to yield sigma-
to-symbol length ratio of t percent, link performance of .17 ns is better
than the other limitations (o time transfer accuracy and exceeds the
requirements of most potential users. This technique would not require
participants to receive their own down-links, and only needs a duplex
connection between pairs of time transfer stations. In addition to
providing time transfer service, network operation may also benefit
from the ability to accurately synchronize station clocks.

Earth terminal equipment delay calibrations

The precision of the time transfer results achicved by previous work
(uncertainty in each 1 s worth of samples) has reached the point
(<25 ns) that the limit to system accuracy is the uncertainties in different
earth terminal equipment delays. One approach to the problem is to
minimize the delay differences with identical earth stations at each
end. Even this method would not be sufficient for the sub-nanosecond
resolution that can be expected in the field. A more universally
attractive solution would be to directly measure the transmit delay
with a phase detector by probing the radiated signal. The receiver
delay can then be measured with a mixer and local oscillator to simulate
the satellite signal. Theoretically, this can be accomplished; additional
work is required, however, to make such a system operational and to
determine the accuracy obtainable for both C and K -band terminals;
this will require on-the-air tests.

Applications to ranging

The mechanics of time transfer are similar to the satellite ranging
problem. The ability to resolve round-trip time delays to within
nanoseconds (feet} should be useful operationally. Furthermore, the
use of “‘piggy back’ ranging on data transmissions may be attractive
to commercial systems.

Loew-cost modem for time transfer

A complex high-performance communications PSK modem may not
be necessary for time transfer work, particularly when time transfer
only is to be accomplished. A modified COMSAT universal modem
reduced to a 70-MHz modulator and carrier recovery demodulator,
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without the data randomizer, could be used to transmit timing infor-
mation in BPSK.

Sysiematie errors

The work completed so far has assumed that the A-to-B and B-to-A
path lengths used were approximately equal. Analysis of the magnitudes
of relativistic effects and the effect of ionospheric propagation velocity
changes is needed to determine when these effects become significant.

Conclusions

The fundamental problems associated with twoe-way satellite fre-
quency and time transfer have been discussed. The work performed
under COMSAT Laboratories’ Small Terminal Project to assist experi-
ments of USNO, NBS, and NRC in the field has been described and the
results of an innovative application of psk to the problem have been
presented. For comparison of the primary time standards where
uncertainties of less than 3 ns are desired, 1-MHz Bprsk has been
demonstrated to be practical. For comparison of less demanding
standards such as isolated commercial atomic and secondary standards,
potentially useful results have been demonstrated for data rates of 50
and cven 25 kbit/s. Additional work is needed to confirm and improve
the demonstration experiments reported in this paper.
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Tndex: filter, Invar, fabrication technigues

Fabrication techniques of lightweight
Invar microwave filters

H. I. GERSON

(Manuscript received July 29, 1981)

Abstraet

This paper discusses technological problems involved in producing a light-
weight (206-g) Invar filter at 4.0-GHz center frequency. The fabrication
techniques offer a less expensive method of metal filter fabrication compared
to conventional methods. The temperature-stable metal filter is weight-com-
petitive with a graphite epoxy composite (Gec) filter and does not exhibit time-
dependent frequency drift that results from crecp of the resin matrix,

A cylindrical waveguide filter was fabricated and tested for thermal stability
before and after temperature cycling. The frequency characteristics of the
lightweight filter which has 0.368-mm wall thickness are similar to those of a
filter with a 0.88%-mm thick wall and the same electrical design.

The equation for the coefficient of thermal expansion (cTE) of plated material
is derived to evaluate the frequency shift of Invar and Super Invar microwave
filters.

Iniroduction
A thermally stable material such as Invar must be used to minimize
frequency changes in spacecraft microwave waveguide channelizing

filters. Invar has a cTE of 1.6 ppm/°C and the density of steel. A 4.0-
(GHz, 8-pole, dual-mode round filter made with 0.889-mm wall Invar

403
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weighs 506 g (see Figure 1). An increasing number of chapne]izing
filters are required by high-capacity communications satellites. For
example, 12 channels were used on INTELSAT 1V, and 29 on INTELSAT
v; even more will be employed in future INTELSAT spacecraft. The
increasing filter weight stimulated the search for lighter weight filter
designs [1].

atnis

CEIMSBAT

Figure 1. Thick-wall Invar Filter

Minimum wall and iris thicknesses of 0.889 mm and ¢.508 mm,
respectively, were used for the 506-g filter 1o ensure st'able geometry
over the operational temperature range. Electrical conaderalnpns also
dictated other mechanical features of microwave filter design. For
example, the filter sections usually span the cavit__v midpeints 50 thgt
joint discontinuity occurs at the zero current point. Each section is
machined from solid material to obtain continuity at the high current
point, the cavity wall-iris interface. Bosses and flanges are . also
integrally machined, with screws fastening the sections together. Figure
2 shows a thick-wall {> 0.8-mm) filter construction. The filter is costly
to produce because of the cxtensive machining and dimensional
accuracy required, _

Weight and cost could be reduced significantly by repla-cmg complex
parts with simple ones, using thin material, and rep]af:mg separable
joints with molten metal joining. Brazing and soldering have been
proven satisfactory for cavity-iris joints in 4.0-GHz filters. .

GEC, which has a density onc-fifth that of Invar, can be made with
an equivalent cTe. GEC filters at 4.0 GHz weighing 180 g, with
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Figure 2. Thick-wall Filter Section

mounting bracket, have been realized; however, metallized GEC ex-
hibits creep which results in frequency drift (2], [3]. A lightweight Invar
filter weighing about 200 g would therefore be competitive with Gec
and would be drift free,

This paper describes efforts to reduce Invar filter weight by using
thin material, simplifying construction, improving fabrication tech-
niques, and reducing fabrication costs. The thin walls did not buckle
or distort during stability testing over a temperature range of 80°C. An
equation for plated material was developed and verificd to compare
the frequency shift of microwave filters made of Invar and Super Invar
with several different wall and plating thicknesses.

Design appreach and problem areas

To achieve the weight objective of 200 g, the filter cavity wall could
not exceed 0.381 mm, and the iris thickness 0.254 mm. Fabricating and
Joining thin parts to achieve the required geometric accuracy were
major problems in producing a lightweight Invar filier, An 8-pole filter
of 4.0-GHz center frequency was selected for implementation becanse
response characteristics of a thick-wall filter were available for com-
parison.

The mechanical design of the lightweight filter was based on the use
of four cylinders and five disks, with brazing and soldering as joining
methods. Since alternate assembly sequences could be used, selection
of a particular sequence determines which of the five joints are brazed
and which are soldercd. Because the filter interior is not accessible
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after assembly, filter parts or sections must be plated beforchand.
Figure 3 shows the design selected to investigate the major problem
arecas. The filter consists of two similar half-sections, each with two
full-length cavity cylinders brazed 10 an end {(cruciform slot) iris. The
tuning screw and connector bosses are also brazed. The half-sections

CENTER JOINT

SOLDERED
BRAZED JOINT
BRAZED JQINT

END PLATE CLINCH RING
SOLDERED

! L,

- i’

i

CAVITY

i [ 1 HALF-SECTICN
pa S AN ¥~
BN = CENTER IRIS

END 1RIS

Figure 3. Lightweight Filter Concept

are open-ended, allowing inspection of the brazed joints and access for
plating. After silver plating, the two subassemblies are soldered to the
center iris. This center joint is mechanically reinforced by a clinch
ring. Opposing lugs on the clinch ring, which positions the half-sections
relative to each other, are swaged against the cavity flanges (see Figure
4). Finally, the end plates are soldered in place to close the filter.

