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ABSTRACT

An investigation was made to define experiments for collection
of RFI and multipath data for application to a synchronous relay satellite/
low orbiting satellite configuration. A survey of analytical models of the
multipath signal was conducted. Data has been gathered concerning the

existing RF{ and other noise sources in various bands at VHF and UHF.

Additionally, designs are presented for equipments to combat the
effects of RFI and multipath: an adaptive delta mod voice system, a forward
error control coder/decoder, a PN fransmission system, and a wideband FM

system. The performance of these systems was then evaluated.

Also, the report discusses techniques for measuring multipath and

RFl. Finally, recommended data collection experiments are presented.

The report contains as an Appendix an extensive tabulation of
theoretical predictions of the amount of signal refiected from a rough,

spherical earth.
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1. INTRODUCT ION

Thié report represents a seven month effort undertaken by The
Magnavox Company under contract NAS9-12705 to define possible mulfipafh/RFl
experiments for earth orbital relay sateliite configurations using a small
appljca+ions technology satellite (SATS). This study specifies hardware
requirements for.fhe recommended configurations and provides recommendations

for additional areas of Ihvestigation.

Many of the pfqposed'fracking and communication systems fbf the
Spaée ShufTIe have assumed'+he use of low directivity antennas on links
Qperafing in +he VHF, UHF, and S-band frequencies. One possible communi-
cafioﬁ 1ink is'perbsed from.a ground station to a synchronous TbRS ‘
(Tracking_and Dafé Re lay SaTel{i+e), and Then to the low earth orbif.manned
vehicle. In this configuration it is well known that multipath and RFL
effec%s are capable of'degrading sighificanfly the tracking and communications
performancé of certain systems. Considerable priqr theoretical wérk has led
to the development of various analytic techniques and maThemaficél models
.fof predicfion:of *he‘mulfipé#h and RF! environment and the degradation due
to these effects. Signal pro?essing techniques have been developed to combat
The‘pfedic*ed degradation. However, the predicTibns from past studies vary
widely according to the selection of the Theoréfical parameters used in the
various mathematical mo_delsT The signal processing Technfques heretofore
proposed have not been tested in the actual multipath/RFI environment.
Experimental data applicable to the TDRS configuration would be invaluable
for determining the validity of the mathematical models and the associated
signai processing ftechniques which have been proposed in the pastf. This study

~ defines experiments for gathering such data.
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The scope of this effort includes definition of experiments
using the SATS both as the low orbiting platform in conjuhcfion with a
synchronous safellife and as the relay éaTeIliTe in conjunction with
aircraft or balloons. First, fhe‘exisfing mathematical models have been
evaluated and the best theoretical parameter values to be used in these

models haye been determined.

Next, we present a discussion of Radio Frequency Interference
(RF1). This discussion encompasses presenTaTion.of data onAfhé RFI levels
present in ;everal bands of interest for the TDRS_sys+em,vdiscussion of
other noise sources ("trash nojse"), a survey of curreq+ brograms-To |
cotlect RFI data, and a survey of ex}sfing and planned RFI col!ecfion
equipments. In this last area, coAsiderabIe detail is presented concerning

a planned RF| measurements experiment for SATS.

As a part of this study, we have deéigned severa! hardware items
which may have potential applicafioh to multipath and RF! tests. Specifi-
cal ly, we have degigned an adaptive delta mod for voicé which operates at
24,0 kb/s. We have also designed a K=5 rate 1/2 convolutional encoder/
maximum-1|ikelihood (Viterbi) decoder forward error confroj unit. The forward
error control (FEC) unit will operate at a cloék'rafe sufficien+l+o
accommodate the 24.0 kb/s stream. 'We have also designed & pseudonoise coder
which will accommodate dafa rates of 2.0 kb/s, 6.0.kb/é, and 24.0 Rb/s; The
' pseudonoise transmission system can also be operated in a clear méde. This
clear mode is equfvalen} to a éfandard PSK modem. We have also provided a
design in block diagram form for a wideband FM sysTém based ﬁpon Tﬁe work

conducted for NASA by ADCOM, Inc. Detailed designs like those provided for
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the pseudonoise transmitter/receiver are not provided for the wideband FM.
The‘reason for this is based upon the conclusions arrived at through the
analysis of the performance of the wideband FM system in the presénce of

RFI and multipath.

We then present an evaluation of the effects of multipath and
RFI on clear-mode PSK, PN, and wideband FM systems. This analysis
encompasses the effects of multipath and RFI both individually and in

combination.

Next, we present a discussion of techniques for measuring
'mulfipaTh. We also present results of experiments, conducted by several

organizations, To‘measure'murfipafh using alrcraft pléfforms.

-We then survey other satellites and low altitude platforms for

RFI and multipath measurements.

The report concludes with a section containing a summary of
conclusions and recommenda+ions. This section also presents tabulations
of the costs which would be incurred by NASA in implementing the recom-

mendations.
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2. BACKGROUND

As a background to this report, this section discusses the
current concepts behind Shuttle/TDRS Service and the existing concepts

of the Small Applications Technology Satellite configuration.

2.1 MOST RECENT CONCEPTS BEHIND SHUTTLE/TDRS SERVICE

The primary objective of the Tracking and Data Relay Satellite
- System (TDRSS) is to insure that, as an integral part of NASA'§ fracking
énd dafé acquisition neTwork, the estimated communications and *racking.‘
support required for The‘po§+-1975 earth-orbit spacé‘program.will-be satis-
fied. The mission model for that time period would inéludeifhe following
general classes of users:

a) scientific satellites

b) earth app]icafion satel |l ites

c) earth-orbiting manned spacecraft
" User needs Qould require increased coverage, high dafaira+es, increased data
précessing capability, a minimum of on board data storage, aﬁd real! time

command and data acquisition capability.

It is essential that the service needs of the space program be
satisfied in the most cost-effective manner, and that the service provided'
by the TDRSS be fléxible enough to allow for changes in support requirements.
Several preliminéry studies [References'1, 2, 3, 4, 5, é, 7, 8, 9, and 10]
have been conducted concerning the TDRSS concept, and each has identified
various technical problems and areas for trade-off. The most. significant

area of concern is that of providing communications links with satisfactory
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information quality, insuring the operations capability of maintaining
contact with the user spacecraft, and developing'flexiblé tracking and

data relay service.

2.1.1 TDRSS USER DEFINITION

| The user spacecraft have needs and capabilities which cover a
wide spectrum. To deai wffh such diverse needs the spacecraft have been
categorized by NASA/GSFC according to data rate requirements into three

generic types, namely:

Forward Link Return Link

Command Rate Telemetry Rate
Low Data Rate (LOR) Users 100-1000 b/s 1-10 kb/s
Médium Da+é Ra+e (MDR) Users 100~1000 b/s 10-1000 kb/s
High Data Rafé (HDR) Users 100-1000 b /s >1 Mb/s A

For each category range and range rate and the expected maximum number of

simultaneous users has been prescribed.

2.1.2 POWER FLUX DENSITY AT THE EARTH'S SURFACE

The Interdepartment Radio Advisory Committee (IRAC) has put forth
recommendations regarding the power flux density at the earth's surface from
a éignaIAemanafing from an earth orbiting satellite. For the bands of

interest to the TDRSS the most recent IRAC guidelines are:

Frequency Band : Flux Density in 4 kHz
VHF -144 dBw/m2 (recommended)
UHF ~150 dBw/m?
S-band ~154 dBw/m’
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The carriervflux*dénsify at the earth's surface from an:emITfer with antenna

gain G, can be approximated by

T
L e
Flux density = R

where PT = ftransmitter power in watts

G

T antenna gain

R distance from the emitter to earth in meters

To conform with the IRAC measurement, which is made in a 4 kHz bandwidth,
and to take into account any spectrum spreading of the signal, the

following relationship is used:

3
Gy P +dx10° Hz

(4nRZ) BW

Flux density (Wa'l“l's/m2 4 kHz) =

With the TDRS at synchronous altitude the expreésion; wheh:solved

for spread bandwidth required to meet the flux density specification is,

EIRP « 4 x 103

Spread bandwidth. (BW) = #iRZ + [Flux Density]

or in logarithmic notation

BW,, * EIRP

4B 4B + 36 - 162 - Flux Densn'rydBm/mZ/4 KHz

The minimum spread bandwidth required fo reduce the flux density to an accept-

able level is presented in Table 2-1.

TABLE 2-1

BANDWIDTH SPREADING REQUIRED TO MEET IRAC SPECIFICATIONS

MINIMUM SPREAD
FREQUENCY BAND EIRP BANDW | DTH
VHF Not Applicable Not Applicable
UHF 30 dBw 250 kHz
S-band 47 dBw 16 MHz
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Current evaluation indicates that the 401 + .5 MHz band is preferable for

the LDR forward link and VHF is preferable for the LDR refurn link.

2.1.3 TDRSS TELECOMMUNICAT ION SUBSYSTEM DESIGN

The major constraints that impacted the TDRS telecommunication
design are radio frequency interference (RF1), the multipath environment,
and inclement weather at the ground station. The booster payload capability
imposes weight, power, and volume limits on the spacecraft which corres-
pondingly -timit anTenna‘size, system redundancy, etc. :From the outset,
the RFI| and multipath pfesenTed the single most important technical problem
area. The use of pseudonoise (PN) modulation and phased’array antenna

Teéhnidues offers a viable ‘solution to these problems for the LDR users.

- Telecommunication support required by the users ié presented in
Table 2-2. The table is divided into three basic categories: DR
user, MDR user, and manned user. The latter, in this case, is the Space
Shuttle. In addition to those presented in the table, the ground s+a+ioﬁ/
TDRS link is required fto operate at Ku-band,.wifh_a rain margin of +17.5 dB.
Whefe there are multiple frequehcies shown in the table, separated by a
virgule (/), the option was given to the confrac#pr to select one or more
of these frequencies to support that channel's performance requirements

optimally.

2.1.4 TELECOMMUNICATIONS RELAY PERFORMANCE
The integrated attributes of the TDRS design and the telecommuni-
cations system design provide a very flexible and high capacity communication,

frécking and data acquisition support service. The design presented provides
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simultaneous support to 20 LDR users and 2 MDR users in the return link,

2 LDR users and 2 MDR users in the forward link, and simultaneous tracking

of 20 LDR usefs through each TDRS. However, In the case of the LDR service even
with a sys+em that is optimized to combat interference, the service quaIiTy‘
will be a function of the RFI levels, and in the case of the MDR service the

quality will be a function of the characteristics of the user terminals.

2.1.4.1 LDR User Forward and Return Link Performance

The forward link signal for LDR service must contend with multipath,
RFI, and ambient hoise a+ the user spacecraft. The impact of these effects
can;be minimized by obfaininé the maximum processing gain through a specific
bandwidth a]lécaTiOn. The processing gain (PG) obtainable within the system
RF bandwidth cohsfrainfs is propor+ional to the ratio of the PN chip rate to the
data rate. Forward link achievable data rates and rms range and range rate

errors are shown in Figure 2-1.

The return link signal through the TDRS must be capable of simul-
taneous|ly supporting a maximum of 20 LDR users.. The choice of PN rates,

sequence lengths, and user data rates are interdependent.

Tﬁe return link performance curves shown in Figure 2-2 are based
on 5-watt (37 dBm) user transmit power (PT) levels. There are two distinct
regions of the curves; (1) a lower region where RFI limits perfqrmance, and
(2) an upper region where performance is limited by noise, multipath, and other
user signals. The curves are conservative in that aII_poTenTial losses have

been considered.
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If forward error cénfrol (?EC) is applied to the return link, the
achievable return Iink data rate is increased by a factor of four (6 dB)
[Reference 2]. Moreover, application of the AGIPA (phased array anTenna)
processing enhances system performance in the presence of RF| by an addi-

tional 5 to 15 dB.

2.1.4.2 Detailed Manned User Performance

At this time the postulated manned user in the TDRSS during the
first several years of operation is Space Shuttle. The specifications for

the link support required for Shuttle are given in Table 2-3.

