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Preface

The purpose of this study was to investigate different
techniques for selecting the optimum downlink signal received

by spatially diverse earth stations operating in the extreme-

ly high frequency (EHF) band. Space diversity configura-
tions can be used to overcome the attenuation effects of

rainfall, which can be very severe for frequencies above
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10 GHz. Thus, special consideration must be given to the
parameters and methods used to determine the optimum received
4 signal when employing a space diversity reception system.

* This report is limited in scope to the development of three

linear diversity combining techniques. The theoretical

analysis and development of each of these techniques can be

fully understood by the reader with a background in proba-

bility theory and digital signaling techniques.
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Abstract

This study investigated some of the diversity combining
techniques that can be used with a space diversity downlink
reception configuration to overcome the attenuation effects
of rainfall. The diversity combining techniques selected
for development and analysis were selection, equal gain, and
maximal ratio combining. Each of these techniques were con-
sidered with two different digital signaling schemes, 8-ary
phase-shift keying (PSK) and differentially encoded quadra-
ture PSK (DQPSK), to form six distinct diversity technique/
signaling scheme combinations.

The analysis was accomplished by deriving the probability
of bit error functions for 8-ary PSK and DQPSK and by devel-
oping the probability of density functions for each diversity
technique under the assumption of a slowly fading Rayleigh
channel. By taking the integral from zero to infinity of the
product of the two functions for each diversity technique/
signaling scheme combination, the probability of bit error
was calculated for each specified combination. The number of
channels in the diversity system was varied to illustrate the
trade-off between the improvement of bit error performance
and cost. The results show the theoretical benefits attrib-
uted to the diversity combining techniques that can be

employed in satellite communications systems. Additionally,

information is provided to estimate the rain attenuation
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given the rain rate so that its effects on bit error per-
formance can be obtained and compared to the case of no rain

attenuation.
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ANALYSIS OF SPACE DIVERSITY TECHNIQUES

FOR EHF SATELLITE DOWNLINKS -

I. Introduction

Background

The use of orbiting satellites has become an integral
part of our world-wide communications and military command,
control, and communications systems. A satellite communica-
tions system can be categorized as one of three basic types
shown in Figure 1.1. System I shows an uplink from a ground-
based earth station to the satellite, and a downlink from the B
satellite back to the destination earth station. The func- o
tion of the satellite is to collect the electromagnetic
fields from the signal transmitted by the sending earth sta- 1
tion and retransmit the received signal to the other earth
station. S

[eve—e

System II shows a satellite crosslink between two satel- -4
lites prior to the downlink transmission. System III shows a
satellite relay system involving an earth station, a near-

earth user (aircraft, ship, etc.) and a satellite. The sys- )

tem III configuration is of particular importance since it

has many military applications. Regardless of which system
configuration is employed, there are several atmospheric ef-

fects that can degrade the transmitted signal strength and

A A o
PRI S r E Y G W )

reduce the capability of transmitting information via

satellite.
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Figure 1.1 Types of Satellite Systems
I Ground~ground
II Ground-crosslink-ground
III Ground-user relay .
Sources: (11:5)
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The most serious of these atmospheric effects to a sat-

ellite communications 1link is rainfall, which affects both

uplink and downlink transmissions (11:96). Rain effects
become more severe at wavelengths that approach the water
drop size, which is dependent on the type of rainfall. 1In
heavy rains as raindrop size increases, severe absorption

occurs in the extremely high frequency (EHF) band, the range

ﬁ’w'*'T.var.
TN

where many existing satellites operate. Therefore, in the

L2

EHF band, there is a potential for significantly more signal
attenuation during rain as compared to the attenuation caused
during clear weather conditions.

i’ Generally, the solution to maintaining the satellite
communications 1ink is to add enough extra power (power mar-
§ gin) to transmit the signal over the maximum additional

Fi attenuation caused by rain. However, to maintain a highly

! reliable link in the EHF band, the cost of providing suffi-
A cient power margin with current technology becomes prohibi-
‘i tive and may not be technically feasible. One alternative
for improving reliability is to spatially separate two or

more earth stations since they are not likely to experience

simultaneous fading from the same rainstorm (See Figure 1.2).
For the uplink transmission, all earth station -ransmit the
same signal and the optimum received signal (i.e., the signal
with the least amount of attenuation) is chosen at the satel-

- lite and retransmitted. For the downlink reception, earth

stations receive the transmitted signal from the satellite
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Space Diversity in Downlink

Figure 1.2 Using Space Diversity
in a Satellite System
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simultaneously and the optimum signal is selected and then

retransmitted to terrestrial destinations.

Problem
When using a space diversity configuration to overcome
the attenuation effects of rainfall, some consideration must

be given to the parameters and the methods used to determine

A LR g e a Pp——"
‘. )0 R T e
* [RRC I e e :

the optimum received signal. The purpose of this research

is to investigate techniques for selecting the optimum signal
from signals received by spatially diverse earth stations

operating in the EHF band (i.e., the case of Figure 1.2b).

Scope

The scope of this research will be limited to an inves-
tigation of methods to determine the optimum signal received
by two or more spatially diverse earth stations from the sat-
ellite downlink transmissions. Different methods of selecting
the optimum signal will be investigated and developed. After
a theoretical analysis of each selection method, a computer r‘
program will be developed to simulate the operational environ-
ment and verify the best method for choosing the optimum re-
ceived downlink signal in a space diversity configuration
system. Costs associated with the development of the pro-

posed methods for signal selection will not be examined.

Assumptions

The following assumptions are made throughout this

research project:
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1. A satellite beacon is available.

2, All uplink transmissions are at 30 GHz and the down-
link transmissions are at 20 GHz.

3. The focus of this report will be on satellite sys-
tems using diversity techniques to improve downlink recep-
tion performance as depicted in Figure 1.2b.

4. Digital signaling Schemes used will be 8-ary Phase-
Shift Keying (PSK) and Differentially encoded Quadrature
PSK (DQPSK) .

These assumptions are established to model a generic
satellite system for military applications that could easily
be developed and deployed using current satellite system tech-

nology and practices.

Summary of Current Knowledge

The use of space diversity to combat atmospheric attenua-
tion in satellite communications links is a well known concept
that has been thoroughly researched and documented during the
past 10-12 years (1,9). This research project will attempt
to establish a model for space diversity gain by using well
known linear diversity combining techniques and giving con-

sideration to the spatial separation of the earth stations.

Standards

The criterion used to measure the performance of each
signal selection scheme will be the probability of bit error
(Pe) versus the average signal-to-noise ratio (SNR) per bit,

Yp» Of the received downlink signal. This measurement is

T et T AT Tt e YN LT N N At et e e e et . e s e e e e e
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the standard criterion for comparing the performances of
digital communications systems. These values, (Re VS, yb),
will be calculated and plotted for each selection scheme .

during the computer simulation. These results will allow

for a direct comparison of all of the developed signal selec- :ﬂf
tion schemes and a measurement of the benefits derived from o
using space diversity transmission schemes as compared to

the result from the use of a standard satellite system with-

14
P
'

out space diversity.