PREFORM
CLINCH FLOWED
s SPACER SOLDER
Y57 ==
Gl P ¥ N
\ i | no
Y oy 4 N
W - CENTER
P Tl IRIS
] il | )
{a) b ——- —4 (b)

CENTER JCINT END JOINT
Figure 4. Solder Joint Construction
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Figure 5 is a photograph of the completed filter, and Figure 6 shows
a section through the cavity body facing an end iris,

\13*5;\

e}
C@MéAT LABORATORIES  CLARKSBURG, MD. 2

Figure 6. Section of Lightweight Invar Filter
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Fabrication of thin Invar filters

Excellent conductivity at critical points and extremely accurate filter
geometry are two requirements of microwave filters, However, toler-
ances for roundness and flatness, variations of which affect the as-
fabricated (untuned) filter frequency, often have been based on judg-
ment rather than testing, leading to excessively tight tolerances. Since
the filter can be tuned to compensate for targer tolerances, the essential
problem is to prevent distortion within the temperature range.

Cavity cirenlarily

The cavity cylinders were machined from thick-wall tubing fo
eliminate the possibility that residual extrusion stresses would severely
distort the finished cylinder. The finished cylinder was out-of-round
over 0.102 mm.

Invar must be annealed to relieve residual stresses prior to brazing,
and then heat-treated to restore its low CrE. Hot-stretch-forming
congurrent with annealing improved roundness. The final cavity was
round within 0.05] mm.

Initially, the holes for tuning screw and connector bosses were
completed prior to annealing, but they became elliptical during stretch-
forming. The holes were finished by electric discharge machining (EDM)
after annealing.

Iris flatness

The iris is 0.254 mm thick, and a 152 X 10-%mm surface finish is
specified for both sides. Since stock material was unavailable, specially
rolled strip was procured. The five pieces for the irises and end plates
were selected from short sections of the material that were within the
required flatness tolerance.

Brazing

Several braze alloys may be used with Invar. The two selected for
experiments were OFHC copper, and a 56-percent siiver, 42-percent
copper, 2-percent nickel alloy (Lucas-Milhaupt alloy No. 559). Either
material permits fluxless furnace brazing in a reducing (hydrogen or
forming gas) atmosphere. Copper was favored because it is eutectic,
readily fills the joint, and allows the use of interference fits instead of
fixtures. In addition, its high brazing temperature permits secondary
brazing or reannealing at a lower lemperature.

LIGHTWEIGHT INVAR MICROWAVE FILTERS 409

The novel configuration of the end iris-cavity joint was also an
important consideration in braze alloy selection. Figures 7a and 7b
show two conventional braze joints, each with a preform wire ring.
The melted alloy flows through the gap by capillary action, forces the
gas out, and fills the space without forming voids. The iris-cavity joint
of the filter (Figure 7¢) is a combination of the two conventional joints.

PREFORM

FLOWED

CONVENTIONAL LIGHTWEIGHT FILTER

Figure 7. Braze Joint Construction

Whether the preform is placed externally at (1) or internally at (2), the
gaps on both sides of the iris may not be filled completely by the
molten alloy because of the dual passages. Further, gas entrapped in
the joint may result in voids and reduced strength. However, satisfac-
tory electrical performance is more important and has priority over
j()in't strength; the joint must be filied, but its strength may be less than
optimum,

Experiments with both braze alioys were performed with specimens
of the iris-cavity joint configuration. With one preform located at (1)
m Figure 7c, the joints were starved. Preforms were then used at (1)
and (2). The No. 559 alloy was selected because the joints were almost
filled; the copper joints were less satisfactory.

Optimum flow and fill of brazed joints are achieved by adjusting the
brazing schedule for the individual part configuration and mass.
Experiments to determinc the brazing schedule were therefore per-
formed with actuaf filter parts. Finaily, the tuning screw and connector
bosses were brazed concurrently with the filter half section. Each boss
was positioned concentrically with its prefinished hole in the cavity.
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Intergranular cracking and stress relieving

When Invar is brazed with silver alloys, precautions are necessary
to prevent the grain boundaries of the Invar from being penetrated by
silver, which produces cracking. Intergranular cracking was prevented
by annealing to relieve residual stresses, heating the parts uniformly
to prevent thermal stresses, and minimizing brazing temperature and
time.

Center joint

Whether the filter is supported at the ends or center, the center joint
is subject to maximum stress during launch. A clinch ring concentrically
positions the various joint parts and is swaged and soldcred to them,
ensuring structural integrity (see Figure 4a). Spacers are located
between the iris and each cylinder end to produce the solder joint
gaps. Solder preforms arc placed in the grooves on each cavity end
and outside diameter. The parts arc assembled between clamp-rings,
and the clinch ring is swaged. The clamps arc then removed and the
assembly is heated in a furnace.

The center joint cannot be visually inspected after soldering. Its
adequacy can be determined only by measuring cavity ¢ and by
vibration testing. The assembly procedure was checked by assembling
several specimen joints with open-ended cylinders which allowed the
interior joints to be inspected visually.

The last step in assembling the filter was to solder the end plates
{Figure 4b) concurrently with the center joint. Subsequently, cavity O
was measured and found to exceed 10,000.

Final geomeirie aceuracy

After brazing the filter half-sections, cavity roundness and iris
flatness were remeasured. Flatness was twice that specified; out-of-
roundness was larger.

The variations of the cavity diameter, length, and circularity, and
iris flatness determine the as-fabricated center frequency, which can
be adjusted by tuning. Thermal stability, however, is the critical filter
characteristic. Geometric stability may be the determining factor of
thermal stability for a thin-wall filter. Change in iris flatness or cavity
roundness, or oil-canning (buckling) either element introduced by
temperature changes should not alter the frequency beyond the spec-
ified limits. Although a linear temperature-frequency relationship may
be desirable, the criterion for acceptability is that the two parameters
remain within their specified limits. Further testing determined whether
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the large dimensional variations produced geometric instability. The
filter was completed with the existing parts and found to be satisfactory.

Electrical characteristics

Test results

The filter was tuned to a center frequency of 4.075 GHz. Insertion
and return loss measurements indicated good performance character-
istics (see Figure 8). Thermal stability over temperatures ranging from
- ZQ°C to 60°C* in air was measured, and dry nitrogen purged moisture
during the test. Response curves taken at 20°C intervals were essentially
the same. The filter was geometrically stable and its characteristics did
not differ from those of a heavy-wall Invar filter.

0 T T T T T
THIN WALL INVAR FILTER

10 \ 0

201 RETURN LOSS 10
@ INSERTION LOSS a
= z
o 30_ w
o 20 »
Q 2
=
o gl E
= “~30 2
= 5
& o
=

50 ~ 40

80 i

70-_, i ] 1 L 1 — 1

4000 4005 40850 4075 4,100 4125 4145

FREQUENCY { MHz }

Figure 8. Response of Lightweight invar Filter

Several thermal cycles are usually required to stabilize an Invar
filter. Frequency variation was 660 kizt for the first cycle and 700

* Temperature was measured within+ 1°C.
¥ Frequency was measured within + 10 kHz.
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kHz for the second. The small difference led to the conclusion that
stabilization had been achieved because of the thin walls. Thus,
additional cycling and measurements were not performed. Based on
the theoretical ¢TE of Invar, the expected frequency change over the
temperature range was 522 kHz rather than 700 kHz.