TABLE 2-3

SPACE SHUTTLE REQUIREMENTS. AND CONSTRAINTS

°  DATA RATE

Forward Link = 2 kb/s ?
Return Link = 76.8 kb/s

° VOICE
Forward Link = 24,0 kb/s (1 or 2 channels)
Return Link = 24.0 kb/s (1 or 2 channels)

® BIT ERROR RATE

® SYSTEM MARGIN = +3 dB

® SHUTTLE ANTENNA GAIN = +3 dBi

The voice and data for Shuttle on both the forward and return link are
multiplexed. The voice modulation is expected to be adaptive-delta-
modutation. 1t has been shown that the required C/No to support a voice
link with a BER = io-jvand greaTér than 90% intelligibility is on the order

of 49.8 dBHz. The data modulation is assumed to be APSK, for which a
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BER = 10_4 requires an Eb/No of approximately 8.7 dB,. so that the required

C/No is on the order of 41.7 dB-Hz assuming no margin.

2.1.4.3 Shuttle Forward Link Support

As stated, the forward link support for Shuttle consists of one
2 kb/s data link and a minimum of one, but preferably two, voice |inks
multiplexed with the data. The available carrier-to-noise density into a
3 dBi Shuffle antenna is 58.45 dBHz. A typical power budget is presented

in Table 2-4 for three modes of operation.

TABLE 2-4

SHUTTLE FORWARD LINK POWER BUDGET

ITEM BUDGET
Eire! ! gw - | | 47.0
Losses:

Space, dB 192.0

Polarization, dB 0.1

Pointing, dB : 0.5
Shuttle Antenna Gain, déi 3.0
Received Power, dBw ~142.6
System Noise'TemperafurefZ) dB 27.3
Boltzmann's Constant, dBw/°K-Hz -228.6
Noise Density, dBw/Hz -201.3
TDRS ACNR Degradation, dB ' 0.25
Avallable C/No' dBHz . '58.45

(1) Increased EIRP for voice mode only
(2) Uncooled paramp (75°K). Assumed 3 dB line loss.
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The carrier-to-noise densities required to support the links of
inferest (see Table 2-3) have been computed for a sysfem‘margin of 3 dB,
and are lisTed in Table 2-5. When the C/No requirements of Table 2-5 are
compared to the C/NO available (Table 2-4), an estimate of the Tofél margin
for the |ink can be made. These estimates of the total margin available

are presented in Table 2-6.

TABLE 2-5

CARRIER-TO-NOISE DENSITY REQUIRED FOR SHUTTLE SUPPORT {N THE FORWARD LINK

~ LINK MARGIN REQUIRED C/No
Data -4 3 dB 44,7 dBHz
(APSK; BER=10 )
Voice -3 3 dB 52.8 dBHz
(A Mod; BER=10 ™)
Data + 1 Voice 3 dB 53,44 dBHz
Data + 2 Voice 3 dB 56,16 dBHz
TABLE 2-6

ESTIMATES OF THE ADDITIONAL GAIN REQUIRED TO SUPPORT SPACE SHUTTLE IN THE
FORWARD LINK

-
DATA + 1 |DATA + 2
DATA V0! CE VOICE
C/NO, Avai lable 58.45 58.45 58.45
*
C/N_, Required 44.7 53. 44 56.16
Total Margin 16.75 5.01 2.29

*
includes a 3 dB margin
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‘Observation of the table indicates that no additional gain is
required if the EIRP is 47 dBw.- However, for an EIRP.df 41 dBw (i.e. high
power mode not used), a minimum addffional forward link gain of approxi-
mately 2.99 dB is required. Link support with that minimum additional gain
can be given to either a Data + 1 voice link, or a Data + 2 voice link.

This improvement can be achieved through the uée of forward error control
(see Section 5.2). A rate one-half (R=%) convolutional code with constraint
length of five (K=5), coupled to a Viterbi (maximum [ikelihood) decoder can

provide the gain margin needed.

In addition, the TDRS has the capability to increase the output
power overvThe S-band forward [ink by a factor of 6 dB. If a‘25% duty
factor is assumed for voice transmission then the system will provide EIRP
of 47 dBw during voice transmission and 41 dBw at times when data onfy is
transmitted. The additional 6 dB provides sufficient margin thereby off-
setting the requirement for forward error control if a 25% duty factor is

acceptable for Shuttle requirements.

2.1.4.4 Return Link Support

As indicated in Table 2-3, return link support requirements for
Shuttle are a data rate 76.8 kbps (BER=10_4) and one (acceptable) or two

3y,

(preferrable) delta modulated voice links at 24.0 kb/s each (BER=10"
The carrier-to-noise density required for return link support of Shuttle

is shown in Table 2-7. In the table a +3 dB system margin has been included.
Table 2-8 provides an indication of fthe return Iink power budget, (i.e. the
required transmit power) for Shuttle support. Table 2-8 shows that the

additional power gain can be achieved with forward error contro! as described

in the previous section.



TABLE 2-7

CARRIER-TO-NOISE DENSITY REQUIRED FOR SHUTTLE SUPPORT IN THE RETURN LINK

LINK MARG IN REQUIRED C/N_ INCLUDING MARGIN
Data: 76.8 kb/s 3 dB 60.59 dBHz

(8PSK; BER=10-4)
Voice: 24.0 kb/s 3d8° _ 52.8 dBHz

(A-Mod; BER=10-3)

Data + 1 Voice 3 48 61.35 dBHz

Data + 2 Voice 3 dB . 61.92 dBHz

TABLE 2-8

SHUTTLE RETURN LINK POWER BUDGET AT S-BAND

ITEm pata‘! DATA +., | DATA +
(76.8 Kbps) 1 VOICE 2 VOICE

3 (4)
C/N, Required, dBHz 57.59 58.35 58.92
Path Loss'®) dB 191.10 191.10 191.10
System Temperature'”) ¢8 26.20 26.20 26.20
Boltzmann's Constant, Soe— -228.60 -228.60 -228.60
Nolse Density, dBw/Hz -202.40 -202.40 -202.40
Pointing Loss, dB 0.10 0.10 0.10
Polarization Loss, dB " 0.50 0.50 0.50
B o uttrer 981 3.00 3.00 3.00
Grops 981 30.90 30.90 30.90
-JACNR Degradation, ¢B 0.50 0.50 0.50
System Margin 3.00 3.00 3.00
FEC Coding Gain'®ds 4:70 4.70 4.70
REQUIRED TRANSMIT Power'” dew 11.79 12.55 13.12

(1) aPSK, BER = 107% (£,/N_ = 8.7 dB)

(2) Voice is Delta-modulated at 24.0 kb/s; carrier modulation is
APSK (BER = 1073; C/N_ = 49.8 dBHz)

(3) Combined value of data (C/N° = 57.59) and one voice (C/No = 49,8)
(4) Combined value of data (C/No = 57.59) and two voices (C/No = 52.8)
(5) Values selected at the point where their combined effect is maximum
(6) R=}, K=6 convolutional code with Viterbi decoder

(7) Transmit power into antenna



2.1.4.5 Combined Voice and Data Transmission

.SimuITaneously transmission of voice and défa can be accomplished
efficiently by several techniques: frequency, Time, and phase mﬁlfiplexing.
- Of the three phase multiplexing is the preferred technique. The phase
multiplexing concept as applied to delta-modulated voice and straight binary
data can be relayed in a concept referred to as quadraphase modulation
(i.e. a quadrature carrier multiplexing). The system is fully digital with
the exception of audio processing and filtering circuits and provides for

transmission of a constant envelope signal.

2.2 SATS SPACECRAFT

A basic objective and outstanding characteristic of the SATS program
is a éfahdard spacecraft fof flight testing applications experfmenfé and
concepts. The standard spacecraft concept has been proposéd for many years.
Whether for lack of advanced planning, or the necessity of designing for
particular missions, or the desire for a fully integrated spacecraft and

experiments, most spacecraft subsystems and structures were modified for

each succeeding launch of a spacecraft series. Many of the modifications
were desirable but not really mandatory. The objective of a standard SATS
does not permit constant spacecraft subsystem and system redevelopment.
Advanced subsystems would be considered experiments and would be flown

such that the spacecraft could operate independently from them. After
flight qualification, and, if required, modifications to the standard space-

craft could be performed on future models.

Mission and experiment requirements create most of the design

problems on any spacecraft. These items can completely negate a standardized
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spacecraft concept if they are not well defined or controlled. The
standardized spécecraff will have to adapt to a variety of missions.
The spacecraft will also have to use an experiment module separate from
the basic spacecraft, with a controlled, specified interface. The capa-

bilities of the SATS experimental package is presented in Table 2-9.

TABLE 2-9

SATS EXPERIMENTAL PACKAGE CAPABILITY

Power . . . . . . . . . .30 watts orbital average, 28 volts +2%
Weight. . . . . . . . . .34 to 68 kg (75 to 150 Ibs.)

Volume. ., . . . . . . . .283 Liters (10 cubic feet)

Telemetry . . . . . . . .Variable formats and data rates
Command . . . . . . . . .Real Time and Stored

Data Storage. . . . . . .10% to 10° bits

Attitude Control System .Earth oriented +.019 radian (£1°)

Thermal . . . . . . . . .lndependence between spacecraft
subsystems and the experiment

(From Reference 11)

2.2.1 EXPERIMENT REQUIREMENTS

t is recognized that a major problem in implementing a standard-
ized spacecraft is the need to meet changing experiment requirements. In
the past, most spacecraft systems have been designed to meet particutar
experiment requirements. The experiment and subsystems were then integrated
within a common structure. Any change in experiment volume, weight, power,
or data handling requirements from one launch to another required rearrange-
ment, reintegration and general retest of the whole spacecraft. This always
involved increased costs and time. The SATS design philosophy is to physi-

cally isolate the experiment and related hardware from the operéTional
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subsystems (e.g. transmitter, controls, power supply, etc.). This concept

has been used on the SAS and OV-1 and -3 satellites. The spacecraft would be

integrated using major blocks of systems in modular form. These would inc]ude
an experiment compartment or module, base module, solar array (paddles), and

‘a propulsion module for the geosynchronous missions. The spacecraft design
would develop an electrical, mechanical,and thermal interface specification
for integrating all experiments. The volume |imits are theoretically the
vehicle envelope; however, the spacecraft would provide specific mounting
platforms and covered volumes or the experiment could provide its own experi-
ment module to mate with the standard base module interface. |t should be
noted that the experiment weight is defined as every+hing.above the primary
experiment module/base module interface, including the experiment module

structure itself.

The electrical interface will consist of a standard set of elec-
trical connections for power, command and data transfer between the experi-

ment module and the subsystem module. Power will be made available to the

experiment via the main bus. Any special voltage or reguiation require-
ments will be met by the experimenter. Connections will be available for

a fixed number of commands to, and housekeeping points from, the experiment
module. The main data connections will consist of a fixed number of points,
the sampling and formatting of which will be variable through the use of the
programmable spacecraft data system. Any data storage or handling require-
ment in excess of that provided by the base module subsystems will be the

responsibility of the experimenter.
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2.2.2 DESIRED SPACECRAFT CHARACTERISTICS
The characteristics listed below were chosen to keep costs at
a minimum and to realize quick réac+ion from experiment selection to data

return.

a) To implement the design requirements and to maintain
some packaging flexibility, the SATS spacecraft will
adopt a random packaging concept. In many Explorer

 spacecraft the packaging goal has been efficiency of
volume and weight for specific missions and experiments.
This high density packaging is used for example on IMP's
and SSS. The major disadvantage is that the spacecraf+
assembly, harness, balance, packaging, distribution, and
integration 1is highly dependent on the exact dimension
(height) of each and every electronic card. These cards
are shaped and stacked such that a design change, poor
volume estimate by designers or experimenters, electri--
cal interference, or last minute modifications during
The integration and test phase can cause extensive
rearranging of the subsystems. This is expensive and
Time-consuming. Although the SATS base module is
basically a fixed design, there is some flexibility
with random packaging and excess volume. This will -
result in quick response to an unforeseen change.

b) * The development costs and initial design wil! be reduced
from previous spacecraft programs because available sub-
systems- and hardware will be used with a minimal amount
of modification. Use of subsystems presently being
designed for other spacecraft programs will also be made
wherever possible. On later spacecraft updating or
improvement might be incorporated, this would only be
done if mandatory.

c) Along the same line of reasoning, it is desirable to
have as much commonality as possible among subsystenis
of each of the spacecraft types. This will be limited
only by unique mission requirements.

d) The capability of adding a propulsion module is a required
feature of the structural design. Auxiliary propulsion
is required for synchronous orbit insertion (i.e. kick
motor) and station keeping.



e) The fact that SATS is a test-bed spacecraft implies
that a long lifetime is not required. - Most experimenters
indicate that lifetimes from a few hours or orbits to
Jess than 6 months would be satisfactory to test feasi-
bility or operation of an experiment. It is also desirable
to have a short lifetime goal for other reasons. The
orbital altitude can be set lower initially for better
earth observation or geodetic measurements. Other mission
parameters such as drift, inclination, and eccentricity
are less critical. Redundancy can be reduced, but guality
control and assurance will be maintained at a high level.

f) The spacecraft basic design would incorporate a large
number of housekeeping channels to monitor the test and
engineering performance of the experiments. Being a
testbed spacecraft, a prime requirement is to determine
the experiment status and examine its engineering and
performance functions most critically. On most large
spacecraft, because of the number of experiments and
complex systems, the housekeeping channels are minimal
for each experiment.