Approach

R e
B b ma s ae

A detailed investigation of possible linear diversity

!
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»f combining techniques for optimum signal selection will be

"
’
r
RN 4

conducted to determine which methods are best suited for this

Q?‘ satellite communications application. For each diversity bk
9 technique, the criteria for determining the optimum received ;21
Ei signal will be fully developed., After a complete develop- Eii
: ment and analysis of each of the proposed diversity signal EEE

1

selection methods, a computer simulation will model the oper-

ational environment and provide a performance measurement

o, ) )
R
2'a a'a Aot

for each diversity technique.
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II. Satellite Background Information

The major elements in a satellite communications system
include the satellite, a network of earth stations, and multi-

ple-access communications equipment by which many earth sta-

tions can operate through a single satellite (22:131). A
satellite communications 1link consists df a satellite orbit-
%ﬁﬁ ing in space and one or more earth stations. The performance
{ of this communications 1link is greatly influenced by the
earth-space propagation channel. One of the major differ-
E;é ences between satellite links and terrestrial telecommunica-
tions is the distances that the carriers must be transmitted.

Since the strength of the radiated signal diminishes with the

square of the distance it travels, the satellite signals are
relatively weak when received at the distant end. However,
the amount of received carrier power determines the ability
of the receiver to demodulate or decode the information
(11:83). 1In satellite systems it is extremely important to
know the key parameters that directly determine this received
povwer so that these systems can be properly analyzed. Thus,
an understanding of the basic power flow equations associated

with satellite channels is necessary.

Antenna Gain

The antennas used in satellite links do not radiate
equally in all directions but are designed to focus the radi-

ation in a particular direction. The increase in power
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achieved by focusing the antenna is referred to as the gain

AAJ‘_“J‘

of the antenna. An isotropic antenna which radiates equally :-Q
in all directions has an antenna gain = 1. The gain of the

antenna, Gt(¢z'¢z) is a function of the angular direction of

the receiver, where (¢z’¢z) refers to the azimuth and eleva-

tion angle, respectively, measured from a coordinate system .
centered at the transmitting antenna (11:83). Therefore, | l
- antennas can be characterized by their gain pattern Gt(¢z’¢z) f;?
which indicates how the antenna gain is distributed spatially i

with respect to the antenna coordinate system.

PR

The most important parameters of an antenna pattern are

W o

Power received if the radiation were isotropic

its gain (the maximum value of the gain pattern), its beam- .
width (a measure of the angle in which most of the gain | L
occurs), and its sidelobes (amount of gain in the off-axis 1
'y direction) (11:87). For most satellite communications pur- :TE
poses, antenna patterns should be highly directional with ;;g
most of the gain concentrated over a narrow beamwidth and a ;éﬁ
very small part of the radiated energy in the sidelobes. :f;
However, the gain and beamwidth is dependent on the type of ‘
antenna used.
The gain of a transmitting antenna is - 4
G, = Power received from the antenna (2.1) {i:
51

Although the antenna gain is dependent on the type of

antenna used, a useful approximation for this gain is e
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where
: A, = aperture cross-sectional area of transmitting

': antenna -
5 Z = the efficiency of the antenna aperture .ﬁ
,EI A = wavelength of transmission ]
ii A, the wavelength of the radiation, is inversely proportional L
. A
to its frequency f: ‘ .
c D]
.'- .'.J
C] where C is the velocity of light. Thus, the antenna gain -1
g
approximation can be written such that 5
o Z‘l/rerAt S
A G = ——t (2.4) R

Cc

where

C = 2.99 x 108 meters/second

=l
¢
l

It is obvious that the gain of the antenna is dependent

i

on the frequency of transmission and the efficiency of the

¢ "

antenna aperture. ;ﬁg

:;f

EIRP s

iﬁi The power of the transmitter is often referred to in a 3¥€
:, manner which takes the gain of the antenna into consideration. ~f€
> It is referred to as the effective isotropic radiated power Tfj
;E (EIRP). EIRP is the power of a transmitter and isotropic ii}
;{ antenna that would achieve the same result as the transmitter \é
o and antenna in question. :{ﬁ
- B
fj EIRP = PG, (8,,9,) (2.5) ';i
R

v
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where
P, = available antenna input carrier power from i
B the transmitter power amplifier, including - o
[ circuit coupling losses and antenna radia- o
tion losses T
) G.(¢,,8,) = gain of transmitting antenna ;ﬁ;
. R
Now we can define the received carrier power collected
by the receive antenna that is normal to the transmitter as
- (EIRP)L_A . 4
. P = 23 L (2.6)
4n2
o
where
) L = atmospheric loss -
A_ = the aperture of the receive antenna R
= Z 4 14 ~,.::.'_-;
(A°/4m)G _(8,,8,") (2.7)
2 \eo where —
T
G (¢z’,¢£’) = azimuth and elevation angles of the trans- B
r mitter relative to the receiver coordinate
system
i A = carrier wavelength f~’j
An equivalent expression for Eq (2.6) is o
R
P ’ 1]
' P = (EIRP)LaLpGr(qSZ '2,") (2.8)
where we define
L, = (Aam)? = (c/aneD)? ;
=
4 Lp is called the propagation or free space loss that is ]
incurred by the communications 1ink. It is dependent on the f
g frequency, f, and the distance, D.
)

11




Eq (2.7) can also be restated in a more useful form ]
where

' ) -
‘ (P )dB = (EIRP)AB + (L )dB + (L,)dB + (G )dB  (2.9) o

External Noise L}fi
i In addition to receiving the desired signal, the re- KR |
ceiving antenna also gathers other forms of electromagnetic f;ij

energy that may be present. These other radiations may be

: interference or noise that can distort the transmitted sig-
nal. The major external noises to a satellite communications
link are:

i 1. Atmospheric Losses/Noise

2. Thermal Noise
3. Sky Noise

i (¢ 4. Galactic Noise

. 5. Cosmic Noise

i The combination of all sources of interference form a

i total noise level for the receiving system of the satellite
link (16:123).

Atmospheric lLosses

)

There are many frequency dependent effects on the propa-

gation channel, in addition to the free space loss, that

. increases the total transmission loss of the communications
. link (6:162). These propagation effects can be categorized -
13 i3 » ‘- N 1
as atmospheric losses. The primary causes of atmospheric Tl
.': ..tﬂ
: losses for satellite communications links are: o]
), o
- 12 T

)
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1. uncondensed water vapor S
2. molecular oxygen

3. rainfall

Water Vapor and Molecular Oxygen Attenuation. These :E;J

two losses are relatively constant and easily calculated,

although the attenuation levels vary within the carrier fre-
quency. The main reason for the attenuation due to water
vapor and molecular oxygen is that some of their associated
atmospheric particles have molecular resonances in the micro- 4
wave frequency band. %
Below 10 GHz, atmospheric losses are minimal, (usually . $
less than 2 dB); however, at higher frequencies, the attenua-
tion begins to increase rapidly. The higher levels of atten- ;.;

uation occur at the frequencies having wavelengths corre- R

sponding to specific gas molecules in the atmosphere (11:94).
Therefore, the attenuation caused by water vapor and oxygen
varies greatly with the frequency. Severe attenuation due to

water vapor molecules occurs at ~22 GHz while the severe

attenuation due to oxygen molecules occurs at ~60 GH. Thus,
the frequencies for the RF carrier for satellite links are 2
chosen in the frequency range where these types of attenua- ; 4
tion are minimized.