The filter was then thermally cycled to check joint stability, partic-
ularly of the soft-soldered joints. The exposure regime consisted of
114 cycles over the same temperature range for 6 days. The second sct
of frequency measurements was taken in vacuum (1 °torr) to climinate
moisture effects. Three thermocouples were attached to the filter body,
one at midlength and one at each end to ensure uniform temperature
distribution. The frequency was measured approximately 1 hour after
the temperatures at the three thermocouples were within | degree of
each other.

A thick-wall Invar filter of the same electrical design and center
frequency (3.977 GHz) was set up in the same chamber and instru-
mented as described previously. The thin-wall filter had coaxial
connections; the thick-wall filter had waveguide connections with coax-
to-waveguide transitions.

Figures 9 and [0 plot the results for the thin-wall and thick-wall
filters, respectively. The temperature-frequency variation of the thick-
wall filter is less linear than that of the thin-wall filter. This may be due
to the thicker material sections, the mass of material at cavity joints
(flanges and screws), and/or the brass coax-to-waveguide transitions
at the filter ends. The thermal conductivity of Invar is low, and thermal
lag will reduce the frequency shift of a filter.
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Figure 9. Frequency vs Temperature (Lightweight Invar Filter)
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Figure 10. Frequency vs Temperature (Thick-wall Invar Filter)

The successive response curves of the thin-wall filter over the
tempfl:rature range did not differ significantly from those taken initially;
the differences were those which typically occur with an Invar filter.

The joints and geometric stability had not deteriorated from thermal
cycling.

Evaluatien of Thermal Stability

Table 1 shows the total frequency shift measured for the three
successive half-cycles during the thermal-vacuum test of the two filters.
For the thin-wall filter, the maximum frequency shift over the 80°C
range was 735 kHz, an increase from the previous 700-kHz maximum.
A reasonable explanation is that repeatability had not been achieved
in the first two cycles, as originally presumed. The maximum frequency
excursion for the thick-wall filter was 575 kHz. The difference in
frequency shift between thick- and thin-wall filters is discussed below,

TaBLE 1. FREQUENCY SHIFT (kHz) for 80°C

FiL1eR TEMPERATURE RANGE
WaLL
THICKNESS 60°C TO ~20°C 10 60°C 1o AVERAGE
MM —20°C 60°C -20°C FOR 84°C
0.889 +530 —575 + 535§ 547
0.368 +715 —735 + 710 720
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Operationally, the thin-wall filter is satisfactory. On communications
satellites, bandpass filters are usually Jocated on an equipment shelf
inside the spacecraft, where they are exposed to 4 maximum temper-
ature variation of 60°C. For a 60°C change, the frequency shift of the
thin-wall filter would be 540 kHz; that of the thick-wall filter would be
410 kHz.

Inereased filter CTE

Because of the conductive plating, the measured temperature-fre-
quency shift of an Invar filter will always be larger than that based on
the theoretical ¢TE. Deviation from the recommended heat treatment
of Invar may also increase the CTE. Water quenching from 83(0°C,
followed by soaking at 315°C, and cooling in air is recommended [4].
This procedure was not used for the thin-wall filter because quenching
may produce distortion, and reheating could promote intergranular
cracking. Instead, the filter half-sections were rapidly air-cooled from
the brazing temperature, which is an equally effective treatment.

The increased CTE of both filters is due to the plating with nickel and
silver. Since both sides of all surfaces are plated to the same thicknesses,
the resulting multilayered composite is symmetric or balanced.

CTE of flat multilayer composite

Figure 11 shows flat material consisting of five layers. If the layers
are not bonded together and are exposed to a uniform (emperature
increase, AT, each will experience free expansion in the x direction
shown in Figure 11 as Al, for material 1. The original length of each
material is f,. If they are bonded together, the final length () of the
composite and each of the five layers will be in equilibrium. Materials
1 and 2 will be compressed, and material 3 extended. Since the
composite is balanced, no bending moment develops.

If flat material is exposed to a uniform temperature rise, it will
experience a free longitudinal unit expansion or strain (e} of

€ = ATa (1)

where « is the CTE.

If the free movement of the material is restrained or extended by
another material, both will experience an additional unit strain. For a
multilayer case, the final longitudinal strain (¢') of each sheet is the
same as that of the composite:

o, = LARGEST 41

o
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Figure 11. Flat Multiluyer Balanced Composite

€ =¢.=ATu; + ¢ 2

when e, is tension, with { representing the layer number, and ¢ the
composite. The sign is negative for compression.

The described condition also exists in the material layers in the z
direction, perpendicular to the longitudinal direction x. Therefore, cach
material layer is under a biaxial stress. For this condition, when the
stress in both directions is tension, and since o, = o,
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=]

{1 - ) (3)

€ =€ =

oy |

I is Poisson’s ratio.
where o is the stress, Eis the elastic modulus, and p. 1s Poisson

Let
4
k=01 —w) (4)
Substituting equations (3) and (4) into equation (2) yields
ok )
€. = AT(].! + _ET ¢
Since P = oA, for a unit width
P = ot (6)

ckness. Substituting

. . P is layer thi
where P is force, A is area, and 1 is lay produce the

equation (6} into equation (3) and rearranging the terms
following results:

tiEI

(tension) P, = rk—(

i

e, — ATa) - (7)

For equilibrium (see Figure 11),

2P, (compression) + 2P, (compression) = P; (tension). (®)
I

i ial and
Substituting cquation (7) into equation (8) for each matena
reducing to determine o results in

€, kzka (2IIE10H) + kiks (212E2a2) + k&, (tBEBO"_i) ) 9)
% = 3T T T ok QHED + kiks QRE) + Kiks (53)
it can be similarly shown that the cTE of a cylindrical multilayer
composite is also determined by equation (9).

CTE of thick- and thin-wall filters o
es and thicknesses of each material in the

Table 2 b b il < and Table 3 shows a,, and the frequency

composite wall of both filter
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TABLE 2. CONSTITUENT MATERIAL THERMOELASTIC PROPERTIES

CTE, E. THICKNESS (x10 ) MM

MATERIAL PPMC GPa n THICK WaLL THIN WALL
invar 1.6 141.00 0.29 889.00 368.00
Nickel 13.3 207.00 0.30 2.54 2.54
Silver 19.6 75.80 0.37 5.08 5.08

TABLE 3. CTE AND FREQUENCY SHIFT WITH PLATED INVAR

FREQUENCY SHiFY

FILTER WALL CENTER FOR 80°C (KHz)
THICKNESS, FREQUENCY WITH
MM (GHz) a, (PPa/°C) o, MEASURED
0.889 3.977 1.82 579 547
0.368 4.075 2.12 691 720

shift for 80°C. The values are based on equation (9) and Table 2. The
o, of the thin-wall filter is larger because, for a given plating thickness,
the thinner walls result in a greater influence of the plating on the
composite CTE. The calculated frequency shifts are within about §
percent of the average measured values.

Related material aspeets

The thinnest filter wall practical with Invar is 0.254 mm. Although
@, increases with the thinner wall, the frequency shift for 60°C would
still be acceptable at 562 kHz. Table 4 shows a, and the associated
60°C frequency shifts for filters of 4.0-GHz center frequency for three
wall thicknesses made with Invar and Super Invar.

Manufacturers’ specifications for Super Invar 38 (a 31 -percent nickel,
7-percent cobalt, 62-percent iron alloy) indicate an average CrE as 0.69
Ppm/°C from 30°C to 100°C, and 1.1 ppm/°C from 30°C to — 25°C. For
an operational temperature range of — 10°C to 50°C, the average CTE
for Super Invar 38 is 0.963 ppm/°C. This value was used in calculating
the data in Tables 4 and 5.