Table 2-10 presents a summary of the basic design parameters for

. The experihenfal satellite.



TABLE 2-10

SATS SPACECRAFT ANALYSIS

Power (orbital average) 28 volts +2% regulation

Base Module 30 watts
Experiment 30 watts

Data Handling

1 to 40 kilobits/sec
Two switchable bit rates ,
~Three Program Formats (2 fixed, 1 programmable)

Command

Real Time - 1024 bits/sec

Up to 128 delayed executions (half of these available to experiment)
Thermal

‘

Isolation between experiment and base modules

Attitude Control

'Three axis earth oriented

Stability +.019 radian (#1°) pitch and roll; +.038 radian (+2°) yaw
Maximum body contro! rate .0017 rad/sec (.01°/sec) '
Determination £.009 radian (+0.5°) pitch and roll, +.038 radian (+2°) yaw

Communication

VHF for low data rate experiment and housekeeping data
S-band for wideband experiment data and tape recorder dump
Weight

Spacecraft at launch: up to 165 kg (364 Ibs) Scout Configuration;
approx. 685 kg (1500 tbs) Delta Configuration

Available for Experiment: up to 68 kg (150 Ibs) Scout Configuration
approx. 91 kg (200 Ibs) Delta Configuration

Volume Available for Experiment

Approximately 196 liters (7 fTS)

Orbit

a) Scout Launch Vehicle: low altitude, Typical inclinations
of 0 (0°), .66 radian (38°), .87 radian (50°) or sun
synchronous at various local times

b) Delta Launch Vehicle: geosynchronous orbit
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3. CHANNEL DESCRIPTION

The channel befween a low altitude aircraft or spacecraft and a

synchronous relay satellite is illustrated in Figure 3-1.

LOW
ALTITUDE
SPACECRAFT

SYNCHRONOUS
RELAY
SATELLITE

FIGURE 3-I LOW ALTITUDE SATELLITE / SYNCHRONOUS
RELAY SATELLITE GEOMETRY

Depending upon the antenna patterns associated with the low
altitude platforms, the link between a synchronous relay sateilite and
the low altitude platform can be described by a number of statistical

parameters.

Table 3-1 lists the deterministic parameters which characterize
the link between a relay satellite and a lower altitude platform. Also
shown in Table 3-1 are comments as to whether or not the parameter requires
- measurement. For example, in the case of differential time delay’ between
the direct path and the indirect path no extensive measurement is required

"since the differential time delay is purely a matter of geometry and the
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TABLE 3-1

COMPARISON OF THE RELATIVE MAGNITUDE OF THE
PROPAGAT ION CHANNEL PARAMETERS FOR A SYNCHRONOUS RELAY
SATELLITE/LOW ORBITING SATELLITE LINK

Description VHF S-band

Attenuation Effects:

Free Space Attenuation:

Direct Path Loss 165-169 dB 189-192 dB
Indirect Path Loss 167-170 dB 191-193 dB
Ionoépheric Absorption <.1 dB <.001 dB
Tropospheric Absorption <,05 dB <.3 dB
- Losses due to Aurora <1 dB <.1 dB

Refraction:
lonospheric Refraction <10“3 radians <10_5 radians

Tropospheric Refraction negligible negligible

Signal Phase Delay:

lonospheric Effects = 10_8 sec = 10—8 sec
Tropospheric Effects = 10_6 sec = 10_8 sec
Birefringence < 10_9 sec < 10-'9 sec
Multipath Time Delay : .2-30 msec © .2-30 msec
Polarization Rotation:
Chromatic Aberration <.035 radian/MHz <.035 radian/MHz
Faraday Rofa+ibn* = 3,49 ‘radians = .017 radian
Frequency Effects:
Direct Path Doppler 0-4 kHz 0-57 kHz
Differential Doppler 0-2 kHz 0-34 kHz
Fading Bandwidth | 0-2 KHz 0-40 kHz
Coherent Bandwidth 5-30 kHz 5-30 kHz

For systems employing circularly polarized antennas, Faraday rotation
effects are not encountered.




predicted value only need be confirmed by experiment. The same can be said
for the differential doppler but with less conviction. Other theoretical
parameter values are subject to the models which are employed, and for this

reason require specific measurement.

3.1 GEOMETRIC PARAMETERS

Prior to defining the parameters which characterize the channel,
the dynamic geometry of the synchronous relay satellite system must be
analyzed to identify quantitatively each of the channel parameters. Each
of the low altitude SATS spacecraft will present a unique time varying
multipath geometry as illustrated in ngure 3-1. From the representation
above of the synchronous relay satellite multipath geometry problem,:The
- Time varying rela+ionship$ have been established. |nvFigure 3-1, R is the
direct path between the synchronous relay satellite and low altitude SATS
spa;ecrafT. The reflected path consists of TWO components, 52 from the
synchronous relay satellite to earth and S1 from the earth to the low alti-

tude SATS spacecraft.

Assuming a smooth sphérical earth and without considering the
effects of the ionosphere and troposphere on such factors as polarization,
attenuation, and path length, curves for several of the crifical‘channel
parameters have been plotted by Golden (Reference 12). .These curves are
representative of data that must be analyzed for the channel between the
synchronous relay satellite and low altitude SATS spacecraft. The use of
these curves will be apparent after the various parameters of the channel

are defined.
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By referring to Figure 3-1, functions can be found defining
geometric parameters of the satellite configuration as a function of low
altitude satellite location. The length of the direct path between a
synchronous relay satellite and a low altitude SATS spacecraft is shown
in Figure 3-2, Cutoff in the curves is due to obscuration of the user
spacecraft by the earth. The angle where this occurs varies with altitude
of the user. The differential path length, i.e., The difference in path

length between the direct and reflected paths, is shown in Figure 3-3.

Figures 3-4, 3-5 and 3-6 show curves of the range rate of the
direct and indirect paths (S = S1+S2 of Figure 3-1) as a function of low
alfifude SATS location for altitudes of 200 km, 1000 km, and 4000 km,

respectively. Also shown on each of these curves is the difference in the

range rates.

3.2 CHANNEL PARAMETERS

The parameters which characterize the channel between a synchronous

relay satellite and low altitude SATS spacecraft are defined in this section.

Doppler shift of the transmitted signal over all paths is of
importance because it is a factor in determining the total bandwidth required
for a signal. Usually the direct path Doppler must be added to the known or
expected instabilities in the carrier frequency of the transmission to deter-

mine the total required bandwidth.

3.2.1 DIRECT PATH DOPPLER ,
The direct path signal between a synchronous retay satellite and
a low orbiting SATS can be considered to encounter a frequency shift, or

Doppler shift, due to the relative velocity between the low altitude SATS
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and The synchronous relay satellite. This Doppler frequency is time-
varying due to the changing geometry between the two spacecraft. The
time rate of change of the Doppler shift is proportional to the time raTe
of change of the angle between the synchronous relay satellite and the low

altitude SATS spacecraft.

The direct path Doppler frequency shift for three user satellite
orbital altitudes is shown in Figure 3-7. These curves, for a 136 MHz
carrier, show that the maximum'DoppIer shift is approximately 3800 Hz.
Although curves are not shown for S-band, it can be calculated that for a
2.3 GHz carrier the maximum Doppler shift wil! be appro*imafely 57 kHz.
Thus the expected Doppler frequency range is 0 to approximately 57 kHz,

depending on the height of the orbit.

3.2.2 INDIRECT PATH DOPPLER EFFECT

The indirect signal reflects off the earth at some random angle.
This implies that there is some relative non-zero angle between the direct
signal and the reflected signal at the earth's surface. Thus, a Doppler
shifted signal is obtained from the multipath signal which is not equal to
the Doppler signal from the direct path. This Doppler component due to
specular reflection at the earth's surface is characterized in Figure 3.8.
As we will show later, there is a diffuse component to the mulfipath signal
due to irreguiarities in the surface of the earth. This diffuse component
produces a-Doppler spectrum or fading bandwidth which is also characterized
in Figure 3-8. As shown in Figure 3-9, which is drawn for reasonable

roughness factors and correlation lengths, the primary source of refiected
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power is diffuse for grazing angles greater than 0.35 radians. Figure 3-10
shows the differential Doppler shift (i.e., difference befween direct path
Doppler and indirect path Doppler) as a function of the position of the

low altitude satellite.

3.2.3 DIFFERENTIAL DELAY

This parameter is a measure of the difference in time delays
between receiving Thé direct signal and the muitipath signal. . Figure 3-11
shows the total delay along the direct path as a function of low altitude
SATS location. This is obtained by relating the direéT path range (as
shown in Figdre 3-2) to the velocity of propagation (assumed to be the
speed of light). Figure 3-12shows the differential path length delays,
or the difference in arrival time between the direct and indirect signals,
as a function of SATS altitude. From Figure 3-12, this time délay can be
seen to be approximately 0.2 milliseconds for é 200 km orbit at ¢ = 1.57

radians and 30 milliseconds for a 4000 km orbit at ¢ = 0.

3.2.4 COHERENT BANDWIDTH

Coherent bandwidth is another parameter which is important in the
evaluation of any s?sTem exposed to multipath signals. The coherent band-
width BC'cén.be defined in several ways, but two pfeferred methods are il lus-

trated in Figure 3-13,

In Figure 3-13 we indicate that two transmitted carriers separ-
ated in frequency by Af are received at the synchronous relay satellite from
a low altitude spacecraft via the direct and the indirect paths. The value
of Af which is needed to produce a value of 1/2 for the normalized correlation
coefficient between the two carriers received via the reflected path is defined

as the coherent bandwidth BC' This definition is independent of the signals
3-13
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received via the direct path. Definition of coherent bandwidths based on
the fransmission of two CW signals separated in frequency is an accepted
definition in the literature and is a measure of the coherent bandwidth of
a fading channel. fhe inverse time spread is related to coherence band-
width through some constant factor which is usually a statistical parameter
such as the RMS spread in the time associated wi+hv+he reflected signal.

In the case of a synchronous relay satellite, BC does not necessarily limit

-the data capacity of the transmission link.

As 'in Figure 3-13b, if a pulse is TransmiTTéd by a low altitude
SATS it will be received after some time via the direct path at the synchro-
nous relay satellite. At some time Td later +he multipath signal will arrive.
The multipath signa! will be varying with time and will be characterized by
an average multipath time spread. The value of BC is important from a system
point of view in that various signéling techniques such as frequency diversity
require that the carriers be spaced in excess of the coherent bandwidth in
order to provide full diversity action or maximum system performance. Time
spread in a reflected signal is also of importance when time hopping pulse
transmission techniques are used as the basis for signaling schemes. Figure 3-14

represents the parameters previously described as a function of the grazing

angle.

3.2.5 ATTENUATION EFFECTS

Figure 3-15 shows the regions of atmosphere. Due to density
effects and diurnal effects the heights of these layers in The jonosphere
shift, but are essentially as shown in the figure. The troposphere remains
essentially at the 30 km height. Although low alfifude satellites are

located within the ionosphere, the multipath signal, and under some geometries
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the direct signal (e.g. low grazing angle), will pass through the froposphere.
- For this reason, as well as for the sake of completenéss, both tropospheric

and ionospheric effects are discussed.