Rainfall Attenuation Effects. The effects of rainfall

attenuation on satellite communications varies with frequency, S 4
however, it can have a severe effect on signal strength at ﬁ:i
frequencies above 10 GHz. Rainfall is the most serious atmos-

pheric effect on a satellite link; therefore, special -
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consideration must be given to the effects of precipitation
on the earth-space propagation path when designing a satel-
lite communications system (8:2-1). At frequencies above
10 GHz, rain is known to cause significant attenuation,
absorption, scattering, amplitude and phase scintillations,
depolarization, and bandwidth decoherency. All of these
phenomena combine to degrade the reliability of the satel-
lite communications link. Its obvious impact on the satel-
lite system is cost, since methods must be incorporated into
the system to combat rainfall effects if uninterrupted
service is desired (10:191).

Rainfall is a complicated subject primarily because of
the complexity of the rainfall itself. Rainfall can assume
many different forms depending on the geographical location,
time of year, time of day, temperature, altitude, and other
earth station site characteristics (8:2-1).

Types of Rain. As described in Ref 8, chapter 2, there

are three basic types of rain: stratiform, convective, and
cyclonic. In mid-latitude regions of the world, stratiform
rain is a type of rain that primarily occurs in the spring
and fall. It exhibits stratified horizontal extents of hun-
dreds of kilometers (km), vertical heights of 4-6 km, with
durations exceeding one hour and -ain rates less than about
25 mm/hr (1 inch/hr). Stratiform rain has a rain rate and
duration which often necessitates the use of link power mar-

gin to exceed the attenuation caused by a 25 mm/hr rain rate.
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Convective rains are a result of vertical atmospheric
motions producing vertical transport and mixing. The con-
vective flow occurs in a cell whose horizontal extent is
usually several kilometers. The cell usually extends to
heights exceeding the freezing layer because of convective
upwelling. The cell may be isolated or embedded in a thunder-
storm associated with a weather front. Because of the motion
of the front and the sliding motion of the cell along the
front, the duration of high rain rate is usually only several
minutes. This type of rain is the most common source of high
rain rates in the U.S. and Canada.

Tropical cyclonic storms (hurricanes) occasionally pass
along the U.S. eastern and southern coasts during August to
October. These circular storms are typically 50-200 km in
diameter, move at 10-20 km/hr, extend upward to 8 km, and
have high rain rates that exceed 25 mm/hr.

Stratiform and cyclonic rainfall cover large geographic
areas and the spatial distribution of total rainfall from
such a storm is assumed to be uniform. Therefore, the rain
rate averaged over several hours will be similar for earth
stations located tens of kilometers apart (8:2-2). Convec-
tive storms are localized and generally produce non-uniform
distributions of rainfall and rain rate for a given storm.
The total rainfall and rain rate varies significantly over a
distance of 10 km (8:2-2).

There are several proposed models for modeling the rain-

fall attenuation effects on satellite communications.
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However, all of these models contain frequency dependent
coefficients and require the rain rate statistics for the
particular earth station sites since the rain rates vary with
location. Currently, rain rate statistics are developed by

data collection experiments at the desired location.

Receiver Noise

In addition to the external noise collected by the
antenna, noise is also generated within the components of the
receiver immediately following the antenna. The contribu-
tions from these sources of interference combine to define a
total noise level for the receiving system. This noise level
set the minimal required power from the desire transmitter
to achieve reliable communications.

Noise Temperature. The amount of receiver noise present

. . . . o .

is defined by the receiver noise temperature, T eq* This
parameter is an effective equivalent temperature that an
external noise source would need to produce to have the same

amount of receiver noise (11:101).

T°eq = T°b + (F-1) 290° (2.10)

where
Ty = background noise temperature accounting for con-
tributions collected by the antenna from external

sources

F = noise figure of receiver

. [+ .
A noise source of temperature T eq produces an effective

noise spectrum level at the antenna input of

16
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N = KT®° Watts/Hz (2.11)

h vhere -
-23

K = Boltzmann's constant = 1.379 x 10 W/K-Hz }f;ﬂ

-228.6 dBW/K-Hz s

"'"..".“.' St
n
+

The total noise entering the receiver over a bandwidth,

BRF’ 1s
f = o
?: Pn KT quRF (2.12)
where
E BRF = bandwidth of the receiver
4
é. Therefore, the total receiver noise can be calculated from =

the knowledge of the T°eq of the receiver.

Noise Figure. The internal thermal noise is accounted

Ty for in T°eq by specifying the receiver noise figure, F, which
depends on the specific electronic circuit components follow-

ing the antenna. The noise figure for an electronic system ;ﬁf

is defined as i

Total system output noise power R

F = (2.13) B
Output system noise power due to c
system input noise at 290°K

When defined as this, (F-1) 290°K is the temperature of an _7
equivalent noise source at the system input that produces

the same contribution to the system output noise as the

TN VT PP

internal noise of the system itself (11:103). For an example
on the specifics on calculating F, see Ziemer and Tranter

(23:478-81).
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Carrier-To~-Noise Ratios (CNR)

One of the most useful indicators of the performance of
a communications receiver is the ratio of the received car-
rier power to the total noise power of the receiver. This -TE
RF carrier-to-noise ratio (CNR) is defined as: L

Pr
CNR = — | (2.14)
n

J
"

(EIRP)LpLaGr

el
|

n KToqueq
The CNR indicates the relative strength of the desired trans-
mitter-receiver power and the total noise interference
(11:104). Egq (2.14) shows how the different 1ink parameters
affect receiver CNR. Since the receiver bandwidth Bop is <
often dependent on the modulation scheme, it is convenient -
to isolate the RF link power parameters by normalizing the

CNR with respect to bandwidth. The resulting RF carrier-to-

noise level ratio is defined as -

(C/No) = (EIRP)LpLaGr (2.15)

Obviously (C/NO) is now independent of B In a digital com-

RF*®
munications system, the (C/NO) ratio allows us to compute

directly the receiver bit energy-to-noise level ratio as

Eb/No = (C/No)Tb (2.16)

18 o
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By knowing the 1ink (C/No), which depends only on the RF
ii Co link parameters, we can compute the analog CNR by dividing e

by BRF or the digital Eb/N0 by multiplying by the bit time.