Table 5 shows «, and the frequency shift for the same wall thicknesses
of Invar and Super Invar when used for a 12-GHz filter. In this case,
the required silver plating that provides five skin depths is only 2.54
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the cavity wall to 0.254 mm or chemically milling the outer surfz
to a w.afﬂe pattern would result in further weight reduction e
V?rlo_us cost-reduction techniques can be implemented fc;r quantit
fabl"lcatlon where investment in tooling is justified. Thin cxtrudez
tubmg cguld be used and the thicker sections of the cavities formed
by swaging. Other possible methods include drawing or spinning th
cylinders rather than machining them. Drawn or spun cups mag be
used for some sections instead of separate tubes and iris diiks re

% 10 -* mm thick. The 2.54 x 10" mm nickel base coat is the minimum

ure that the nickel completely covers the Invar and

required to ens
of the silver

provides a satisfactory undercoat for good adhesion

plating; it cannot be reduced.
Substituting copper, which has a lower CTE (17.6 ppm/°C) and a

higher modulus {110 GPa) for silver decreases the composite CTE. The
o, of the thin-wall filter, for example, would decrease from 2.12 to 1.85

ppm/°C.

TABLE 4. FREQUENCY SHIFT BETWEEN 50° C AND — 10°C AT 4.0-GHz .
Conclusion

CeNTER FREQUENCY

SupER INVAR 38

WAL INVAR
THICKNESS, *

MM a, (epMPCY A fiIkH7Z) w, (PPM/C) ARKHZ)
0.889 1.82 437 .19 286
0.368 2.12 509 1.51 362
0.254 2.34 562 1.74 418

s Plating: 2.54 x 10-* mm Ni; 5.08 x 10" mm Ag.

» Rapid air cool from 925°C.
¢ Annealed at 1,093°C and slow cooled, Invar average CTE for temperature range

= (1.963 ppm/°C.

TABLE 5. FREQUENCY SHIFT BETWEEN 50°C, anp — 10°C AT
12.0-GHz CENTER FREQUENCY

SUPER INVAR 38

WALL INVAR
THICKNESS,*

MM o, {PPMPC) AfixHz) o, (PPMIPC) AflkH7)
0.889 1.76 1267 113 814
0.368 1.98 1426 1.36 979
0.254 2.4 1541 §.47 1058

a Plating: 2.54 x 10-* mm Ni; 2,54 x 10-* mm (10 *in.) Ag.

t Rapid air cool from 925°C.
: Annealed at 1,093°C and slow cooled. Invar average CTE for temperature range

= 0.963 PPMSC.
Weight and cost reduction

Weight could be reduced by shortening the tuning screws and

eliminating two corners of cach connector flange and boss. Thinning

Tl:llS paper described certain aspects of the mechanical design and
fabrlcatlpn techniques used to produce a thin-wall, lhermallygst;br:e
Invar microwave filter. These techniques will reduce filter fabricati
costs below those of conventional methods regardless of wall thi(:kf:e10n
The. 2_06-g Inv'ar filter is weight competitive with the Grc filter Ssci
CXhlb'ltS' superior time-dependent frequency stability. Frequenc ‘ lfm
acteristics of the thin-wall filter are the same as thosé of a heavi}érc walii
filter except for a slightly larger frequency shift. The equation devel ad
for the CTE of plated material correlates with test results. It was 3[5"3(1
to compare the frequency shift of Invar and Super lnvaf .ﬁ]te 4e
and 12.0-GHz center frequency. s
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CTR Notes

Summary of the SBS satellite communications
performance specifications

G. G. CHURAN ANDW. E. LEAVITT

(Manusecript received June 15, 198])

Introduction

A contract was signed on December 31, 1977, with the Hughes
Aircraft Company for the design and construction of a spacecratt to
be used with the Satellite Business Systems (SBS) all-digital system.
The specifications, which resulted from a tradeoff between timely
delivery and communications capability, were derived after a number
of iterations. This note concentrates principally on the significant
parameters of the communications payload, specifically those govern-
ing the transponder and antenna. Other spacecraft features that affect
communications performance are described in general.

SBS spaceeraft characieristies

The sBs spacecraft is an active multichannel repeater in geosyn-
chronous equatorial orbit. Because the antenna pattern is shaped to
provide optimum coverage of the continental United States (CONUS),

William Leavitt is a Senior Engineer and Gary Churan an Advisory Engineer
in Space Segment Engineering and Operations, Satellite Business Systems.
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antenna beam pointing from the spacecraft must be controlied to a 3¢
accuracy of 0.05° in both an east-west and a north-south direction.
Beam rotation should be 0.2° or less for 7-day periods between attitude
trim corrections. A beacon located in the Denver, Colorado, area
permits the spacecraft to maintain the antenna pointing within these
accuracies. The spacecraft position must be within +0.03° in both the
cast-west and north-south direction. The original design objective
allowed placement of the spacecraft between 100° and 130° west
longitude without significant changes in the communications payload
performance over CONUS. Actual SBS nominal assigned orbital positions
of 100°, 97°, and 94° west longitude have necessitated a slight modifi-
cation to the antenna system of one satellite to permit satisfactory
coverage from the 94° orbital position.

The spacecraft and apogee motor with the payload assist module
(PAM) are capable of injection into the nominal parking orbit trajectory
when launched by the Delta 3910 launch vehicle. Launch by the Space
Transportation System (sTs) is to be accomplished by minimal modi-
fications of the paM from its Delta configuration and no change to the
communications satellite, Use of the Delta launch vehicle places a
weight limit of about 3,339 kg on the spacecraft, apogee motor, and
paM, The weight limit is approximately 4,355 kg for launch with the
STS.

The sBs spacecraft is spin-stabilized with fuel capability to provide
cast-west and north-south stationkecping for the 7-year operational
life. Figure 1| shows the overall spacecraft configuration. Two solar
drums provide the electrical power. During launch, the lower drum is
raised above the upper drum and deployed after placement in the drift
orbit: the antenna reflector is folded down.

Uninterrupted spacecraft operation for 7 years requires a battery
capability that permits full operation through eclipse to at least the end
of this period. Items subject to wearout and gradual degradation have
a specified design life of 10 years. The probability of spacecraft survival
at 7 years is specified to be in excess of 0.7 with 8 of the channels
capable of continuous operation and meeting or exceeding the minimum
specified channel performance.

Coverage and channelization

The SBS communications subsystem operates in the 14/12-GHz
bands (14.0-14.5 GHz up-link, 11.7-12.2 GHz down-link), with 10
transponder channels available. Each channel has a43-MHz bandwidth,
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Figure 1. SBS Spacecraft Configuration

with a 6-

MHz guard band b i :
g etween adjacent channels, The transponder

¥ channelization is shown in Figure 2.
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1726 11.774 11.823 11.872 11921 11.;3?0 12.619 12.068 12]117 12 ;66

- 2

CENTER FREQUENCY, GHz

Figure 2. Spacecraft Repeater Channelization
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The spacecraft antenna contains two reflectors that use orthogonal
linear polarization and are mounted back to back in a single antenna
= 3

structure, The received signals are vertically polarized and the trans- I
mitted signals are horizontally polarized. The cross-polarization iso- =dgr « et -~ P >
lation between the receive and transmit beam should be at least 15 dB. @ Efég " S @EE - [J
The antenna system generates shaped up-link and down-link beams for F iziz i > o £33 = H
optimum coverage over CONUS. Performance specifications have been z 9§§§ 5 & 5 Zeg Z
defined for six coverage regions over CONUS, as shown in Figure 3, to ) g © o = °Fz
ensure that transmit power and receive sensitivity are concentrated in o = T w_ - -
areas of greatest population. Table 1 gives the minimum specified z A €
values for saturated effective isotropically radiated power (e.L.r.p.) and s ’ |
receive gain-to-noise temperature ratio (G/T) for these regions. -
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General transponder deseription

BANDPASS
FILTERS

A block diagram of the transponder is shown in Figure 4. From the
receive antenna-feed network, the received signal is routed to one of
4 low-noise receivers via a 1:4 redundancy switch network. Down-link
frequency conversion is performed in the receiver, which also provides
a single-step 6-dB signal attenuator selectable by ground command.
Following amplification, the odd and even channels are separately

174 SWITCH
FROM RECEIVE
ANTENNA FEED
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channelized in the input multiplexer section that consists of 10 wave-
guide channel filters with delay and amplitude equalizers. Each channel
also has a 3-dB step attenuator that is selectable by ground command.