3;2.6 "~ SPREADING OR SPATIAL LOSS

The energy in a transmitted signal decreases due to the spatial
spreading of the wave as it travels through the space. This is not a
function of absorpfidn or écaTTering of the signal, but is strictly dependent
on particle separation as it leaves a source. Since this loss is only a
function Qf frequency and disTance, it will be seen by the synchronous relay

satellite and the low aififude satellite.
3.2.7 ATMOSPHERIC LOSSES

3.2.7.1 lonospheric Absorption Losses

lonospheric absorption loss can be attributed to the transfer of
energy ffom the propagating electromagnetic wave to the motion of particles
in the ionosphere. Many factors affect this Iéés or the electron density
to be encounfered._ These can be described as follows:

1) carrier frequency

2) time of day - absorption is much higher in the
daytime than at night ‘

3) season of the year

4) sunspot activity

5) path length through the ionization regions
6) latitude-longitude effects

This effect will be seen, in part, by the direct signal from a low altitude
satel |l ite to or from the synchronous relay satellite. The reflected signal
will see all of the ionosphere, aﬁd'fherefore is subject to this loss. It
must be realized that any region seen by the reflected signal will be seen

twice, once on its way to being reflected by the earth, and again after
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reflection. When compared to free space path loss, this ionospheric loss

is negligible.

3.2.7.2 Tropospheric Losses

Losses in the lower atmosphere are due almost entirely to molecu-
lar-absorption by oxygen and uncondensed water vapor, and scattering by
precipitation particles. Atmospheric models having loss characteristics
similar to the actual troposphere have produced theoretical! curves of the

“total molecular absorpffon for different propagation paths through the
troposphere for signals traveling from the earth to outer-space. Precipi-
tation scattering caused by rain, fog, snow, etc., can be considered single-
particle scattering and this scattering becomes more of a factor as the size
of the particles approach the wavelength of the signal. As Ean be seen in
Figure 3-16, below 15 GHz the fropospheric absorption loss is essentially
smooth and constant. Here, once again the frobospheric absorption will be

seen to be negligible when compared to the spatial or free path loss.

3.2.7.3 Summary of Atmospheric lLosses

At VHF and S-band, tropospheric and ionospheric losses are very
smal |l when compared to the free space path loss. Values for the free space

loss will be found to be in the general ranges shown in Table 3-2.

TABLE 3-2

FREE SPACE PATH LOSS (ONE WAY)

FREQUENCY : ALTITUDE LOSS !
100-150 MHz | 200 km 120 dB

2 GHz ; 200 km 145 dB
100-150 MHz i 4,000 km 145 dB

2 GHz | 2 4,000 km 170 dB
100-150 MHz . i 24,000 km 165 dB

2 GHz E 24,000 km 190 dB |
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3.2.8 GROUND LOSSES

The reflecting properties of the earTh's>surface are critical
factors in determining the magnitude of the mulffpafh sigHal and_fhe
nature of the signal (specular or diffuse). For a smooth plane of arﬁi—
Trary conductivity and dielectric constant, the reflection coefficients
are given by Fresnel's equations. Departures from a smooth earth can be
taken into account by considering the divergence factor. This factor will
‘be discussed in more detail in conjunction with the discussion of specific

mathematical models.

The effect of a non-perfect reflecting surface is that some of
the impinging energy is absorbed by the earth. The amount of absorption
is dependent upon whether the polarization of the incident wave is hori-
zontal or vertical. Phase shifts are encountered by the impinging signal.
This further distorts the mult+ipath signal. The ratioc of the scattered
power (multipath signal) to the direct power as a function of low alti-
tude satellite aspect angle (angle § in Figure 3-1) is discussed later

in this report.

3.2.9 ATMOSPHERIC REFRACTION EFFECTS

The absorption losses due essentially to the transfer of energy
from the signal to the media were described previously. There are other
effects which take place that contribute not only to the losses in the system
but to distortion or changing of the signal as it propagates through the
media. These factors will now be discussed individually. 1+ must be remem-
bered that the indirect or multipath signal travels over a path consisting
of free space, the troposphere, and the ionosphere. The multipath signal
will see the ionosphere and troposphere itwice. The direct signal will see
no troposphere, but it will see some of the ionosphere, depending upon the

orbital altitude.
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As a signal passes through the atmosphere it is passing through
a medium wi%h continually changing properties, i.e., the Tempera+ure and
moisture content are continually decreasing with height above the earth.
THe index of refraction is a function of the frequency, temperature, pressure,
and moisture content in a medium and is found to decrease with height above
the earth. This index, then, is a measure of the electron density in the
ionosphére. Figure 3;17 indicates the variation of the index of refraction
as a function of electron density in the ionosphere and frequency. Figure 3-18
shows the variation of the index of refraction in the froposphere. Figure
3-18 indicates that the tropospheric refractive index is a measure of the
environment and is dependent on factors such as the relative humidity and

is independent of frequency.

Snell's law shows that if the index of refraction of the new
medium is lower than the original medium there is a bending of the signal
away from the normal fo the boundary surface. 'Similarly, there is a
bending towards the normal if the signal is entering a medium of higher
index of refraction. Since the normal atmosphere has a gradual change in
its physical properties, the change in the wave direction is gradual. This
refraction at a boundary (whether discrete or continuous) is accompanied by
some reflection of the incident signal. This subject is treated in more
detail by any standard text on electromagnetic waves (e.g., Reference 13).
The resﬁlT of this action is that as the reflected wave is passing through
the atmosphere it is losing energy constantly changing direction and under-

going a phase shift.
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Errors in time of arrival of a signal result from refraction of
the signal and the difference between the free space velocity of light and
the actual velocity of light in the propagating medium. These time delays
can be expressed as ranging errors. As a worst case, the direct signal can
be considered as passing through the entire ionosphere prior to its free
space path between the synchronous relay satellite and low altitude satellite.

Worst-case ranging errors are summarized in Table 3-3.
3.2.10 POLARIZATION EFFECTS

3.2.10.1 Faraday Effect

An electromagnetic wave propagating in the ionosphere experiences
a force due to the presence of the earth's permanent magnetic field. Thus,
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TABLE 3-3

RANGE ERRORS

ERROR CONTRIBUTION j GRAZING ANGLE
B ] f
. i i
VHF (Mean Errors) : 30° 90°
Troposphere - One Way ; 0.5 m
Two Way ' 1.0m
lonosphere - One Way | 121.9 m 67.0
Two Way 243.8 m 134.0
TOTAL § 244.8 m | 134.6

S—Band (Mean Errors)

Troposphere - One Way 0.5 m 0.3
(Independent of Frequency)
Two Way ; 1.0m 0.6
. ! i
lonosphere - One Way i negligible
Two Way f Om 0
TOTAL 1.0m 0.6




waves traveling in the ionosphere are doubly refracted. Consequently the
axis of polarization of linearly polarized waves is continuously rotated as
the wave passes through the medium. One obvious problem to be encountered
for a system using linearly polarized antennas is that this effect decouples
the ftransmitter and receiver and manifests itself as as apparent power loss.
Since the eaf+h's magnetic field is not constant, this effect can not be
circumvented by a simple misalignment of the transmitter and receiver polari-
zation axes. The amount of rotation at VHF is dependent on the path length
through the medium and the electron density in the medium. At S-band the

effects of Faraday rotation are not significant.

3.2.10.2 Reflection
At a point of reflection there is a change in the sense of rotation
or the sense of the polarization is shifted by m radians. The divergence

factor will also determine the magnitude of the polarization vectors.

3.2.10.3 Discontinuities

Abrupt changes in the atmosphere cause abrupt changes in the
absorption qualities of the environment, the velocity of the signa! in the
environment, and the refraction of the signal in the environment. The dis-
cussion below indicates not only causes of change in the electron density
of the atmosphere but also discontinuities, or abrupt changes caused by
simultaneous sudden decrease in moisture (moisture lapse) and sudden

increases in temperature (temperature inversion) with increasing altitude.

When warm dry air flows from land out over cooler water, the

evaporation of moisture from the water into the lower layer of air cools

3-29



the air, increases the moisture lapse rate, and produces -a temperature

inversion. This produces an abrupt change in the atmosphere.

. Nocturnal cooling of the surface of the earth causes ducts to
appear. These ducts may result from a cloudy sky which prevents much of
the heat radiated from the earth from being dissipated smoothly into outer

-space; rapid ftemperature changes fthat appear from day to night over desert

land; and solar activity.

If the atmosphere were quiet, it would be a reasonable task to
define and model this environment. These discontinuities and sudden changes
cause errors that must be accounted for in the model. Poularikas and Golden

(Reference 14) described a manner of modeling this erratic ionosphere.

3.3 FADING
Another problem associated with the VHF/UHF frequencies is the
existence of severe fading which occurs at the low (<0.26 radians) and high

(>1.05 radians) latitudes. This fading is a function of the time of day.

Figure 3-19 shows data taken at the Quito, Ecuador STADAN site
at 150 MHz and 400 MHz. The fading rate is quite slow but the fading depth

can be 20 to 30 dB.

Since the Shuttle can be in low orbits, i.e. 160 km, ionospheric
fading can be anticipated if the Shuttfe/sun/earth orientation is conducive
to fading. This factor must be considered in any system design, in addition

to the multipath effects and RFI effects.
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3.4 STATISTICAL CHANNEL PARAMETERS

Thus far our discussion has centered primarily upon those parameters
which are deterministic in nature. However, on occasion we have alluded to
parameters which must be described statistically. In particular, the nature
of the reflections from the earth's surface must be treated by statistical
models. This is not to say that the models will not also include some deter-
ministic components; in fact, many models do include a deterministic divergence

factor to account for the curvature of the earth.

Before entering into conclusions upon which of the existing mathe-
matical models of the channel is best suited for the case at hand, we will
summarize each of the candidate models. |In preparation for this, we first
present a summary of the reflection of a plane electromagnetic wave from-the

surface of the earth.

3.4.1 REFLECTION OF A PLANE WAVE FROM THE EARTH'S SURFACE

Reflection of a plane wave from the earth's surface may be modeled
in terms of a plane wave impinging upon a plane dielectric from which it is
reflected. The complete solution for the fields is obtained by matching
the electric and magnetic fields at the interface between the two media, in
this case the air and the earth. The solution may be expressed in terms of
a reflection coefficient and a fransmission coefficient which are in general
complex quantities. This analysis may be found in any standard work on
electromagnetic theory (e.g., Reference 13, pp. 75-77). As shown in Reference 15

the specular reflection coefficients may be written as:
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where horizontal polarization is defined to mean that the'electric vector is

x

=~

perpendicular to the plane of incidence, and vertical polarization is defined

as the electric vector parallel to the plane of incidence.

The ratio (k1/k0)2 is defined as the complex dielectric constant

and is given by

(f1jf .

€ . g .
——— 2 ——— - J — = g - Je = g, (3‘3)
kO 60 weo i 2 i

where the values of £ and u for air are assumed to be essentially those for
free space and the value of u for the earth is also assumed to be essentially

that of free space. |In S| units the parameter €y = o/we, becomes 60Ac where A

0

. . . . . . -1 -
is expressed in units of meters and o is expressed in units of ohm  meter

For wavelengths greater than roughly 20 centimeters, the properties
of sea water are essentially independent of wave length (Reference 15). BoTh
€4 and g vary noticeably with temperature, e decreasing and ¢ increasing as
+empefa+ure increases. At 20 C, € is often taken equal to 80 or 81
but o is subject to considerable variation due to local variations in
the salinity of sea water. The values of o and other electromagnetic
parameters are shown in Table 3-4 (from Reference 15) for various tfypes
of earth surface. These values are only a guide rather than accurate

sets of earth parameters.
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TABLE 3-4

APPROXIMATE ELECTROMAGNETIC PROPERTIES

OF SOIL AND WATER
Med i A ° | Q
ectum mho/m i €1 €2
Sea water. 3 m-20 om 4.3 . 80 774 0.10
; 52 1.5
20-25 C. . . 10 cm 6.5 i 69 39 1.8
28C v v v v e a 3.2cm | 16 | 65 30.7 2.1
Distilled water, 23 C. 3.2 cm 123 ¢ 67 23 2.9
Fresh-water lakes. Tm 1007-10° ' 80 0.06 1330
§ 0.60 133
Very dry sandy loam. 9 cm 0.03 : 2 1.62 1.23
Very wet sandy loam. 9 cm 0.6 i 24 32.4 0.74
Very dry ground. 1m 10-4 L4 0.006 - 670
Moist ground . 1m 10-2 30 0.6 50
Arizona soil 3.2 cm -0.10 3.2 0.19 i 17
Austin, Tex., soil, ﬁ
very dry . 3.2 cm 0.0074 2.8 0.014 . 200
!

(Adapted from Reference 15)
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To account for the curvature of the earth a multiplicative
factor D, termed the divergence factor, modifies the reflection coefficients

defined above. As shown in Reference 15, the divergence factor is given by

a(51+82) Ysin p cos u

D = (3-4)
/[(a+zZ)S1 cos r3+(a+z1)S2 cos 11](a+z1)(a+22) sin &

where the geometrical parameters are defined in Figure 3-20.