"

o

It is convenient to express Eq (2.15) as S

Wit

b e

- [+]
(c/N) = (EIRP/K) (LpLa) (G /T eq) (2.17)
where :}
(EIRP/K) = transmitter parameter f
(LpLa) = propagation parameter
o _ .
(Gr/T eq) = receiver parameter
Thus, each subsystem of the link contributes to the -

overall (C/NO). The only effect of the receiving system is

the ratio Gr/Toeq' Therefore, as far as the receiver is con- ?9;
cerned, performance can be maintained with a lower receiver —
gain (smaller antenna) if T°eq (noise) can be reduced.

There is a direct trade-off of receiver antenna size and

receiver noise temperature in achieving a desired performance. e

Power Link Equations

It is convenient to distinguish between the uplink and
downlink transmission paths and their corresponding RF car-
rier-to-noise level ratios. The uplink eguation can be des-

cribed as

(N, = EIRP)  -L_  +G ~-T-K-=-1L, dB-Hz (2.18)

pu

where

19 j::: -
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EIRP)e earth station EIRP, dBW

Lpu = free space path loss, uplink, dB

Gr = gain of the satellite receive antenna, dBi
T = satellite receiver noise temperature, dB-K
K = Boltzmann's constant = -228.6 dBW/K-Hz

Liu = uplink atmospheric losses, dB

The downlink equation is described as

(C/Ng), = EIRP)_ - BO_ - Lg*C6-T-K=-Lyy (2.19
dB-Hz
where
EIRP)S = satellite station EIRP, dBW
BOo = output backoff, dB
Lpd = free space path loss, downlink, dB
Gr = gain of the earth station receive antenna, dBi

T = earth station receiver noise temperature, dB-K
K = Boltzmann's constant = -228.6 dBW/K-Hz

Lg-~ downlink atmospheric losses, dB

Note: The output backoff term is expressed in dB from the
saturated output point relative to saturated power. Since
the power transfer function is nonlinear for the satellite

transponder, BO0 is a nonlinear function (2:14).
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Digital Signaling Methods for Satellite Communications Systems

In modern satellite communications systems, the trend
has been towards digital instead of analog communications.

A digital communication system transmits information wave-
forms that are first converted into a sequence of data sym-
bols which are then transmitted over the satellite link by
encoding onto RF carriers, (11:34), as depicted in Figure
2.1. A major advantage of digital communications is that
information can be transmitted relatively error-free with
less carrier power than is required for an analog system.
For satellite systems, digital communications has the addi-
tional advantage that transmitted carrier waveforms can be
carefully controlled in terms of amplitudes and frequency
spectra, simplifying satellite hardware design (11:34).

The digital information to be transmitted over the chan-
nel is assumed to be a sequence of data symbols occurring at
a uniform rate of R symbols/second. For binary signaling,
the set of data symbols is restricted to a "1" bit and a
"0" bit and each symbol may be transmitted directly by send-
ing a waveform corresponding to a "1" or a waveform corres-
ponding to a "0".

As an alternative to transmitting the binary bits di-
rectly, the information sequence can be grouped into blocks,
where each block consists of k bits (19:140). With k bits/
block, there are 2k = M distinct blocks. Therefore, M dif-
ferent waveforms are needed to transmit the k-bit blocks

unambiguously.
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Encoded
Baseband
Waveform

Digital Carrier
| I . ™
Source Encoder Modulator

i =

Carrier

~

Transmitter

Demodulated
Baseband

s

, . Carrier Bit Decoded .
Demodulator | Encoder - Bits .

Figure 2.1 Digital Communications Block Diagram .
Source: (11:35) -
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The commonly used measure of performance for digital
communications systems is the relationship between bit error - ﬁ
rate and signal-to-noise ratio (SNR) (2:38). The SNR for

digital systems is usually expressed as the ratio energy per

bit to the noise spectral density (Eb/No). Generally, the S

desired modulation technique will be the one that satisfies

PRIy 75

the required system constraints and requires the least value
for E /N for a specified threshold error rate. :}_i
Digitals systems can be easily compared on the basis of ) 1
ideal bit error rate. 1In comparing digital satellite com- }
munications systems the ideal bit error rate is used to deter- .,
mine the best possible performance. The following assumptions :fi?
are made for the "ideal bit error rate" conditions (2:39): ihlf
1. No phase or frequency uncertainties are introduced i7ff
(o by earth station or satellite oscillators. :-—f
2. No forward error correcting codes are used. .{¥i
3. carrier and clock recovery is perfect, so that :;i
there is no recovered carrier phase or clock jitter. jM:
4. The only source of errors is the addition of random I;iﬁ
additive white gaussian noise by the channel. 'fii
Multiphase Signaling Waveforms. In a general M-ary :
. signaling system, the possible transmitted signal waveforms ‘Q“ﬁ
) may be denoted as {Sm(tﬂ,m=1,2, «vey M. We shall consider jf&
é; these waveforms to be bandpass signals, and represent them as ?:-j
- R
- s,(t) = Re[U_(t)exp(jnf_t)] (2.20) S

Y T
." ..' e

. P

P ST I ONUAR A N
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where
_ m=1,2,...M
; {um(t)§ = the equivalent low-pass waveforms
Re = the real part of

The M signals are characterized individually by their energy,
defined as,

T 2
fo s, (t) dat

€m

T 2
0.5 [ Ium(t)| at (2.21)
(o]

where
m=1,2,...M
Note: We shall assume that all M signaling waveforms have

equal energy such that

\e &=¢ (2.22)

where

For M-ary phase shift keying (PSK), the baseband sig-

naling waveforms {sm(t)} are used to phase modulate the RF

carrier. The general representation for a set of M-ary phase

:

-

5

E? m=1,2,...M
-

b

)

|

i

. signaling waveforms is .
- s, (t) = Refu(t) exp j(2mf_t+(2n(m-1)/M)+\)} (2.23) :
. o
5 where -
E'. m = 1 ] 2 ’ "o 0y M :~:_:::3
: ]
0O0<t<T ff'i
? . A is a fixed initial phase R
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If u(t) =4, 0<t<T s

and ‘.]

- 4
u(t) = 0, otherwise '

then sm(t) may be expressed as a PSK signal jﬁi:

s (t) = Acos[2mf_t+(2n(m-1)/M)+1] (2.24) v

where ;f

-1

m=1,2,...M ]

' - 4
' O0<t<T '

Performance of M-ary PSK. The probability of bit/symbol

error analysis is thoroughly presented in Proakis, (Ref 19,

l

Chap 4). The results of this analysis are:

Case 1: M = 2, PSK Waveforms = Antipodal Waveforms
i e p_ = ol(2y,)%">] (2.25)
. b b
] where
j Pb = probability of bit error
]

Yp = Eb/N0 = SNR per bit
X
Qx) = 1 - (172 °°3) exp(-8%/2) aB (2.25.a)

)
L Case 2:t M =4, X = n/4
f _ 0.5 0.542
. P, = 20[(2y,)""7] - [Q(2y) " 7] (2.26)
' ]

where

P = probability of k-bit symbol error

. 25 ~ﬁ*ﬂ
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Case 33 For M > 8 and Yp 2 10 dB b

4

)

i
A

P = 20((2Ky,) "> sin (/) (2.27) o

Pb = Pm/k (2.28)

Differentially Encoded PSK (DPSK). Ordinary PSK re-

guires coherent processing and accuracy'constraints on
estimating the phase increase as M increases. A procedure
which allows for easier phase and symbol synchronization is
called differential PSK. In M-ary DPSK, instead of trans- :
mitting signals with phases corresponding to the M possible
kK-tuples, we transmit phases corresponding to the change

(difference) between the previous Kk-tuple and the current

PRI R )

k-tuple (4:V-65).