Following the input multiplexer section, each channel! signal is routed
to a channel amplifier through an input redundancy switch network.
This network consists of 16 mechanical waveguide switches which
provide for a 16-channel amplifier redundancy for the 10 channels. The
channel amplifiers contain a traveling wave tube amplifier (TWTA)
preceded by a driver amplifier and a fixed attenuator that sets the
overall gain of each amplifier to the same level.

The amplified channel signals from the TWTA output arc routed to
odd and even channe! output multiplexers via an output redundancy
switch network operating in tandem with the input redundancy switch
network. These networks also provide the capability for routing
telemetry signals through two TWTAs to the spacecraft omnidirectional
telemetry antenna. The output multiplexers separately combine the
odd and even channel output signals which are then transmitted by the
dual-mode antenna system.

Overall ecommunications performance specifications

The sBs transponder channel requirements are dictated primarily by
the digital TDMA transmission mode. Other modes, such as FDMA/EM
or FDMA/PSK, are accommodated without compromising the primary
digital TDMA performance. Identical performance requirements apply
to all channels; end-to-end requirements include antenna, receiver,
channel filters, and output amplifiers.

[INK PERFORMANCE PARAMETERS

The change in G/T and saturated e.i.r.p. values (Table 1) in any
region due to antenna beam-pointing variations should not exceed 2.5
dB over 24 hours. The flux density required for TWTA saturation from
a location of minimum receive antenna gain in Region 3 is specified to
be —82 = 0.5 dBW/m? with both channel and receiver gain controls
in low-gain settings.

FILTER REQUIREMENTS

These parameters include in-band and out-of-band frequency re-
sponse, gain slope, and group delay. The in-band frequency response
specification is shown in Table 2.

The maximum gain slope within the usable channel bandwidth should
not exceed the values given in Table 3 for signal drive levels ranging
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TABLE 1. MINIMUM G/T AND SATURATED
E.LR.P. WITHIN REQUIRED
REGIONS 0OF COVERAGE

TRANSMIT

RECEIVE E.LR.p.

REGioN G/T (dB/K) (dBW)
1 +2.0 43.7
2 0 41.7
3 -2.5 40.0
4 —-5.5 37.0
5 -4.5 38.0
7. 6 ‘ —5.5 39.0
San Francisco +0.5 42.0
Los Angeles -3 41 .2

TABLE 2. IN-BAND FREQUENCY RESPONSE
SPECIFICATION MASK

f=—FREQUENCY RELATIVE TO CENTER FREQUENGY —|

2043 1605 1505 2043 FREQ. MHz
W% +70% 0 +70% 95%  USEABLE BW

reLative | 1 2 ! —’

INSERTION | b i ? b

LOSS, dB V

ALLOWABLE VARIATIONS (dB)

WirHiN CGNTER WITHIN CENTER
ILLUMINATION 70% 95%
From Saturation
To Saturation +6 dB 0.5 1.4
Saturated 0.4 l.O
From Saturation to |
Saturation —20 dB 0.6 1.8

from 6 dB above saturation to 20 dB backed off from saturation. The
Fotal‘ end-to-end group delay should be within the shaded areas sﬁown
n Elgure 5 for all drive levels up to 6 dB above TWTA saturation. In
addition, the total group-delay ripple (defined as having a period c;f' 6
MHz or less) should not exceed 1.5 ns peak-to-peak. The channel input
and output out-of-band response specifications are given in Table 4.
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The input response is measured between the receiver input and the
final high-power amplifier input; the output response is measured from
the final amplifier input to the channel output.

TABLE 3. CHANNEL GAIN SLOPE REQUIREMENTS ( dB/MHz)

FREQUENCY RANGE

RELATIVE TO CHANNEL ToTaL MAXIMUM

INPUT MAXIMUM

CENTER FREQUENCY GaIN SLOPE* GaIN SLOPE®

+15.05 MHz 010 .20
70% or Less

+17.20 MHz 0.20 0.5
20% or Less

+19.35 MHz 0.35 0.55
90% or Less

+21.50 MHz 0.8 13

100% or Less

= Input gain slope is measured between the input to the transmission channel {including receive

antenna) and the input of the final power amplifier. .
b Total gain slope is measured over the total transmission channel including the receive antenna

and fransmit antenna.

- l ‘ (215,70

RELATIVE GROUP DELAY, ns

FREQUENCY, MHz FROM BAND CENTER
Figure 5. Total Channel Group Delay Vibration
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TABLE 4. CHANNEL INFUT AND OuTtpPuT
OuT-OF-BAND CHANNEL RESPONSE

FREQUENCY DIFFERENCE

FROM BAND CENTER? OuT-0r-BaND

{MHz) REsPONSE? (dB)
+27.7
Input § 310 o
+ 31 >35
+27.5 =10
QOuty
uiput | £30 >30

* Shown in Figure 2.
b Relative to band center.

NONLINEAR PERFORMANCE SPECIFICATIONS

Table 5 gives the limits for end-to-end channel third-order inter-
modulation products for the drive levels shown. The total channel
phase shift must not exceed the values given in Table 6, where phase
shift is the maximum shift of carrier phase when a single unmodulated
carrier is varied from the specified level to no-drive. The AM-PM
transfer coefficient with two carriers having an amplitude difference
of up to 20 dB and the larger carrier amplitude modulated 1 dB peak-
to-peak are not to exceed the values given in Table 7.

ADDITIONAL MISCELLANEQUS SPECIFICATIONS

‘ An important consideration of a multichannel spacecraft is that the
intermodulation components of the broadband receiver be sufficiently
low to prevent significant spurious signals in the channel passbands.
Table 8 provides these specification limits for the receiver. Additional
communications parameter specifications that are important to proper

(%peration of the satellite communications system are presented in
able 9.

Present spacecraft status

The three spacecraft presently under purchase from Hughes Aircraft
Company use the Hughes HS376 bus. The first was launched on
Nov'.'ember 15, 1980, and is now operational and meeting all performance
fequirements. At the time of writing, the second spacecraft had been
delivered to Cape Canaveral and was being readied for launch. The

third is scheduled for a Space Transportation System (sTs) launch in
the latter half of 1982.
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TABLE 5. CHANNEL CARRIER-TO-INTERMODULATION RATIOS®

FLUX DENSITY AT THE SPACECRAFT
For Eacit or Two CARRIERS" (dB)

+3
0
=3
—-10
—17

« This specification will be met with any frequency separal
the passband of the fransmission chgnncl. .

" Relative to single-carrier saluration flux density.

© Relative to cach RF carrier,

TapLE 6. Toral TRANSMISSION CHANNEL PITASE SHIFT

FLUx DENSITY*

+3
0
-3
-6
-9
-12

e

* Relative to single-carrier saturation flux density.