FIGURE 3-20 GEOMETRY FOR THE DIVERGENCE FACTOR D

Since the majdriTy of the earth's surface is sea water, these
values are used to approximate the electromagnetic properties of the earth
for calculating reflection coefficients in the case of a low orbiting satel-

lite and a synchronous relay satellite. In particular, we have assumed
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that o = 4.3 mhos/meter, €, = 80, and ¢, = 774 for the results which are

2
presented in Appendix A.

3.4.2 THE MAGNAVOX MODEL
The Magnavox multipath model, as presented in Reference 2, is
based primarily on the work of Duranni and Staras (Reference 3). In general

the amount of reflected specular energy can be expressed as:

= 2sn2 2 -
Pspecular g<pS>D lRo[ Pd (3-3)
where )
, - (éggsin %)
<ps> = e
P = grazing angle
g = a factor which is dependent on the antenna pattern of the

low altitude satellite and controls the amount of power
directed toward the surface '

Pd = power received via the direct path

X = wavelength

o = rms height of the reflecting surface

D = average divergence factor associated with the spherical
earth

|Ro|2= mean squared reflection coefficient

The amount of diffuse power is given by:

Pyiffuse - gD2|R0|2F(w,h)Pd ' (3-6)
where

h = user height above the earth

F(y,h)<1

and the other quantities are as defined above.
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The divergence factor D, as used in the Magnava MOdeI, is defined
graphically in Figure 3-21 as a function of grazing angle ¢y with

spacecraft altitude as a paramefer..

o
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o] l I l ] ] |
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FIGURE 3-2I DIVERGENCE FACTOR VS. GRAZING ANGLE
AND SPACECRAFT ALTITUDE

3.4.3 ADCOM MODEL

The ADCOM model (Reference 1) assumes that the reflected signal
is composed of a specular component and a diffuse component. However, the
approximafions made by ADCOM yield a mode!l of limited accuracy as compared
to the actual physical situation. The effect of surface roughness is con-

sidered only when

osiny > A8 (3-7)

RMS height of surface protrusions

where o]

grazing angle

> e
il

wavelength

3-37



On the basis of this equation ADCOM concludes that diffuse multipath will

predominate at UHF and higher operating frequencies.

ADCOM approximates the overall effect of surface roughness as a
reduction in the effective reflection coefficient to the range 0.1 to 0.3
and the introduction of a further fluctuation if the roughness is time

varying, such as the disturbances due fo wave motion at sea.

The ADCOM model, as with the other models +o be discussed,
uses the divergence factor D to account for the spherical shape of the
earth. However, ADCOM severely |imits the usefulness of their mode! by
assuming D to be 1 for grazing angles greater than 0.035 radian. As can

be seen from Figure 3-21 this assumption is hardly justified.

ADCOM does, however, take into account the extra extenuation due

to the increased path lengths over the reflected path. This factor is given

by
_ _R? < 4 _ 28 s
b=tz "1 -/ forgee - (3-8)

where R is the direct path length and § is the path difference. However

this difference may be small for many of the geometries under consideration.

ADCOM has also attempted to take into consideration atmospheric
multipath due to variations in the ionosphere which may give rise to path
splitting. ‘They also consider the possibility of multipath from ducts formed

in the troposphere.

Considering the limitation imposed by their assumptions concerning

the divergence factor, even though the ADCOM mode! does include considerations
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not taken into account by other models (e.g., atmospheric multipath), we

reject their model as the best for a relay satellite configuration.

3.4.4 NOTRE DAME MODEL

The University of Notre Dame presents in Reference 9 two models
for the channels between a low orbiting satellite and a synchronous relay
satellite. These models assume FSK modulafién and are written in terms of

the total received signal for application to a problem of estimation theory.

In their first model the Notre Dame researchers consider the total

received signal to be given by

sl(T) + Mcos(w1++6) + n(t) : H1

r(t) = (3-9)
sz(T) +-Mcos(w2++e) + n(+) : H

where S and s, are the signaling waveforms and n and © are Gaussian variates.
This model represents a strong direct path signal and a multipath signal which

is diffuse only. The amplitude M of the fading component is considered to

have the Rayleigh distribution

M2
-57
;Ey e 'R y 0<M<w
p(M) = (3-10)
0 , M<O

and a uniform phase distribution.

This model seems overly simplistic and does not explicitly contain

reference to the parameters of the reflecting surface.
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In their second mode! the Notre Dame researchers include more
general spectra and fading components for both the direct and the reflected
paths. Again they consider only non-coherent FSK modulations with no inter-

symbol interference. |In this case the received signal is modeled as

D cos m11'+M1 cos(w]++61)+R cos(w1f+e)+M2 cos(w1++6 ): H
r(t) = 2 1 (3-11)

D cos w2++M1 cos(w2T+e1)+R cos(w2++6)+M2 cos(w2++62): H2

‘where M1 and M2 are independent Rayleigh variables with mean square values

2y6 and 2y§ and 61 and 82 are independent uniform random variables.

Again, the model seems overly simplistic in that no provisions

are made for incorporating the physical parameters of the reflecting surface.

Since the Notre Dame models assume that the fading characteristics
of the multipath channels are known and that, in some manner, we can deter-
mine the average reflected power as seen at the satellite, without actually
specifying how this is to be determined, and since their models deal only
with the effects of multipath on sygfem performance rather than with multipath
prediction,we choose to reject this model as the optimum model for the case

at hand.

3.4.5 HUGHES A1RCRAFT COMPANY MODEL

The mathematical model for reflection of signals from the earth
developed by Hughes Aircraft Company (Reference 4) requires assumptions con-
cerning the roughness in order to arrive at analytical expressions which are
useful for obtaining numerical results. Tractable equations can be obtained
for smooth surfaces and for very rough surfaces. For intermediate roughness
interpolation between the smooth surface approximation and the rough surface

approximation may be used to obtain results. To provide a quantitative
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criterion for surface roughness, consider the geometry of Figure 3-22 .

The waves reflected from the two surface points will differ in phase by

Ag= i'_'h_AC_OLE C(3-12)

where u is the angle of incidence as shown in Figure 3-22; A is the wave-
length, and 6 here represents signal phase. For a surface with randomly

distributed surface variations, a smoothness factor may be defined by

q = 4noxcos y (3-13)

where o is the standard deviation of the surface variation. Although there
is no abrupt change between smooth surfaces and rough surfaces, the Rayleigh

criterion is often used. This criterion is that
- m
q < > . (3-14)

!f we may assume the surface variations are normally distributed, then for a
flat perfectly reflecting surface +the fraction of the incident power which

is reflected coherently is gjven by

-a2
o =ed (3-15)

FIGURE 3-22 BASIC SURFACE VARIATION GEOMETRY
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A more realistic smoothness criterion would be to require that at least
90% of the incident power is coherently reflected. This leads to a cri-
terion for smoothness of g < 0.324. |In-a similar manner we might require
that no more than 10% of the incident power be reflected coherently by a
rough surface which leads to a criterion of g > 1.52 for a rough surface.
The region between these, i.e., 0.324 < q < 1.52, can be considered the
transition region. It is in the transition region that both specular and

diffuse scattering are present.

Firéf we will consider the smooth earth model of Hughes Aircraft.
The geometry is shown in Figure 3-23, Assuming scalar representation of

the electromagnetic field, the received direct and reflected signals are

given by
2
Pdirect  _ 616%*2 (3-16)
Pradia‘red 16m"R
2
Pretlected _ G3G4A R |2 (3-17)
Pradiated  16™ (54¥5)7 10

where the parameters are defined as

G1 = +transmitting antenna gain in direction of direct path

62 = receiving antenna gain in direction of direct path

G3 = +transmitting antenna gain in direction of reflecting surface
G4 = ‘receiving antenna gain in direction of reflecting surface

RO = Fresnel reflection coefficient

and R, S,, and 82 are defined in Figure 3-23.

1
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FIGURE 3-23 REFLECTION FROM A SMOOTH FLAT EARTH

Now considering that elec+romagne+ic'fields have a vector represen-
tation, the reflection of plane waves is dependent upén the pofarizafion of
the wave. In this context polarization refers to the orientation of the
electric field vector. When considering reflecf?on'fromva smooth surface,
this direction is most conveniently referred to the transmission plane.

That is, the plane containing the incoming propagation direction, the surféce
normal, and the reflection propagation direction. The polarization of an
electromagnetic wave with respect to the reflecting surface and fransmission
plane is defined in Figure 3-24. The horizontally polarized plane wave's

electric field is normal to a transmission plane while the vertically polarized

+ = Vertical (in-plane)
- = Horizontal

il

M
MREFLECT ION

T
TRANSMISSION

i

SURFACE
NORMAL

PROPAGATION
DIRECTION

DIRECTION

m

+
Eyi

il
|

REFLECTING SURFACE
/////////////////////////////////////

FIGURE 3-24 POLARIZATION VECTOR COMPONENTS DEFINED
WITH RESPECT TO TRANSMISSION PLANE
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component lies in the plane. _By convention the componenf.of the electric
field which is parallel to the reflecting surface changes direction upon
reflection. All other field componeh+s remain in their original direction.
Using.+hese conventions, a coﬁerency factor, and the smoothness criterion
discussed above, only the Fresnel reflecffén‘coefficien?é are needed to

compute the received power.

The Hughes Aircraft model derives the following equations for the

complex reflection coefficient:

_ g'cos u- Ve'-sinZ y : (3-18)
v - — :
e'cos u+ Ve '+sinZ u

. _cos yp /eTosTnZy | 319
" cos ut ETHSITRZy o |

where u = angle of incidence

e'= complex dielectric constant
This is equivalent to the definition presented eéarlier in this report.
To account for the curvature of the earth, a divergence factor

multiplies the ratio of the direct path signal power to reflected signalvpower.

This divergence factor, as used by Hughes Aircraft, is defined as

- 1 ' . | (3-20)
_ D 1+E(1+cos?B8)/cos 6 + £2

25,S

| 172
where E= e
a(S1+52)
a = earth radius
" for the geometry of Figure 3-1. This divergence factor is pfoffed in
Figure 3-25.
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FIGURE 3-25 DIVERGENCE FACTOR FOR HUGHES
AIRCRAFT COMPANY'S MODEL

Thus for a smooth earth the Hughes Aircraft model reduces to

Preflecfed - (G3G4) [ R2 2] DDIR |2 (3-21)
Pdirect 616,/ L(54%Sy) 0 |

For a rough earth the model’musf be'modified. In addition to
assuming that the smoothness factor q is large, a second important aséumpfion
in the derivation of %he reflected powér formula is that the radii of curva-
ture of the surface are large when compéred to the waveleng+ﬁ of the signal.
-Although this condition may not always be satisfied, especially for land,
it is a common condition for the sea and much of the land area. Since the
sea is the best earth surface reflector, this condition is not overly

restrictive.
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Hughes Aircraft uses a probablistic approach to define the reflected
power from a rough earth. To do this they consider the reflections from a

small surface patch and in+egra+e over the area of the earth visible .to

both satellites. In this manner they obtain for the reflected power
Preflected” _ _ R2 f %% o | (3-22)
Pdirect 6,6, Js 5175, |

In equation 3-22, dC is an elemental area of the scattering surface, which

is termed the scattering cross section.

To determine the scattering cross section Hughes Aircraft makes
the assumption that the surface hefghf variation about a zero mean value is
Gaussian distributed with standard deviation o and has an autocorrelation

function given by

(3-23)

where T represents the correlation distance. It is important to note that
this aufocorrelafion function is such that the surface is considered
isotropic. Based upon these s+a+is+ics for the surface a very involved
mathematical derivation given by Beckmann and Spiz;ichino (Reference 16)

yields for the scattering cross section

2 - s '
i |R0| e-(n 2+an2W@aS- (3-24)
nzcosqy '

where  R. = the reflection coefficient (a function es of Figure 3—265

B

dS = the area of the surface patch

y = the angle between V, and the Ioéal verTical

n = roughness factor = 2¢/T.
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Hughes also accounts for shadowing of one portion of the surface-
by another portion. This effect is especially important at large incidence
angles which correspond to large satellite separation angles and small

grazing angles.