\¢ ]
Performance of DPSK. - b

For M = 2: ]
P, = 0.5 exp(-v,) (2.29) i ;S

L y

For M = 4: )
_ 2 | .2 )

P, = Q(a,b)-0.5I_(ab)exp [0.5(a“ + b“)] (2.30) - ]

where | 1
_ 2 y Y K B

0(a,b) = expl0.5(a” + p°)] £ (a/b)” I (ab), for b > a >0 o

K=0 :".i-; 4

.'; -‘

REN

o0 a + 2K T

Ia(x) = £ 4x/2) , X >0 ]

K=0 K! I'(aa + K + 1) _—




a = 1.0824 (O.SYb)o'S

)0.5

o}
n

2.6131 (0.5y,

~
L]
'
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I11. Rainfall Characteristics

Rainfall has a significant effect on satellite communica-
tions at frequencies above 10 GHz. Due to the scattering
effect by rain which causes attenuation, depolarization, and
interference, the characteristics of rain became an impor-
tant parameter to satellite communications systems designers.
In order to understand and appreciate the problem of rainfall
attenuation, it is vital to discuss the basic characteristics

of rain and its associated statistics.

Rainfall Physical Structure Characteristics

The variability of rain with respect to space and time
has been documented as early as the 1950's (1:369). Measure-
ments on the ground have shown that differences in rainfall
intensities can occur within distances of a few hundred feet.
The understanding of the formation and distribution of large
raindrops and high rainfall rates is of great importance to
the designers of communications satellite systems.

Heavy rain usually occurs with cellular structures of
limited horizontal and vertical extent (1:369). An important
characteristic of raincells is their tendency to form into
groups of cells within a region called a small mesoscale area
which can be 100-400 kmz. As many as seven cells have been
observed in a small mesoscale area and up to six small meso-
scales areas within a large mesoscale area which is about 1000

kmz. The variations of the cell distribution with a
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mesoscale structure are not purely random; the form of the

mesoscale pattern can be greatly influenced by local climato-

Lo i ea

logical, meteorological, or topographical effects (1:369).

The lifetime of rain showers and thunderstorms is longer

ah A _4_a

than those of an individual cell; however, the lifetime of a
single cell can vary greatly from as little as a few minutes
to as long as several hours. The dynamics of raincells
appear to fall into two basic categories: those in which ]
the rainfall intensity within the cell is well preserved over - i
periods of minutes while the cell itself moves across the
terrain, and those in which the cells are basically station-

ary but exhibit large fluctuations in rainfall intensity with

time (1:369).

( — Rain Rates -
Rain is normally measured as the rate (mm/hr) at which

the rainfall is collected by a horizontal surface near the

. o .
st L A,
At demdbendendeedend e e

ground at the location of interest. Therefore, in order to L
obtain the rain rate of a particular location, an experiment R

designed to obtain these statistics must be performed at that

location. Since rain varies greatly with time, the raw data
contains too much information to be useful, thus the data is
processed to reveal the long-term statistical characteristics
of rain. The most important of these is the cumulative dis-

tribution function (CDF) (10:199), which shows the fraction

of time a certain rain rate is not exceeded (see Figure 3.1).
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RAIN RATE IN MM/HR

Cumulative Distribution Function (C.D.F.) of
Rain Rates for 20 U.S. Locations During the
Period 1966 to 1970; Based on One-Minute Intervals

Source: (10:200)
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In addition, for each rain rate, a typical distribution

o

of drop sizes in a volume of space above and near the rain

gauge can be determined as a function of the observed instan-

Py O

taneous rain rate (10:193). Although several rainfall dis-
tributions have been developed, some of the more common aver- ?fj
age dropsize distributions used in rain attenuation calcula- 1
tions are (19:321):

1. Laws and Parsons Distribution: This tabular dis-
tribution has been found to be a reasonable measure for an
average dropsize spectrum in continental temperate rainfall.
It is probably the most widely used distribution currently _?;
available. .

2. Marshall-Palmer Distribution: This negative exponen-

» tial distribution is a fairly good fit for the average drop- ]
. size spectrum. It is most applicable to the widespread rain T3
in continental temperate climates although it has a tendency sy

to overestimate the number of small drops.

3. "Thunderstorm" Distribution of Joss et. al.: This QQJ

negative exponential distribution was fitted to the average :s%

dropsize spectrum measured in convective rain. ;fﬁ

4. "Drizzle" Distribution of Joss et. al.: This nega- -

tive exponential distribution was obtained by fitting the :

average dropsize spectrum of very light widespread rain com-

At b fata e

posed mostly of small drops.
A typical Laws and Parson dropsize distribution of rain-
drop diameters and velocities for various rain rates is shown

in Table 3.1.
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Rain Scattering

In order to calculate a specific attenuation factor
that corresponds to a specific rain rate, one must understand
the phenomena of rain scattering. When rain particles enter
the path of the satellite communications downlink signal, the
particles both absorb and scatter the radiation associated
with the transmitted signal. The interaction between the
rain particles and the electromagnetic field associated with
the signal can be satisfactorily computed by using electro-
magnetic scattering theory. However, exact solutions for the
scattering problem are only available for simple shapes and
distributions of the dielectric properties of the scatterer
within the scatterer (7:176). Rain attenuation may be rea-
sonably modeled using spheres with the assumptions that water
is a homogeneous lossy dielectric, the drops are randomly
distributed with a volume in accordance with a Poisson proc-
ess, and the drop size distribution is known (6:460). More
complex models of raindrops have been developed to account
for the nonspherical physical description of rain but these
models have only been partially successful and only at lower

rain rates (7:176).

Rain Attenuation Models

The most fundamental quantity in the calculation of rain
attenuation statistics for space-earth paths is the attenua-
tion per unit distance, A. There are two general approaches

commonly used to calculate A, a theoretical technique and an
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empirical method based upon the approximate relationship
between A and the rain rate R. Both methods rely on the
solution of the scattering problem by Mie (17:377, 7:176,
18:318-9). The validity of the theoretical approach is well
established (18:318) and its calculations have been conducted
for a wide variety of frequencies. However, the complexity
of this approach makes it unsuitable for use by satellite
communications systems designers.