TABLE 7. CHANNEL AM-PM TRANSFER COEFFICIENT

ToraL FLuxX DENSITY OF
Two CARRIERS* (dB)

+3
0

—15

s

# Relative to single-carrier saturation density

Maxmus LEVEL O ANY TIIRD-ORDER
INTERMODBULATION PrODUCT (dB)

6
d
10
15
26

rion in excess of 100 kHz, but within

MaxIMUM Prask SHIET
(deg)

55
42
30
22
5

8

AM-PM TransFER COEFFICIENT
(°1dB) (PEAK-TO-PEAK)

6.0
6.0
7.0
7.0
6.0
4.5
3.0
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TaBLE 8. RECHIVER CARRIER-TO-INTERMODULATION RATION (dB)

FLUX DENSITY AT THE SPACECRAFT
FOR EACH CARRIER*

CARRIER-TO-ONi: INTERMODULATION

ProODUCT RATIO

+17 -
+10 ==
+7 =
4 =51

* Above single-carrier saturation flux density.

TABLE 9. ADDITIONAL COMMUNICATIONS PARAMETER SPECIFICATIONS

Spurious Output {in transmit band at input
to transmit antcnoa)
I-MHz Band
4-kHY, Band
Long-Term Frequency Stability
Over Lifetime, Including Initial Tolerance
Over 3 mo. Including Eclipse Effects
Commandable Gain Increase
Channel
Receiver
Transponder Gain Stability
(excluding attitude effects)
Over Lifetime
Over Any Day
Over Any 10-Minute Period

Overdrive Capability (without subsequent
degradation of litetime performance)

—55 dBW
—60 dBW

*+ 10 parts in 10°
* 2 parts in LO?

0.25dB
0.5 dB

I+ I+

3 dB peak-to-peak
1 dB peak-to-peak
0.5 dB peak-to-peak

9 dB above saturation
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Solar absorptance degradation of an uncleaned
radiator

N. L. HyMAN

(Manuseript received August 4, 1981)

Introduction

This note is an addendum to a recent paper on the measured solar
absorptance (o) increase of the optical solar reflector (OSR) radiators
on the COMSTAR satellite beacon experiment [1]. The referenced paper
describes the beacon thermal and temperature telemetry characteris-
tics, confirms constant power dissipation, and presents the theoretical
basis for data reduction. Also presented are processed flight data from
the first three COMSTAR satellites (D-1, D-2, and D-3); data from the
fourth comsTAR satellite (D-4) could not be included due to its much
later launch (February 21, 1981).

There was confidence in the high accuracy of the «, degradation
results from the first three satellites, but two questions were not
completely answered: (1) Why was the rate of «, increase for the
beacon radiators on the third cOMSTAR appreciably higher than the
rates for the first two satellites? (2) What were the relative contributions
to degradation from inadequate prefaunch cleaning and post-launch
contamination”?

Prefaunch logistic priorities barred the removal of some of the D-4
OSR mirrors which would have provided an opportunity for detailed
study of both the contamination accumulated during the radiater’s
S-year storage and the effectiveness of subsequent cleaning. To glean
useful information without perturbing satellite operations, no cleaning
treatment was given to the radiator of the 28-GHz beacon package,

N. L. Hyman is a member of the technical staff in the Spacecraft Laboratory
of COMSAT Laboratories.

433



434 COMSAT TECHNICAL REVIEW VOLUME |1 NUMBER 2, FALL 1981

while the 19-GHz radiator was cleaned according to the usual speci-
fications. Non-cleaning was considered tolerable because beacon op-
eration was to be limited to only 6 months, a time span that would not
allow even a very rapid «, degradation rate to cause excessively high
temperatures. A comparison of histories from these extreme radiator
surface conditions was cxpected to offer a clue concerning the relative
degradation contributions of storage and postlaunch contaminants,
This Note presents the results of a comparison of o, histories for the
D-4 19-GHz cleaned and 28-GHz uncleaned radiators, as well as the
28-GHz D-1, D-2, and D-3 radiators.

Thermal medel for the 19-GHz package

The referenced study concentrated on the 28-GHz beacon, comparing
telemetered maximum diurnal temperatures to maximum temperature
predictions based on a nodal thermal model. A technique of computing
yearly fractional change in o, from temperature data only, with no
thermal model predictions, was used to confirm that the o, vs time
characteristics of adjacent 19-GHz and 28-GHz radiators (on the same
satellite) matched to within 8 percent. Thus, no 19-GHz thermal model
was necessary, and much labor was saved. However, since the D-4
beacon radiator surfaces are quite different, and beacon lifetime is less
than one year, a 19-GHz thermal model was required for identical
treatment of temperature telecmetry data from both beacons. “*“Working
curves'' similar to those of Figure 2 of Reference | were obtained from
this thermal model. '

Constant dissipation and o, ealenlation

The 6-month history of telemetered diurnal temperature extremes
from the D-4 beacons is shown in Figure 1. The minimum temperature
history of the 28-GHz package (showing a 1.5°C rise from vernal
equinox to mid-April) is similar to that shown in Figure 5 of Reference
1; constant thermal dissipation in this package is thereby confirmed.

On May 19, 1981, the 19-GHz package suffered a slight power loss
which caused a sudden 3°C drop in minimum temperature (equivalent
to a 4-percent loss of power dissipation). This power loss is easily
accommodated in calculating and presenting o, vs time, since dissi-
pation rates both before and after May 19 remained constant. Because
change in &, (Ae) is of interest, the o, vs time plot following May 19
(based on the same 34.2-W dissipation used prior to May 19) has been
shifted up to match the preceding curve, with negligible loss of Aa,
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Figure 1. Diurnal Temperature Extremes Jrom D4 COMSTAR
Beacon Telemetry

aceuracy. This treatment results in a continuous curve for 19-GHz
ll;S tlmf? as shown in Figure 2, where the curve beyond May 19 h:y
cen lifted by exactly 0.02. Also shown is the . vs time beha X
the uncleaned 28-GHz radiator. Computations Eor o, were bV
tl_le Procedure described in Reference 1, using equati(;n {4) da
similar to Figure 2 of the reference. "

ior for
sed on
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Comparison with previeus resules

Because thc.da@-gathering time span of the D-4 study was only 6
lr;l;;mthS, qll&}l’_ltll.allve a, vs time slopes may be subject to relatively
¢ uncertainties. The most useful application of results is a direct
comparlson_ to the «, vs time curves of the D-1, D-2, and D-3 COMS"eC
beacon radiators over an identical time-of-year sp,an. This appm:;zl}j
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Figure 2. «, History of Beacon Radiators on D-4 COMSTAR

has an inherent shortcoming, however, since the D-4 time span (from
shortly after the February 21 launch through August) corresponds to
time spans for the D-1, D-2, and D-3 which are from 8 to 10 months
following launch, with a second appropriate span a year later. With an
a, degradation rate gradually decreasing with time (revealed by the
D-1, D-2, and D-3 data), this time span mismatch would not allow a
fully correct direct comparison of curve shapes and slopes. Thus, when
such comparisons are made, it should be recognized that D-1, D-2, and
D-3 degradation rates would have been higher had their time spans
been as close to launch as that of D-4.

Figure 3 displays the 28-GHz o, profiles of the D-1, D-2, and D-3 for
two year-apart time spans each, together with the two D-4 resulis. The
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various curves are to scale but offset vertically for easier comparison.
The first year’s profiles for D-1, D-2, and D-3 show essentially constant
slopes; during the second year for D-1, the slope decreases just 6
percent; the decreasc for D-2 is slightly greater, 9 percent; and for
D-3, 11 percent. (The short time spans do not allow an average yearly
slope computation.)