The shadowing function is derived based upon the conditional proba-
bility that the elemental surface area is not shadowed and is visible by the
receiver, given that it is properly oriented to cause reflections towards
the receiver. By using this probability in their derivations, not iny are
~the surface characteristics included in the analysis, but also the fact that

both satellites do not see the same surface area is included.

Several quantities must be defined. The anglesAei and er, as

shown in Figure 3-26, may be calculated from

-Vi . Ns
cos ei = '—I'V—,TR—-,— (3-25)
| S
V. N

cos er = -TV—WW?TW- . (3-26)
r S
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Now define

cot 6i
g5 = T ' (3-27)
cot 6
9 T (3-28)
B. = 1 [ 2 ]
) exp(—gi ) - erfc(gi) (3-29)
Lg./m i
8 = L[ — expiog 2) - erfc(g)] (3-30)
r 2 J r 9 ,
Lg /m J

Two cases must now be considered. The first case is forward scatter, i.e.
n; and nr form an angle less than n/2 radians. In this case the shadowing

function as used in the Hughes model is given by

-(B.+B )
i r

£
(B.4+B )

I .

(3-31)
The second case is back scatter, i.e. *the angle between n; and n.

is greater than n/2 radians. That is, if the point is visible from the low

altitude satellite then it is visible from the synchronous relay satellite.

In this case the shadowing function becomes

5 - (3-32)

Considering the shadowing function and a rough surface, the ratio of multipath

power to direct path power in the Hughes model is given by

(3-33)

2 -
Pretiected _ _R2 .l' GBG4|20| i(e) - 2+an2y)dS
Pdirect 4mG,6, SySn“costy

s

This equation is representative of the rough earth model but the effects of

antenna polarization have not been considered. Hughes also goes on with a
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tengthy derivation to consider the effects of antenna polarization and derives
ﬁcomplicafed expressiohs for the multipath power in this case. This model

is comprehensive in coverage of many factors which affect the reflected signal.

3.4.6 PAINTER'S MODEL

The model for multipath reflections from the earth developed by
John Hoyt Painter of NASA Langley (see Reference 17) characterizes the
channel between a low altitude satellite and a synchronous relay satellite
by its impulse response. As the other models outlined in this report do,
Painter considers deferministic specular reflection and nondeterministic

diffuse reflection.

Painter's model uses the flat earth approximation shown in
Figure 3-27. The assumed known quantities are the satellite altitudes
and the distance along the surface of the earth between the two subsatellite
points. Geometrical considerations ére used to derive the length of the

direct path, the length of the reflected path, the incident angle, the

Dv

FIGURE 3-27 PAINTER'S FLAT EARTH MODEL
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location of the specular point, and the path length difference. These

quantities are given by

- 2 - 2 . = 2 2
R JDV +(2,-7)2 S ; JDV +(Z,47,) (3-33, 3-34)
2,42, Z,
Y = arctan ) ; Ds “\737- Dv (3-35, 3-36)
v 2 1
S = S.+S. = 4fR2+4Z.7 (3-37)

172 172

The path length difference S-R is of particular importance and for small
reflection angles may be approximated by

27,7
. 1
S-R * = 2 (3-38)

The center and hal f-length of the first Fresnel zone for specular reflection

are determined as

S Jnsx[4z ,#n51]
R R s (3-39)
b 22, (Z,4Z,))+nS)
n T 2| Zz,)%ms (3-40)

where n is the order, Ln is the half-1length of the zone, and X i's the center

of the zone. The approximation was made in the derivation that S + n/4 = S,

Painter defines the complex reflection coefficient I', which is
a function of frequency, reflection angle, soil conductivity, and relative

dielectric constant, as

_Ksiny - Y (e=ix)-cos<y

r (3-41)

K sin ¢ + V(e-jx)-cos?y
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where

x = 1.13 x 10° ()
w
g-jx ; vertical polarization
K =
! 1 ; horizontal polarization

This is equivalent to the definition given previously in this report.
Now assume that the normalized received signal is given by

. R : Ry, - : )
X(+) = %-{exp[-JBR]+ 5T expl-jgS]+ [ 1-T]F exp[-jgS]iexp[jut] (3-42)

£

where B8 = < and F is a factor-to account for the surface wave component.

When the surface wave component is negligible (i.e., at VHF and higher
frequencies) we find that the angle and amplitude disturbance of a sinus-

oidal signal due to specular mufffpafh effects are given by

X(+) = T exp[-j8RIC1+ ST expl-jB(S-R) Ilexpljut] (3-43)

Writing the complex reflection coefficient in polar form we may then write

the received signal as

X(+) = %-exp[-jBR]{1+o eXP{‘J[B(S'R)‘¢P]}} exp[ jut]

8 1 oxpl-j8RIA expl-jalexp[jut] (3-44)
where

A .
I = [rfexp[je.]

A R
p = g‘ff'
A = V1+p+2p cos[B(S—R)-¢F]

o sin[B(S—R)-¢P]

a =

?rc*a” T+p cos[B(S-R)-¢ ]
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The physical received signal is given by the real part of the above equation, i.e.

x(t) = Re{X(+)} = e-cos[wT—BR-a] ' - (3-45)

. -~ Painter then goes on fto develop a representation of the channel
between the aircraft and the synchronous relay satellite in terms of the time
varying impd|$e response of the channels. This impulse response may be
separated into the sum of the responses for the direct path and the indirect
path. Denoting the total impulse response as h(t,q), where an input at time q

produces a response at time t, we have

h(t+,q) = hd(T,q)+hr(T,q) _ , - (3-46)

where the subscript d denotes the direct path and the subscript r denotes
the reflected path. After a rather lengthy derivation Painter finds that

the impulse response of the reflected path is given approximately by

sin ¢
hr(f) TS (cos¢r)6(+ rr) n(T-Tr) (3-47)

where the time dependence of the geometric quantity S is now explicitly
indicated and 8(+) is the Dirac delta function. |t should be noted that this
impulse response is noncausal; however for the frequency range of interest

the causal time function may be approximated by the above noncausal approxi-

mation.

I+ is seen that the impulse response for the reflected path not
only attenuates and delays the signal, but also distorts it. The distortion
term is weighted by the sine of the argument of the reflection coefficient

and is the Hilbert transform of the transmitted signal. The overall impulse
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response for the time varying case may be written as:

- L Arl S(t)
h() = hy(+)+h (1) = R(+) [+ *+ S0y )(cos o6 {[t+ =—1-qa}
+(sin ¢r) .- S(l) } (3-48)
m{[+- =—1 -q}

where the time varying nature of the geometrical parameters R and S is now

shown explicitly.

The non-specular, i.e. diffuse, component of the reflected signaj
is modeled as a stochastic process, based upon the geometry shown in Figure
3-28, In this case the Tofai signal received is the summaT}on of the direct
path signal and many reflected signals. |t is evident that if the surface is
reasonably wel | behaved with +he radii of curvature large with respect to
the wavelength i, there are surface slopes at pofnTs other than Thé specular
point which have the proper orientation to cause reflections between the
low orbiting satellite and the synchronous relay satellite. The exTén+ of
the surface over which such reflection is possible is a function of the

geometry and of the distribution of slopes over the surface.

0 Dy Dy
FIGURE 3-28 PAINTER'S MODEL FOR NON-SPECULAR
REFLECTION
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Consider a transmitted signal of the form X(+) = m(+)ejw+. Then
the signal received via the reflected path consists of contributions from
those parts of the surface possessing the proper slope. Let the reflection
from the i-th area be defined as

X, (1) éf n(@)ed%h (+,q)dq | (3-49)

[+

where hi(f,q) is the time varying impulse response for the i-th reflection.
As in the case of specular reflection the individual reflections have the

form

S,
. |
IT. e s, Lt -]

X (1) = m(+ - ?')e (3-50)

where Si is the total reflection distance through the i-th reflection point.
Jé. .

The reflection coefficient |T'|e ''is less in magnitude than that for a plane

earth since the curvature of the reflecting slope scatters the i-th wave in

other than just the desired direction. The total reflected wave is given by

a summation:

RY .
r.le . -JBS, .
X (1) = ] ————m(t - —De " el (3-51)
i i
Defining a differential distance
V.
5-S, = —é'— (3-52)

and a parameter |
r

1
X, = (3-53)
i lrl Si
and assuming the angle of the i-th reflection coefficient is equal to the

angle of the plane earth reflection coefficient, Painter shows that

. S. Jv. .
_ I -jBS _ i i Jjuwt 2-54)
X (1) = e g m(t - —)x,e e’ . (3-5
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Painter now makes a crucial assumption. He assumes that the rate
of variation of the modulation waveform is suchlfhaf the waveform does not
change appreciably during the time required for the wave to be reflected
from the active reflecting area. This .assumption is most restrictive at
lower elevation angles. We now have

X (1) = [Smt - 2785 |y o Ciglut N

- [S = ] [i X e ] (3-55)
This equation shows that under the appropriate restrictive assumption the
reflected signal may be partitioned into a product of two functions one of
which is dependent upon geometry, plane earth properties, and the modulation
function; and the other of which is a weighted sum of unmodulated sinusoids
which is the form treated comprehensively by Beckmann and Spizzichino

(Reference 16).

To accounflfor the statistical nature of the reflecting surface,
Painter goes through a lengthy derivation to model the complex reflection
coefficient p(t). This complex Gaussian process is the scattering coefficient
treated by Beckmann and Spizzichino and is equal to the complex ratio of actual
reflected fields to that which would be reflected by a smooth perfectly
conducting plane in the specular direction. The geometry of the situation

is shown in Figure 3-29.

The random surface is denoted by Z = £(x,y) and is oriented so

as to have its mean value on the x-y plane. The solution for p(t) is given

F3 e
p(t) = — e'Ver dx dy (3-56)
A A

by
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FIGURE 3-29 PHYSICAL OPTICS GEOMETRY FOR PAINTER'S
MODEL OF ROUGH EARTH SCATTERING

where A is the area of the rough surface which is actually reflecting and IS

is the radial vector in x,y,z space. Painter also defines

V o=k, -k (
Vo= ky 2 | 3~57)
+ oo .
.. 1+cos 61 cos 82 sin e1 sin 82 cos 63 (5-58)
cos 0, (cos O, + cos 8..)
1 i 2
v = g[(sin 6 in o X = (si i )
v = BL({sin 1 sin 5 cos 63 xo - (sin 63 sin 63
?o - (cos 8, + cos 62)30] (3-59)
> > > ->
ro= xxo+yyo+£(x,y)zO (3-60)

The general

sofution for p(1) is quite involved geometrically.

Painter, drawing upon the work of Beckmann and Spizzichino

(Reference 16), Staras (Reference 18 ), and Durrani and Staras (Reference 3 ),
concludes that for the case of small surface roughness the reflection is con-
centrated in the specular direction and the active reflection area is not spread

over a large part of the surface of the earth. Under these conditions the equation
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defining p(+) may be §imp|ified considerably. Physically this is equivalent
to saying that the roughness across the ray path from the aircraft to the
synchronous relay satellite is no longer effective in the deferminéfion of

the reflection coefficient. Thus for small surface roughness it is sufficient

to assume a surface having roughness only in the x direction.

1+ is assumed by Painter that, over time intervals giving non-zero
autocovariance for p(t+), the angle of incidence remains constant. I+ is also
assumed that the reflecting surface is statistically stationary and that the
active reflecting area is a window of length 2L. This assumption is not
particularly realistic but little can be accomplished within a framework of
a physical optics solution with other than this assumption. The_lengTh 2L -

is also assumed invariant over ftime intervals giving non-zero autocovariance.