The theoretical analysis of the rain attenuation results

in the expression

o0
A= 4,343 Q, (D) N(D)dD (3.1)
o
where
2
Q. = (4n/k°) Rels(o,D)]
S(0,D) = forward scattering amplitude
N(D)dD = number density of raindrops with equivalent

diameter D in the interval adD

Although it was believed that this equation included only the
effects of single scattering, it also included the effects of
all the forward multiple scattering processes (i.e., those
processes which all paths between scatterers have components
in the forward direction) (18:319). As suggested by Hogg and
Chu (14:1310-2), these are the only multiple scattering proc-
esses which significantly contribute to the coherent rain
attenuation.

The second method of calculating the rain attenuation is

based on the approximation

34
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A = aR (3.2)

where

a,b = functions of frequency, raindrop size distribution,
and rain temperature

This expression serves as a good approximation for the full
Mie solution obtained in the theoretical approach for fre-
guencies greater than 1 GHz and is suitable for most design
applications. The difficulty with this method is obtaining
accurate values for the coefficients a and b. Many methods
for obtaining the coefficients have been developed including
linear (b=1) and nonlinear relations, values for the coef-
ficients at different frequencies by fitting the results of
Mie calculations, and experimentally obtained empirical
values for a and b (18:318). As expected, there are minor
discrepancies in the values for these coefficients. An often
used set of coefficient values is presented by Olsen, Rogers,
and Hodges (18). This method presents a complete set of
values of a and b for frequencies 1-1000 GHz where the values
of specific attenuation obtained at several rain rates were
used to determine a and b by means of logrithmic regression
for different combinations of frequency, dropsize distribu-

tion, and temperature (See Tables 3.2, 3.3, 3.4).

Statistical Behavior of Rain

In addition to the models to calculate a rain attenua-
tion factor, there has been attempts to characterize the

behavior of rain attenuation. One such effort is the work by
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TABLE 3.2

Regression Calculations For a and b in
arb (dB/km) as Functions of Frequency
and Dropsize Distribution with Rain Temperature

Py

;.-ﬂ’w_bu,a?ln—'—
-X-X-X-X-x-r -1 23 21

317307

6.75x10"
13800,

000u0PO0e ~~=0000
13443 S ELA B3

ez
vex

T -y
om5§§~m

N e A DB DO BN

QOO = =t it et =t ot ot bt = =t 2

-«
~
>

2=33

CS2R-ZSNTIZRILTUS

£0000000000~~~00D0O0OOOBO]
aRET22282252

b R R R e e ™~

Y Lt P e L L L L Lk

SLL2ELRRTLRBBUR

N L L L L L L L e g

-
b3

160

2383282

& o ¢ '. ““‘ﬂ
ERSINEI8E
c0B00000000000000600000D00 -

*
~
o

0.612

~

.

PR .
1wt LI T DI
T W T T S MRS P T Y

(18:323)

%
-

L)
4
L-J

SEEEERER
SSE2REEE

[
#8:58

3233

st oot ot bttt et € D
o0 -
gfe=
oeas

_.
EE2RE
-‘-—. Y
ZEFRERE

et ia

2
-

‘

w

=
~

Y
F 333
s

L

$333322258

oo re
i

-



ARSI T I R S s e T T T—— — —— —— -~ -
R
. T
TABLE 3.3
Regrg551on Calculations For a and b in :
A = aRP (dB/km) as Functions of Frequency E
and Dropsize Distribution with Rain Temperature = 0°C i
g
& ]
" ] ® .
5 FREQ. ]
{Gmz) » J-7 -0 “l "ll » 3-1 -0
1.0 8.60:107; €.71a107; 8.63x10.5]0.891 0.947 0.851 0.099 0.843
1.8 lJJ-\O_‘ 9.)\-10" 1.’!-]0_‘ 0.908 0.97¢ 0.070 0.967 0.847 j
2.0 345007, 1.36:10], 3.473107,10.930 1.0i2 0.891 1.069 0.85) -
.5 s.u-w.‘ t.éni0 . 5.“-!0_‘ 0.955 1.05¢ 0.917 1.202 0.8%)
3.0 7.”-!0_’ 2.0!:10:‘ I.t)llu)_J 0.984 1.100 0.947 1.303 0.964
o s ).n.lo., 3.08210 4 !.n.lc_, 1.05 1.150 0.98) 1.381 O.8N
- 4.0 1.47200 S.NIIOZ’ |.“l‘3" 1.049 1.202 1.06 1.350 0.879
5.0 3 2411073 138007 2.40:1073[1.113 1,274 1.079 1288 0.0%
6.0 J.?hlo.’ J.ano_, J.S’l\c_’ 1.158 1,285 1.32¢ V.221 0.913%
7.0 5.“-10.3 $.97210 3 §.07210_311.180 1.270 1.147 1,167 0.929
8.0 T.65a1C 2 $ 07107 6.!6:)0., 1,187 1. 248 1.1% 1.)18 0.943
9.0 l.o:.w‘z 1.2%:10 H 2.96210 2 1,185 1.6 1,155 1.0 0.9%7
10 |.)6.lo.z l.smu‘z 1.14210, 1.178 1,189 1,180 1.076 0.968
( — 11 . l.7hl°_2 2.12-\0'_? Llhlo.z 1,177 1,167 1,183 1.065 0.977
[ ] 12 . 2.\5.\0_, 2.62:10_2 \.72-\0_2 1.162 1150 1,136 1.052 0.985
15 . . ).anu_z l.“llo_z z.cz.ro_z t.162 1.0'9 g .00 1.003
20 . . 7.16:10 9.803:10 s.sono_z 1.118 1,083 1.097 0.946 1.020
25 A . 0.12} 0.1 $.81210°°1'1.004 1.629 1.07% D.684 1.003
0 . . 0.186 0.274 0.128 1.060 0.964 1.04) 0.82) 1.084
3% . . 0.268 0.372 0.180 1.022 0.997 1.007 0.783 1.0%)
40 . . 2 0.4%1 0.241 0.981 0.264 0.972 0.760 ).0%¢
50 . . 0.579 0.629 €.38? 0.907 0.815 0.905 0.70% 1.0%8)
[ B . 0.80% 0.854 0.558 0.850 0.7%4 0.85%) D.642 1.03%
0 . . 1.00 0.8 0.740 0.809 0.784 0.812 0.661 1.009
80 . . 119 0.80% 0.922 0.778 0.780 0.78) 0.67¢ 0.980
0 1. L 1.3 0.857 1.10 0.7% 0.776 0.753 0.663 0.9%)
100 1. . 1.48 0.961 1.26 0.742 0.776¢ 0.730 0.637 0.9
nae 1. . 1.59 1.06 1.4 0.734 0.771 0.714 O0.61¢ 0.904
120 1. . 1.7 1.10 1.58 0.727 0.77% 0.702 0.604 0.842
150 . . 1.88 1.04 1.89 0.20) 0.76% 0.£77 0.0 0.829
200 1.46 1.0 2.06 1.0 .3 0.668 0.764 0.6a8 0.612 0.77%
250 1.49 1.04 2.1 0.9 2.60 0.660 0.763 0.6 0.638 0.72¢
00 1.44 1.00 2.24 0.97¢ 2.78 0.461 0.764 0.614 0.61) 0.692 .
350 1.44 0.9%0 . 0.968 I8 1 0.659 0.765 0.610 0.609 0.67) J
400 1.40 0.969 t A1) 0.951 2.9 0.660 0.765 0.611 0.610 0.664
500 1.3 0.930 2. 0.934 .9 0.665 D.767 0.6'1 0.609 0.65¢ -9
600 1.28 0.902 2N 8.920 2.9% 0.669 0.768 0.60% 0.608 0.630
100 1.2% 0.884 2.08 0.90) 2.9% 0.671 0.76% 0.610 0.610 0.620
800 1.2 0.868 2.05 0.884 2.94 G.672 0.770 0.610 G 61V 0.616
900 .2 0.050 P ) 0.869 2N 0.673 0.770 0.610 0.613 0.614 ~
1000 1.ty 0.950 2.00 0.85 2.9 0.674 0.7 0.610 0.61% 0.612 1
Source: (18:323) R
o
o
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TABLE 3.4