Comparison of initial o, magnitudes from Figure 2 with the corre-
sponding values from Figure 9 of Reference ! indicates that the D-4
19.GHz value is somewhat lower than those of D-2 and D-3, and
appreciably lower than that of D-1. The D-1 initial o, value is similar
to the uncleaned D-4 28-GHz value. These apparently inconsistent
results support the conclusion in the reference that the absolute e,
error is of the order of =0.01.

From the referenced study, it is known that «, increases with
increasing solar incidence angle, causing a positive perturbation in the
@, vs time curve between autumnal and vernal cquinoxes, when the
sun angle is greater than approximately 20° from normal. The D-4 data
from early March fall into this time span category. Also, for several
weeks following launch, satellite housekeeping functions were not
constant, and slight changes in earth-pointing attitude could perturb
beacon maximum diurnal temperature. 1t is also possible that during
this March 1981 time frame, a rapid increase in the D-4 a, occurred,
as was observed in the D-3 28-GHz radiator immediately after launch.
Because of these three combined irregular influences. it is not surprising
that in March some D-4 19-GHz data scatter occwrred. These data
from the D-4 19-GHz radiator are therefore not used for comparison
or explanation.

A comparison of the 5-month (April through August) change in «,
for all beacon radiators is shown in Table 1. The D-4 19-GHz Aq, is
approximately equal to that of D-1, slightiy higher than that of D-2,
and significantly lower than that of D-3. Considering the D-4 time
interval (at least 8 months closer to launch than the others), it is
expected that a more correct comparison, using the D-4 results g
months later, would result in a smaller D-4 o, vs time slope, most
likely approximating that of the D-2.

As indicated in the Introduction of this Note, a hoped-for result of
leaving one D-4 radiator uncleaned was a measure of the relative
contributions to «, degradation of inadequate prelaunch cleaning and
in-orbit contamination. This measure would be possible, however,
only if there had been no large differences in o, histories between
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TABLE 1. BEAC 1
EACON RADIATOR o, INCREASES, APRIL THROUGH AUGUST
APPROXIMATE
InITIAL
comSTAR _ N (POSTLAUNCH)
o
5 o
D-1 ‘
1977 0.0074 0
(978 0.0070 1
D-2
1977 0.0060 0.104
1978 0.0055 '
D-3 -
1979 0.0100 0.108
1980 0.0090 '
D-4
{19-GHz 1981
(oo 0.0075 0. 100
(28-GHz 1981
otz 0.0182 0.116
cleaned ed, i i i
and uncleaned, implying either not much initial contaminant

(nothing that could be cleancd oft) or an almost totally ineffective

cleanin :
lean: g procedure, Spch was not the case, and the second questi
aised in the Introduction remaing unanswered o

Conclusions

CLEANED RADIATOR

da;[;ih; ﬁ,ﬁ?tiﬂﬁﬁfr}()gm 1}312 it;n(ljpl'illrison of 6 months of «, vs time
R o - -UHz beacon radi; i adi
séﬁcrwa;lztzizsr(iﬁl'mately equal to that on the D-? 2?123;?52???
e Initiasl; ! drn till_at on the D-1 and appreciably less than that on’
T r.eason fo,‘ t;g ings c}fter launch are lowest for the D-4 19 GHz.
Oz ron ! r this relapve]y low degradation rate for the D-4 19-
conamaiator 6nn0Dt ;@Eledlately apparent; the accumulation of surface
izt s O -f should be at least as large as on any of the other
EXpIanaiion mgs;]tet (}; th? much longer storage time for D-4. A possible
or techmern Wl;gs ‘edthat somehow a differcnt cleaning procedure and/
During (e u.{se . (The author did not witness any actual cleaning.)
have oo r;a:j years bctwee-n D—.3 and D-4 cleaning, changes could
andor e el in the speplﬁcallons on solvents, procedures, etc.
oromme: nnel. In addition, a subtle human factor could havc‘:
pted a more careful, thorough, and effective cleaning. There may
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have been a greater awareness of the importance of D-4 radiator
cleaning, since attention was focused on this activity by the specific,
unusual instructions for cleaning only one radiator.

UNCLEANED RADIATOR

As shown in Figure 2, the a, for the uncleaned 28-GHz radiator,
unlike the cleaned 19-GHz unit, increases monotonically from early
March through August. The total «, increment over the entire data
collection span is more than double that of the 19-GHz radiator. The
initial «, of approximately €.116 is appreciably higher than the ap-
proximately 0.100 for the 19-GHz unit; this difference is of interest
despite the relatively high uncertainty in absolute o, calculations.
However, for a 3-week period, from mid-March through the first week
in April, the «, vs time slopes are almost identical for the two radiators.
This may indicate that it took about 3 weeks for the D-4 surface
contaminants to significantly darken under ultraviolet exposure.

The higher initial o, and the rate of increase for the 28-GHz radiator
were expected, but a quantitative comparison (i.e., the «, increase
twice that of the 19-GHz) cannot be readily interpreted into a definitive
measure of the nature or extent of prelaunch 0sR surface contamination,
The general conclusion is that more contaminant was initially present
on the uncleaned 28-GHz radiator in orbit; the prelaunch cleaning of
the 19-GHz radiator was, by this type of measure, effective.

A quantitative conclusion is an upper limit on OSR «, degradation as
a result of poor cleaning procedures. No matter how deficient OSR
cleaning, a, degradation should be no worse than that presented here.

Reference

{11 N. L. Hyman, **Solar Absorptance Degradation of the COMSTAR Satellite
Centimeter Wave Beacon Thermal Radiators,” COMSAT Technical Re-
view, Vol. 11, No. 1, Spring 1981, pp. 159-177.
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19: and 28-GHz: high power/eflici
amplifiers* itency IMPATT

Su MiN CHou
(Manuscript received July 22, 1981)

Introduction

This note presents the results of experi
' periments on an improved desi

for 1].9- gnd 28-GHz IMPATT solid-state amplifiers for po]sjsibl: Bez?:lgn
application on fl_Jture INTELSAT satellites. In this design double-dr?fl:
g?giion SlllCOl:l diodes replace the single-drift region siiicon IMPATT

110 es used in the CO_MSTAR Beacons built at CoMsaT 1aboratori
[1]-3]. The new ampiifier design also simplifies assemb e
procedures considerably,

Advances in device technolo i
. nology have made it possible to impro

'?ﬁ to RF conver'swn efficiency and reliability of 1mpaTT aglpfg;e[:l :
S_h_ree dlffedre\x;t kinds of IMPATT diodes (NEC's single- and double drii"i
thcon, and Varian’s GaAs Read-profile) were t illato

19 GHz. Results showed that Varian’ S T s oseillaors at

; arian’s GaAs IMPATT diode delj
111\-4?;;2 g?“cf]er (;w]th 15-percent efficiency. The NEC doub]e-dfift zgleorti
‘ 10de delivers 1.4 W with 10-percent effici
single-drift silicon diode delivers 750-mW it A
Dereon: affoieon RF power with less than 6.5-
effg:fi allt ﬂﬁ: devices tested, the Varian GaAs Read diode was the most
ent. However, NEC's double-drift silicon diod
ient. B ' e was selected

Varian’s diode because the NEC diodes appear to be better adapteg ‘f’(?:

ly and tuning

* his note is based u
on WOI‘k rf i
. I L note ; P _ performed at COMSAT Laboratories under the