Painter takes the surface as a stochastic process g£(x) having a

second order Gaussian density p (51,52;x1,x2). The reflection coefficient

£
then simplifies to

1 L ivzg(x)
p(t) = E_L_f[_ e dx (3-61)
where v, = 2B cos 0,
- w _ 2nf
B =2 c

The window of length 2L is assumed Yo be moving in the direction of increasing

x at a uniform rate x = Vs' Thus time variation enters because the surface
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is being transtated with respect to the coordinate system. The autocovariance

of p(t) is given by

- - * A
E{[p(Tz)—p(Tz)][p(+1)'D(T1)] } £ Cl,, 1)) (3-62)

which is also the autocovariance of z(t). The mean of p(t) is obtained as

L ivzg(x)

5(+) =-§[ E{e }dx . (3-63)
L

Painter then considers the autocorrelation function
= * -
Rpp(+2,+1) E{p(Tz)p (+1)} (3-64)

Making the assumptions that the active reflection area window is of length 2L
regardless of movement across the surface, the surface is weakly stationary,
the surface aﬁfocorrelafion is sufficiently narrow so that for alllvalues

of x' which are of interest the parameter

szgg(X+x')
G(x) = e * -1 (3-65)

is a marked maximum in the interval [-2L,2L], a certain integral may be evaluated
by steepest descent methods, and the function
v2R" (0)u?
b

X3 ——
2[1-exp(—vzog)]

exp (3-66)

is sufficiently narrow with respect to 2L that a certain integral may be
approximated by integration between finite limits, Painter arrives at the

conclusion that the autocovariance is given by

V2n|1-exp(—v§o§)]3/2[2L-|x'I]

4L2vzc€,

(3-67)

C(x") =
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and the autocorrelation is given by

- f_u2.2 { A
Rpp(x') = exp{ vzcg} + C(x") (3-68)

Painter uses these results in an exiremely lengthy derivafion to
arrive at fwo stochastic processes which make up the defined compiex diffuse
reflection process. These two processes are low pass and non-stationary.
They also are zero-mean by definition and are taken as uncorrelated; hence
they are independent. At this point Painter uses a computer simulation to

derive the diffuse signal.

Since Painter has chosen to emphasize the characterization of the
channel by its impulse response, whereas we are intferested primarily in a
characterization of a channel in a manner such as fto provide for ease of
measurement experimentally of channe! parameters, and since Painter's model
is based upon a flat earth approximation, we choose to use another model
as our selection of the best model for the configuration of a low orbiting
satellite and a synchronous relay satellite. However, Painter's model
is excel lent for application to experiments using an aircraft or a balloon

platform.

3.4.7 LINCOLN LABORATORIES MODEL

The Massachusetts Institute of Technology. Lincoln Laboratories
model| described in Reference 19 is based upon the work of Beckmann and
Spizzichino (Reference 16 ). However, the Lincoln Labs mode! does not
present detailed definition of the divergence factor due to a spherical
earth, nor do they define the diffuse component in terms of .integrals and
surface parameters. Rather, they rely on experimental measurement of the

parameters.
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The Lincoln Labs model defines the specular component of the multi-

path signal as

2
P | -[Zlg-sin1a
specular _ DZ|R lze A (3-69)
direct °
where D = divergence factor
Ro = reflectivity
o = surface roughness
A = wavelength

which is essentially the same as the ESL model to be described next. However,
they define the diffuse component as the difference between the total reflected
power and the specular component, where the total reflected power is simply
DZ|R0|2. Thus, the diffuse power, according to the Lincoln Labs model, is

given by

-(Zgg-sin P)2 A
(3-70)

P,.
_diffuse _ D2|R0|2[1—e
direct

Lincoln Labs notes that the ratio of the two components is quite dependent

on the surface roughness, although the total reflected power is not.

The Lincoln Labs model, considering their less rigorous definition
of the diffuse component, is less accurate than the ESL model (o be described
next) for predicting the multipath environment encountered by a low orbiting
satellite operating in conjunction with a synchronous relay satellite.
However, for the case of an aircraft operating with a satellite relay, as may
be the case in the experiments performed with a SATS, the Lincoln Labs model

is felt to be adequate to define the multipath environment. Since it is
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computationally considerably simpler than the ESL model, we believe that
the Lincoln Labs mode! could be used for the situations of an aircraft

and relay satellite.

3.4.8 THE ESL MULTIPATH MODEL

The ESL multipath model considers only the effect of reflection
from the rough earth. lonospheric effects are not included because their
impact on the signals is minimal and detailed modeling would require know-
fedge of parameters (e.g., electron density in the ionosphere) which are

not normally available and which vary significantly with time and location.

We summarize in this section the ESL rough earth scattering model

as presented in References 6, 7, and 8. The model presented by ESL is a

scalar model. This is considered adequate if the assumption is made that the

receiver does not preserve polarization angle. The only polarization dependent

term, which is the Fresnel coefficient, is evaluated for circular polarization.

The total power reflected from the earth surface is the sum of
two components, one specular and one diffuse. The dominant component for
satellite altitudes in the range 185 to 560 kilometers is the diffuse component;
the specular component dominates over portions of the range 1850 to 5560 kilo-
meters altitude. |In all cases the reflected power is a decreasing function

of satellite altitude.

The specular power reflected by the earth is a function of several
factors including the RMS surface roughness, the wavelengths, the average
value of the Fresnel coefficient, the shadowing of part of the reflecting

area by surface peaks, and a divergence factor which models the curvature
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of the earth. In particular, the specular component of the reflected signal

is given by
b -(ﬁ§g-cos u1)2
specular _ e 2 2 2 _
5 (5 7532 D <R > S(u1) (3-71)
direct 172

where

22,2, =% 22,2, -
D=1}1+ a(Z1+22)cos é] 1 + ETZTIZE_ = divergence factor

S

' distance of transmitter from specular point

82 = distance of receiver from specular point

Stuy) = exp[-4 tan uy erfc(k cot u1)]

=4
k=%
T = correlation length
o = RMS roughness

2
<RO> = 5 RifRf' = average Fresnel coefficient
c 2 \3
Q% -K, sin W) -JKe cos u,

R - 1 "2 2

T
L K =K sin2u1)2+ 'Ke cos y,
1 €2 2

{
- ’ - in2 z
Ke cos M, Ke (%e Ke sin ur)
R _ ] 2 ] 2
- ’ c oo \2
K cos u,t¢K K =K sin4u )
e1 1 e2 (91 e2 i

= permeability of free space for the geometry

o)

for the geometry shown in Figure 3-30.
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FIGURE 3-30 DEFINITION OF SCAT TERING ANGLES

For smal!l values of u the general shape of the curve is determined
by the exponential factor. The specular power decreases as the satellite
élTiTude increases due to the effect of the divergence factor. The reflec-
tions from sea water, which has a larger dielectric constant than land, are
approximately 2.5 dB greater than those from land. This is accounted for
by the increase in value of the Fresnel coefficient as the dielectric constant
increases. The surface roughness o has a strong influence on fhe‘specfral
power through the exponential factor. Large surface roughness produces a
small specular reflection and small surface roughness produces large specular
reflection. Even for incident angles u below 1.2 radians a significant

specular reflection can occur from relatively flat surfaces.

3-63



The correlation length T has a significant effect on the specular
reflection only at high .incident angles.v This occurs because T appears only
in the shadowing function which has a dominant effect only at the high incident

angles. A large T corresponds to a flat terrain and hence less shadowing.

The expression for the diffuse component of the reflected signal
is more complicated than the one for specular reflection. In the case of
diffuse scattering, the reflected signal, after a lengthy derivation, is

found to be given by:

' 2

P,. ‘ cos u F

Sdiffuse - Z g |25 -ijZS(u ) (———3) J ds (3-72)
. o 1 R
direct S o)

where
*® *
J = J; Jo(nyT)(%Z(VZ,—VZ)-X(VZ)X (vz))r dt

R
o]

D
S(u1) = shadowing function

Fresnel coefficient

Divergence factor same as for specular component

R = distance from the origin of the scattering surface
©  to the receiver

Vo= ‘Iv2+v2
Xy Xy

* -
x2(vz,—vz)-va2)x (vz) = e

-r2/T2
~g(1-e""T)__-g

_ | 2m¢ 2
= [—X—-(cos My + cos uz)]

A = wavelength

o = standard deviation of p.d.f. of surface irregularities
> _T T

v = (vx,vy,vz) = k1 k2
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T = correlation length

1+ - i
. COs u, cos M, sin My sin o cos Mg

3 cos My (cos My + cos uz)

for the geometry of Figure 3-30Q.

We believe this model is the best choice for representing mathe-
matical ly the communication link between a low altitude satellite and a
synchronous relay satellifte.
3.4.9 DESCRIPTION OF THE TIME-VARYING CHANNEL BETWEEN THE AIRCRAFT

AND GEOSTATIONARY SATELLITE

In the previous sections we have described a multitude of mathe-
matical models and have indicated our choice of a model, namely the ESL
model, for the low altitude spacecraft/synchronous relay satellite configu-
ration. In this section we summarize our choice for the aircraft/satellite
fink, as shown in Figure 3-31. This section is based upon the Lincoln

Labs and Magnavox models previously discussed.
SATELLITE

| ’))
N
AIRCRAFT / | A
€

----- RFI
V— - 14 | 3

v

FIGURE 3-31 AIRCRAFT-TO-SATELLITE LINK CHARACTERISTICS
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Several aircraft-to-satellite multipath +es+s have been conducted
at VHF and UHF by various researchers. These include K. L. Jordan of Lincoln
Laboratory, Collins Radio Company, and Atan Johnson of Wright-Patterson AFB.
All researchers indicate that a combination of specular energy reflected from
the earth's surface along with diffuse energy can be expected at VHF and UHF
frequencies. Thus, the indirect signal'or reflected signal can have two
components, a specular component which is a replica of the transmitted signal
and a diffuse component similar to random noise. In general, the amount of

*
reflected specular energy is expressed by .

= 2,2 2 -
Pspecular g<pS>D IRol F)d (3-5)
where 2
(B2 sin )
2, =
<ps>, e
U] = grazing angle
g = a factor which is dependent on the aircraft antenna pattern
and which controls the amount of power directed ftoward the
surface
Pd = direct power
A = wavelength
o = rms height of the reflecting surface
D = average divergence factor associated with the spherical earth

IROIZ = mean squared reflection coefficient
The amount of diffuse power is expressed by

= an2 2 - 2 ‘ - (3-6)
Pyiffuse = P ]Rol Pd(1 <P _>2) 6

% R
These equations are identical fto those presented in Section 3.4.72;

they are repeated here for convenience of reference.
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The divergence factor is shown in Figure 3-32 as a function of the
graéing angle for various aircraft altitudes. We see that for low grazing
angles the-divergence factor serves to diminish the mulitipath or reflected
signal. For VHF and UHF frequencies, the reflected signal should be primarily

diffuse for ¢>0.35 radians and normal surface conditions.

Scattering models of the earth's surface have been partially con-
firmed by measurement. These models usually rely upon a Gaussianly dlstributed
height variation o and some correlation distance T which, in this case,
indicates the degree of correlation between one point on the earth and another.
The reflected signal, consisting of specular and diffuse components, is illus-
trated in Figure 3-8 along with the signal that is received via the direct
pafh; The signa! received via the direct path will be offset from the true )
transmitted frequency by the direct path Doppler, and fhe indfrecf signal
will be further offset by the differential Doppler associated with the indirect

"path relative to tThe direct path.

The diffuse energy associated with the indirect path will have some
bandwidth referred to as the fading bandwidth, as illustrated in Figure 3-8.
I+ can be shown that the fading bandwidth is related to the velocity of the
aircraft, the RMS height variation of the surface o, the correlation distance

T along the surface of the ocean, and the grazing angle by:

BF = Zg%g sin ¢
where
v = aircraft velocity
A = wavelength
¢ = grazing angle
T = correlation distance
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So faf, we have established that the signal received at the satellite
from the aircraft can be described by several parameters. First, there is the
power associated with the direct path Pd, the total power associated with

the indirect signal Pi the amount of power that is specularQ’

as
nd’ specular)

diffuse)’The direct path Doppler, the indirect path

differential Doppler, and the fading bandwidth associated with the diffuse

opposed to diffuseQ’

component, and the coherent bandwidth.

If one isolates the indirect signal, one observes, in general, that
the énvelope will follow a Rician probability densiTy,'since this path consists
of both a specular component and a diffuse compohenf. If the reflected signal
is completely diffuse, then we can expect the envelope of the reflected
signal to have a Rayleigh envelope p.d.f. This has been observed by Lebow,
gi;gl; (Reference 19) who used a'pseudonoise signal between a satellite and -
an aircraft at 235 MHz to investigate the fading bandwidth. Thus, both
diffuse and specular components can exist depending upon surface roughness
and the correlation distance along the surface. Under most general cases,
the reflected signal envelope will follow a Rician probability density when

a constant envelope signal is transmitted.

When the direct signal is combined with the indirect signal at the
spacecraff, the composite envelope of this complex signal (again assuming
that constant envelope signals have been transmitted from the aircraft) will
follow a generalized Rician density. The generalized Rician density for two

constant envelope signals and a diffuse component is given by

2
r (N+Pdiff
2

P(R) = R J; r"JO(Rr? JO(Ar) JO(BR) e dr (3-73)

)
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where

A = di t si i =
| irect signal amplitude 2Pdirecf
B = specular component amplitude = V2P
specular
N = noise
Pdiff = diffuse power

I+ is easy to see from the above equation that the statistics associated
with the composite signal received at the satellite from the spacecraft are

quite complicated.