LA et s smas o

Regression Calculations For a and b in

A = aRP (dB/km) as Functions of Fregquency

and Dropside Distribution with Rain Temperature

!!!0.) : d
oz 3
{ N e, 4 *T 0 o, T
1.0 0.892 0.5A8 0.054 0.90) 0.843
XS . . 0.900 0.978 0.671 0.970 0.847
20 | . - 0.931 1.014 0.892 1.065 0.852
2.8 | . : 0.955 1.053 0.917 1.1 0.058
3.0 . K - - 0.98) 1.094 0.944 1.243 0.064
3.5 . . - -06: 1.008 1.13 0.971 12717 0.800
w |y : . . 1.0 1371 0.8 1.270 0.877
$.0 . 1.4 . . 1,077 1.2)4 1.041 1.228 0.009
6.0 . 3 ¢ - - 1108 1.222 1.068 1.180 0.901
7.0 . 3 6 3 8. 3 b 3 3111 12 1083 1S 0.9
8.0 7.81510°5 6.07,10 5 §.80:10 5 3.43:1005 $.82210, { 1.125 1.199 1.090 1.8 0.9
9.0 1.03:10 5 u.uno.z l.)s.lo_z 1.16210 5 l."ﬂo'z 1.12¢ 1.185 1.092 1.099 0.92
10 13201005 1131005 1891075 1.51s10% I.l?-lo', 1125 1.1 1.092 1.087 0.932
" 16450075 1.45210 5 1.97:10 5 1.91210 5 1.74-"1'z 1.12¢ 1160 1.081 1.077 0.938
2 2.00a1075 1.bi1sl075 2.35210 5 2.37110 2.!)!-10'z 1.122 1152 1.090 1.068 O.942
15 3.31a1073 3 14rW35 3.9451070 4.29:1077 3.3a1075 | 1119 1136 1.088 1.027 0.9%4
20 6.I110°7 6.68412 7.5021C 9.72:10 6.09:\0'2 1.111 1.088 1.082 ©0.951 09N
13 0.1%7 0 13¢ 0.126 0174 $.7310" 1.081 1.037 1.065 0.887 0.908
30 0.165 0.226 0.193 0.276 0.14) 1.0%9 0.969 1.037 0.826 1.004
3 0.23% 0.346 0.27% 0.376 0.197 1.021 0.910 1.002 0.784 1.016
4@ 0.3% 0.468 0.370 0.45% 0.260 0.981 0.867 0.968 0.761 1.025
S0 0.487 0.665 0.579 0.615 0.404 0.910 0.818 0.504 0.71¢ 1.0
60 0.645 0.78% o.787 0.800 0.564 | 0.05 0.79% 0.854 0.664 1.0
0 0.777 0.8€0 0.9 0.840 0.728 0.817 0.785 0.817 0.658 0.997
80 0.588 0.90) 1.1 0.808 0.888 ‘ 0.787 ©.78) 0.789 0.673 0.9%4
% 0.980 0.93% .28 0.834 1.04 0.765 0.777 0.764 0.668 0.953
100 V.08 0.95? 14 0.920 tis 0.749 0.774 0.741 0.646 0.933
no 1.09 0.97¢ 1.6 V.00 v 9.739 0.771 0.724 0.624 0.9M4
120 1.12 0.9% 1.59 1.06 1.4 0.733 0.770 0.772 0.611 0.9%
150 1.20 0.979 1.80 1.06 1.76 0.711 0.769 C.686 0.610 0.M6
200 1.4 1.0 2.04 1.02 2.0 0.674 0.765 0.652 0.609 0.754
250 1.9 1.04 2.1 V.01 2.5 0.65 0.763 0.638 0.608 0.7
30 1.8 1.01 1.0 0.972 an 0.660 0.764 0.618 G.612 0.704
3%0 1.45 0.9% 2.23 0.963 2.8 0.658 0.764 0.612 0.610 0.684
400 1.8 0.97¢ 2.19 0.942 2.88 0.658 0.765 0.611 0.612 .66
$00 1.4 0.9% 2.1¢ 0.927 2.9 0.664 0.767 0.611 0.611 0.655
600 129 0.908 2.1 0.919 .94 0.668 0.768 0.608 0.60% 0.634
700 1.2 0.88) 2.08 0.90) 2.9 0.671 0.769 0.609 0.60% 0.622
800 v 0.869 2.0% 0.886 2.9 0.672 0.770 5.610 0.611 0.817
900 *L21 0.857 2.0) 0.87 2.9 0.67) 0.770 0.610 0.611 0.614
1000 .19 0.80% 2.00 b.8s7 2.0 9.624 0.77) 0.811 0.614 0.6V
Source: (18:324)
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Lin (15:1557-81) regarding the behavior of rain attenuation. ]

, Lin gathered 31 sets of experimental data on the statistics 3
- -id

; of microwave rain attenuation at frequencies above 10 GHz in .
N the U.S., England, Japan, Italy, and Canada and proposed many E;j:
: ideas dealing with the statistical behavior of rain attenua- ;;;33
! tion. -L%J

The summary of his findings are as follovs:

1. the distribution of rain attenuation, a(t), in dB
is approximately lognormal within the attenuation range of
1-50 dB. .