Su Min Chou i 1 ;
u is senior staff scientist in the Microw N
ave Commu
Laboratory, COMSAT Laboratories. nications
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space flight. A single-diode IMPATT module operating as the final stage
of a 19-GHz output amplifier, and a single-diode IMPATT module
operating as the final stage of a 28.6-GHz output amplifier were
developed and tested. NEC double-drift region silicon IMPATT diodes
ND8020W-5H and ND8030W-IN were employed in the 19-GHz and
78.6-GHz amplifiers, respectively. In these diodes, diamond heat sinks
allow for efficient diode junction heat dissipation. Output powers of 1
W at 28.6 GHz (with 10-percent cfficiency) and 2 W at 19 GHz (with
more than 13-percent efficiency) were achieved when the diodes
operated at oplimum efficiency. At these output power levels, the
amplifiers showed a 5.5 = 0.2 dB gain with a bandwidth of more than

5 percent.
19-GHz single-diode IMPATT amplifier

The 19-GHz single-diode IMPATT amplifier design is novel in many
respects. The main body of the amplifier module is in one piece,
making the amplifier more compact and easier to fabricate and assem-
ble. The reduced-height waveguide through the block is fabricated by
electric discharge technigues. The diode is soldered into a diode mount,
which is held in place with a retainer nut. A spring-loaded, low-pass
filter section insures a positive pressurc bias contact to the diode.
Figure | shows a cross-section view of the amplifier module.

II l| : /‘ BIAS CONNECTOR
1 lLF‘I——‘r

1
T

| — LOW-PASS FILTER

-—  REDUCED-HEIGHT WAVEGUIDE

‘ — IMPATT DIODE

AN\

Figure 1. Cross-Section View of 19-GHZ Amplifier Module
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An e)ftem‘al view of the single-stage breadboard amplifier module is
51'10wn in Figure 2. The diode module is connected to a ﬁo port
;1r§ul‘a:;l?y l:hrough a waveguide transformer. The current re;fl][;?;t
w?réd) ; ;Csh can support two amphﬁer stages (only one regulator i;

, own on the right. The insertion loss of the circulator is less

than 0.3 dB per path and t
minimun. he return loss for each port is 23 dB

Figure 2. 19-GHz Single-Stage IMPATT Amplifier

M .

- th:znslaolcnlze;suremeptstere carried out by the test procedure shown
‘ lagram in Figure 3. At different input

gain, output power, and : fict R the e e e

, power-added efficiency of i

& . : y of the amplifier

arzassltléifl a'ndFPlotted against various bias current conditiolr)ls. Re‘:uellz

e powgrlzd (;g}jlre;c ;,.5, and 6. A typical plot of gain, output power
. - ciency vs the input is in

o : put power level is shown

jurgléltrie 7.t When the a{npll'ﬁer operates at 160-mA bias current t}i:

on temperature rise is less than 140° C. The amplifier delivers
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more than 33 dBm at 19 GHz with a 5.7-dB gain and more than a 13-
percent power-added efficiency.

% The amplifier was tested for broadband performance. Plots of the
é'& gain vs frequency and output power vs frequency at different input
éﬁ levels are shown in Figures 8 and 9. For example, at 27-dBm input
”’é power level, the amplifier provides 5.8 = 0.2 dB gain and {.4-GHz

bandwidth centered at 19 GHz.
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Figure 5. Power Output vs Bias Current

28.GHz single-diede IMPATT amplifier

Figure 10 shows the external view of a 28-GHz single-diode amplifier
with input and output isolators. Its basic construction is similar to that
of the 19-GHz mMPATT amplifier. The NEC double-drift silicon IMPATT
diode NDR030W was used, and the current regulator design was the

same as that of the 19-GHz amplifiers.
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Figure 6. Power-Added Efficiency vs Bias Current

Figures 11, 12, and 13 show i i

: 12, plots of typical gain, output

giﬁ‘;;'l:ency ;;Jssb;a(si current at 28.6 GHz. The amplifier d:liv;(;v‘{e;;/?g
r with 5.3-dB gain and 9.5-percent power-add ency

gain and output power vs fre arious | o ooeeney. The
: _pow quency at various input power | i

also illustrated in Figures 14 and 15. The amplifier shI())ws r;loer;et]liz:r?
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Figure 8. Amplifier Gain vs Frequency

a 1-GHz bandwidth with a 5.0 = 0.2 dB gain at 1-W output power
level centered at 28.6 GHz.
A plot of typical output power, efficiency, and gain vs input power

level, is also shown in Figure 16. The bias condition at which these
particular data were taken was 130 mA and 55.3 V.
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Figure 10. External View of a 28-GHz IMPATT Amplifier

Conclusions

The overall performance of single-stage, single-diode IMPATT ampli-
fiers is summarized in Table 1. ComsTAR amplifier data are listed for
comparison.

Typical results obtained from the same 19-GHz IMPATT amplifier
indicate that the IMPATT diode can be operated somewhat less efficiently
if less RF output power and lower bc power consumption are desired.

The new design requires minimum tuning, and affords easy replace-
ment of the diode. Three amplifier modules of the 19- and 28-GHz kind
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TABLE }. SUMMARY OF SINGLE-DIODE AMPLIFIER PERFORMANCE
AMPILIFIERS
PERFORMANCE 19 GHz 19 GHz 28 GHz 28 GHz
PARAMETERS (COMSTAR) (NEW) (COMSTAR) (NEW)
Output Power (W) 0.87 2.0 03 1.0
Gain (dB) 5.2 6.1 6.7 5.3
Operating Bias
V., () 48 76.2 37 55
L, (mA) 180 165 93 130
DC Power (W) 8.64 12.5 36 7.2
Bandwidth
(+0.2 dB) (GHz) 1.4 1.0
Power-Added (%) 7 13.1 6.6 9.5
Efficiency
Junction Tem- [} 160 160 170

perature Rise

have been built and more than five diodes have been tested in each
module. Amplifier performance can be kept the same with slight tuning
adjustment to compensate for the differences among individual diodes.
The amplifiers tested were stable and did not exhibit any spurious
signals or out-of-band oscillations up to 40 GHz. Under a no-drive
condition, the input vsWr of both amplifiers was better than 1.2:1. The
amplifiers showed no measurable effect from load variations.
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Translations of Abstracts in this issue

Systéme a satellite de radiodiffusion directe pour les
Eiats-Unis

L.M. KEANE, Rédacteur

Sommaire

Les articles de cette série décrivent le premicr service commercial de
radiodiffusion directe par satellite proposé pour les Etats-Unis. Les articles
définissent les éléments du systéme tels qu’ils sont congus & I"heure actuelle,
et décrivent les principaux compromis techniques que I'on a di faire au cours
de I'élaboration de la configuration du systéme. On y indique les services qui
seront offerts, ¢t quels en seront les caractéristiques. Les articles envisagent
I'utilisation de Porbite et du spectre a la lumiére des conférences mondiales
sur la planification des satellites de radiodiffusion directe. On y présente
¢galement des analyses et des mesures pour déterminer quel serait le moyen
le plus efficace permettant au service de radiodiffusion directe par satellite et
aux autres services nalionaux (terrestres fixes) de partager éventuellement les
mémes bandes de fréquences.

Evolution du systéme SBS

W.H. Curry, Jr.

Sommaire

Au début de [981, la société Satellite Business Systems (SBS) a lancé ses
nouveaux services a domicile. Elle met désormais & [a disposition des clients
des réseaux privés commutables permettant une transmission intégrée de la
téléphonie. des données numériques et de l'image par 'intermédiaire de
liaisons par satellite entre stations terriennes situées a domicile.

La sBs projette de faire évoluer les possibilités du systéme de fagon a
permettre I'introduction du partage des services par les clients dont les besoins
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