There will be an absolute delay between the direct signal and
the signal reflected from the surface of the earth. The absolute differential
delay bé+weén the direct and the jndirecf paths is T4 The value Ty is.
a function of the aircraft altitude above the surface of the ocean, the
grazing angle, and the altitude of the spacecraft (in this ins+ance{.i+ is
assumed to be synchronous). The differential delay is given by T4 = %?-sin P
where the aircraft height is h and the grazing angle is w', The values of T4
are shown graphically in Figure 3-33. The figure shows that the maximum
value of T4 exists when the aircraft is directly underneath the sateilite.
Figure 3-34 shows the direct path Doppler/Mach* and differential Doppler/Mach*
vs. the grazing angle. Measured fading bandwidth data taken by Lincoln Labs

is shown in Figure 3-35,

The coherent bandwidth of the path between the aircraft and satellite,
which was defined in Figure 3-13, pertains only to the reflected signal. The

coherent bandwidth BC is inversely proportional to the time spread of the

*
Mach 1 = 330 m/s
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reflected signal. The coherent bandwidth is given by

B = L=20v @y (3-74)

C

where

h = the height of the aircraft divided by the mean radius of
the earth

C = speed of light
Y = grazing angle
T = correlation distance

o = surface roughness

Thus, the link between the aircraft and satellite can be summarized
-as a three-component path: a direct path, a specular indirect path, and a
diffuse indirect path. In addiTion to the direct signal and the multipath
signal there will be the ever-present additive noise at the input to the

transponder at the satellite.

Table 3-5 summarizes the multipath parameters for an aircraft-to-

synchronous sateliite |inks at VHF.

3.5 RANGE OF PARAMETERS OF INTEREST

In the preceding sections we have presented the various multipath
models which have been developed by various researchers. In this section
we present a summary of the range of values of the various parameters of

interest.
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TABLE 3-5

MULTIPATH PARAMETERS FOR VHF AIRCRAFT/SYNCHRONOUS SATELLITE LINK

PARAMETER EQUAT ION MAGNITUDE AT VHF
2
o jaoze "3
P g|R_|2D2%e decreases rapidly for
specular ¥>0.26 radians :
2
—[%gg-sinlﬂ |
Pyisfuse g|R_|2D2 |1-e referred to direct power

Direct Doppler

Differential Doppler

Coherent Bandwidth
Fading Bandwidth

Differential Time
Delay

Polarization of
- Reflected Signal

sense of reflection can
reverse

at ¢>0.26 radians

¥
0-160 Hz at Mach one

2 Hz at 6.1 km

dependent on o/T values

0-40 usec at 6.1 km

horizontal predominates
over vertical

* Re is the equivalent earth radius.

*¥* Mach one * 330 m/s
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/

As we have shown, The channel between the low orbiting satellite
and a synchronous relay saTeIliTe may be characterized by these parameters:
°® Ratio of multipath signal to direct path signal

Polarization of signal |

Direct path Doppler sﬁifT

Differential Doppler

° Fading .bandwidth

° Coherent bandwidth

Time delay between direct path signal and multipath signal
The anticipated values of these parameters are summarized in Tébles 3-6
(for VHF) and 3-7 (for S-band). Since the experiments to be conducted

may involve the use of aircraft as well as a SATS, values for aircraft are

also included in the tables.

3-75



TABLE 3-6

CHANNEL PARAMETER BOUNDS FOR VHF PLATFORM

Channel Parameter

Range of values for
VHF aircraft

Range of values for
VHF low altitude SATS

Ratio of Direct to
Reflected Signal

Polarizations of
Received Direct and
Reflected Signal

Specular.vs Diffuse
Muitipath

Direct Path Doppler

Differential Doppler

Fading Bandwidth

Coherent Bandwidth

Time Delay Between
Direct and
Multipath Signal

can be as low as 0 dB

can be as low as 0 dB

Lincoln Laboratory measurement indicate
horizontal component dominates

Both specular and
They can be of eq
grazing angles.
0 tfo +150 Hz at 300 m/s
0-1.5 Hz @ 6.1 km and
330 m/s

0 to 5 Hz @ 330 m/s
0-500 kHz

0 to 45 us at
6.1 km

diffuse components exist.
ual magnitude at low

0 to +4 kHz
0 to +1500 Hz
0 to +2000 Hz
0-30 kHz |

0-30 ms for
4000 km altitude
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TABLE 3-7

CHANNEL PARAMETER BOUNDS FOR S-BAND PLATFORM

- Channel Parameter

Range of values for
S-Band aircrafft

Range of values for

Ratio of Direct to
Reflected Signal

Polarizations of
Received Direct and
‘Reflected Signals

Specular vs, Diffuse
Multipath

Direct Path Doppler

Differential Doppler

Fading Bandwidth
Coherent Bandwidth
Time Delay Between

Direct and :
Multipath Signals

can be as low as 0 dB

S-Band low altitude SATS

can be as low as 3 dB

Polarization of reflected signal
is reversed.

Only diffuse componenfs exist.

0 to *1.88 kHz at 300 m/s

0 to 18.8 Hz at 6.1 km

and 330 m/s

0 to 62.5 Hz at 330 m/s

0 to 500 kHz

0 to 45 us at 6.1 km

0 to 5 kHz

0 to +£18.8 kHz
0 to +25 kHz
0 to 30 kHz

0 to 30 ms for
4000 km altitude
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4. RADIO FREQUENCY INTERFERENCE

In this section we discuss RFIl as it applies to a low altitude
spacecraft such as SATS and for SATS used as a relay satellite. Much work
has been conducted on the Tfacking and Data Reléy Satellite program to
determine or project the amount of RFI which will be seen by these two
types of platforms. Most of the information presented in this section is

based upon that work.

4.1 EXISTING RADIO FREQUENCY INTERFERENCE (RF!) LEVELS

Unintentional, upward airecfed RFI from emitters located on the
earth and in view of both the Synchronous SATS and the low altitude SATS
can be a source of interference which will be delefterious. |In this

section, RF] data is presented for the following links:

SYNCHRONOUS SATELLITE TO LOW ATLTITUDE SATELLITE TO
LOW ALTITUDE SATELLITE SYNCHRONOUS SATELLITE
Forward Link Return Link
117.425-117.525 MHz 136-138 MHz
127.7-127.85 MHz
148-155 MHz

400.5-401.5 MHz

Some of these bands contain relatively high powered constant envelope
narrowband RF| sources. |In order to evaluate the impact of RF! on the
performance of the forward and return links, Magnavox has, with the assis-
tance of Mr. John W. Bryan of NASA/Goddard Space Flight Center, evaluated
pertinent information relative to RFl in the bands of interest. From
computer tabulations provided by Bryan, an estimate of the worst case RFI

distribution at the TDRS and user has been derived.
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Moreover, ESL, Incorporated has recently concluded two relaféd
studies for NASA/GSFC (éeferences 6 and 8) which explain the radio frequency
interference problems relating to the synchronous SATS and the low alfffude
SATS. The RFI modeling by ESL consists of examination of data contained
in the International Frequency List compiled by the International Frequency
Registration Board of the International Telecommunication Union, the Jeppesen
Air Manuals, CONUS emitter +abu|a+fons from the Electromagnetic Compatibility
Analysis Center, and other sources. By a series of prediction programs ESL
was able to provide an estimate of the power that would be received from
each source of RFI at the SATS in synchronous orbit with an earth coverage
antenna. Figures 4-1, 4-2, and 4-3 present a graphical indication of the
RF| power density at a synchronous SATS located at positions of 11°W, 143°W,
112°E, respecfjvely. These densities as presented here are distributed

over the frequency band 117 to 155 MHz.

An assessment has also been made of the impact of RFI on the fow
altitude SATS. Assuming two user locations, 50°N 30°E and 38°N 88°W, the
RF| density levels at the low altitude SATS are shown in Figures 4-4 and 4-5
respectively. |In each case the low altitude SATS is equipped with an omni-
directional antenna and is at an altitude of 1000 kilometers. As an indication
of the coverage of this satellite, a satellite with an omnidirectional antenna

at 1000 km centered at 38°N and 88°W will be in view of all of CONUS and parts

of Mexico and Canada.

Through our own research; that of John Bryan of NASA; and that of
ESL, Inc. we have concluded that of the bands of interest the 148-155 MHz

band is the least usable as a command band. The number of emitters in-the
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127.70-127.85 MHz band has been estimated by Bryan as being:

° 28 communication emitters assigned to the band

® 122 communication emitters capable of being tuned in

the band.
Bryan has conducted a frequency search in this band so that their effect

on the low altitude SATS might be assessed. ot

The assumptions made regarding low altitude SATS for +his assess-
ment are the same as those mentioned previously, including the following:

° all ground based emitters are on and modulated

° all antenna patterns are uniform, omnidirectional,

and zero dB gain

ground based emitters are uncorrelated

The input RFI power at the low altitude SATS in a 10 kHz band

centered around the carrier has been computed and is shown in Table 4-1.

TABLE 4-1

RF1 SOURCES AT LOW ALTITUDE SATS I[N THE 127.7-127.85 MHz BAND

Frequency Average Power in i No. of Emitters
10 kHz Band

127.70 MHz -83.4 dBm 6

127.75 MHz -84.5 dBm 2

127.80 MHz ~81.0 dBm i 14

127.85 MHz -85.0 dBm T
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The number of emiTTers in the bands 136-138 MHz and 148-155 MHz

and the received power at both the synchronous SATS and the low altitude

SATS has been compiled by ESL.

and 4-3 respectively.

These data are presented in Tables 4-2

TABLE 4-2

ESTIMATED RFI POWER AT THE SYNCHRONOUS SATS

SATS Location - (Synchronous Altitude)

11°wW 143°W 112°E
BAND
Power Number of Power Number of Power Number of
(MHz) (dBm) Emitters (dBm) Emitters (dBm) Emitters
136-137 | -81.3 132 -87.8 56 -99.4 5
137-138 ] -79.4 235 -84.3 100 -391.8 10
148-149 | -75.1 114 -70.8 789 -79.3 25
149-150| -81.0 70 -72.9 852 -76.9 58
154-1551 -80.6 252 -79.9 216 -89.5 46
TABLE 4-3
ESTIMATED RF1 POWER AT THE LOW ALTITUDE SATS
SATS LOCATION
(altitude ~ 1000 km)
BAND 38°N-88°W 50°N-30°E
(MHz) Power Number of Power Number of
(dBm) Emitters (dBm) Emitters

136-137 ~86.7 5 -71.0 130

137-138 -79.4 25 -70.0 178

148-149 -68.7 80 -69.0 15

149-150 -75.2 53 -97.0 2

154-155 -74.0 127 ~89.6 6
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The remaining band of interest is that in the range 400.5 MHz
+o 401.5 MHz. As of this time no afféﬁpf has been made to assess the
effective RF! power at the low altitude SATS. We have, however, compiled
from the International Frequency List (References 20 through 33) an esTf—
mate of the number of potential RFI sources in this band. This comﬁilafion

is presented in Table 4-4 for the various ITU Regions.

TABLE 4-4

'RF] SOURCES IN THE BAND 400.5-401.5 MHz

ITU EMITTER POWER ON THE GROUND (Watts)

REGION 0- .91 -9 110 -99 |100 - 999 |>1000
1 59 4 1 1 1
2 61 1 - - -
3 62 12 - 10 -

A prelfminary evaluation of the RFI sources at S-band has been

performed. Some results of that evaluation derived from the

International

Freduency List are shown in Table 4-5.

TABLE 4-5

RF] SOURCES AT S-BAND

ITU Emitter Power at Gfound (Watts)
REGION
’ 0-1 1-10 10-100 100-1000 {>1000
1 15 78 40 14 16
2 72 15 1 1
-- 15 24 _— .

4-9




4.2 TRASH NOISE

There is another important source of noise which should bé consi-
dered and evaluated for its impact. Specifically, this interference is the
sum total of the "trash" -- amore or less continuous background noise which
originates in an urban environment and is due primarily to such things as
ignition noise, switching transients, corona, etc. This continuous low
level interference will interfere with the desired signals in the command
band, and can have a deleterious effect on the antenna temperature at the

user sp