2. the distribution of the fade duration, f(A), is also

! approximately lognormal. S
Lin's theory on the lognormal behavior of rain attenua- ;ff;
tion suggests that three parameters which depend on geographic 1
4 - mvved
4 \e locations determine the distribution of the rain attenuation. .o
; These three parameters are: .
- P, = probability of rainfall, the expected fraction of S
i time that rain falls at the location of the satel- A
lite earth station -4
o, = standard deviation of the attenuation, a(t)
a = median of the attenuation, a(t) ”i;
»
Lin also stated that a is frequency dependent and increases k
- almost linearly with the path length because the median rain Lﬂjﬁ
- , : NS
. is usually small and almost uniform over the entire path. o, fa}q
» :
o decreases slightly as frequency increases and decreases - P
: slightly as the path length increases because of the aver- ‘ﬁ;
- } . o
s aging effect of the propagation volume. .
N IR,
> 39 R

PR R T T X PP L S e e " " e Te® vt e et e et AT e va e e E T
oereenens ererera s e e e e Tt N e e e e e, ""“"’i
A e N L e e L N e ~

TR v’ T T R A K SR B
PICYCIPILY ST SO Wl TR A Sy gk, SO . S, . e, W, L PSR S M, Syl SO SO WL T it Wl S N




—~—C ~———r - ~ e T Ty L ArG Ea ate — r ar a~ ae e B amh s s San Sumh fee .S oge 2

The equation describing the lognormal distribution of

rain attenuation is

’

P(a>A) = O.5(Po)(0.5+Q[(loglOA-pm)/(zo'SOa)]) (3.3) '
where ;i?i
P, = probability of rainfall ; b
¢, = standard Qeviation of log,n @ during the : j
raining time —
Ha = 1°910“m ; ]

= mean value of log,,o during the raining time
Similarly, the distribution of the fade, f(A), is

described by i

P(£(a)>b) = 0.5(0.5+0[ (1og, b-u)/2°"%0)]) (3.4)
. where S
.' ] 4
Le = mean of log10 £(A) 'q
Op = standard deviation of logloff(A)] ;f[ﬂ
Y
Due to the significance of rain attenuation to the satel- i'*~ﬂ
-4

lite communications systems designer, an ideai method that
would permit an accurate extrapolation of measured rain char- T_Qfﬁ

acteristics to different geographical locations or other time

Yy

periods is needed. Since detailed measurements of the various Lo

important statistics of rainfall exist for only a few locations

AR
P BN

throughout the world, it would be of great value if these
statistics could be accurately applied or converted to other

areas, especially those with different climates. However, a
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good deterministic theory of rain generation and rainfall
has not been developed, therefore it is not possible to ]

. apply it to the prediction of localized rain occurrences. :

9]

- -4
" 1

2

a1 e

-

SRR
q' " \-- ~ (-‘- < ot v - -’---.~.-i
RS AU R -u-n--..-.“---x.n-!..a.'luu--u.& \~I»A*~.*L-*MMM_&M_LAL‘MA~L R MR NCNE S WA WAL LY



IV. Diversity Techniques For Satellite Communications

With the recent growth of satellite communications,
allocations in the higher frequency bands have been required
to relieve the congestion in the 8/7 GHz band. One such
allocation is the 30/20 GHz band, which is being considered
for many government applications (9:1-1). Unfortunately, a
severe problem with rain attenuation exists in the 30/20 GHz
frequency band (as noted in Sections II and III).

There are many techniques that can be employed to over-
come the rain attenuation. In order to overcome the deep
fades on the uplink or downlink, satellite transmitters could
employ higher power levels or the associated earth station

could use a larger antenna (1:369). However, another concept

L__3J
L &
9

used to combat the effects of rain attenuation is diversity,
which is employed to reduce the margin required for rain

attenuation. The main concept of diversity is that the prob-

LI

ability of an error can be reduced by using two or more
received signals to determine the actual transmitted signal

instead of one.

Description of Basic Diversity System

There are three basic types of diversity: angle, fre-
) quency, and space (or site). The use of angle diversity
requires two or more satellites which are separated physi-
cally such that the fading on any earth-space path has a low

j correlation with the fading on other paths (9:3-1)
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(See Figure 4.1). Due to the requirement for two satellites,
angle diversity is very costly and it has been shown to be
not as effective as the other two diversity methods (9:1-2).
Frequency diversity requires that the satellite be equipped
with two transponders, one operating in a high frequency band
and the other in a lower band. When the rain attenuation is
minimal the higher band is used and the lower frequency band
transponder is used when the rain attenuation becomes sig-
nificant. Although the fades in the two bands are correlated,
the fade depths in the lower frequency band are less than the
higher frequency band. Frequency diversity incurs a relativ-
ely high cost for the additional satellite transponder but
the performance has been rated the highest of the three diver-
sity methods (9:1-2).

However, the focus of this thesis effort is on space
diversity techniques that can be used to combat rain attenua-
tion in the downlink of a satellite communications 1link.

The use of site diversity in the downlink requires that two

or more earth terminals be physicalliy separated such that the

fading on any space-earth path has a low correlation with the
fading on other paths (9:2-1). Dual diversity is the most 4
basic type of space diversity but higher orders of diversity
may be needed at locations with a history of heavy rains.

However, the higher the order of diversity, the more costly - :

the system due to the additional earth stations.

e
Coa e v
ALa - -

A block diagram of a dual downlink space diversity system

is shown in Figure 4.2. Since the diversity equipment
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Figure 4.2 Block Diagram--Downlink Space Diversity
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combines the digital outputs of the two earth stations, the

configuration is independent of whether Frequency Division »

Multiple Access (FDMA) or Time Division Multiple Access (TDMA) iji?

is used on the satellite communications 1link (9:2-1). The .

diversity equipment could be collocated with one of the ﬁjﬁi

earth stations or it could be located at a separate site. !
The optimum spacing between the earth stations is

dependent on the characteristics of the rain in that partic-

ular area. In practice, optimum spacing may not be achiev- '

able because of limitations on the availability of sites for

earth stations. However, the spacing will usually be in

excess of one mile necessitating the use of a terrestrial l.vﬁ

link to connect at least one earth station to the diversity |

equipment.

\o Bit Stream Synchronization. When using diversity on the 1] .

downlink, there will usually be a difference in the transmis-

sion path lengths from the satellite to the combiner. How-

ever, due to the satellite motion, this difference in path Et%:
lengths will not remain constant. The path length difference e

and its variation are functions of the relative geographical

locations of the earth stations and the satellite (9:2-3). !

Therefore, due to the path length difference, some ad justment f;f;

'
.
S

or control must be made to maintain bit synchronization of
the bit streams into the combiner. If the path length dif-

ference is a significant fraction of a bit, a common prac-

tice is to use a first-in-first-out (FIFO) buffer on the

shorter path as shown in Figure 4.2 so that the bits arrive L
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at the combiner in synchronism (9:2-5). If the variation in
the path length difference is a significant fraction of a
bit, a timing tracking loop is needed to maintain synchro-
nism. In many cases, this loop operates similarly to the ;gﬂ

code tracking loop in a pseudonoise receiver except that one

of the two bit streams is used as a reference (9:2-5).

Linear Diversity Combining Technigques. When using

spatial diversity a combining technique must be used to
;; choose the optimum signal from the diversity branches. The .-

most common methods for combining diversity channels outputs

are: T

1. Selection combining. Selection of the channel with

the highest signal level. Measurement of the signal level
is required and this method can use either hard or soft
decisions. -

2. Maximum Selection combining. Selection of the

received symbol with the largest amplitude. The method .
requires soft-decision outputs. ~ e
3. Equal Gain. Summing the soft-decision outputs of

each channel.

4, Sguare Law combining. Squaring the soft-decision -
output of each channel followed by linear summing.

5. Maximum Ratio combining. Weighting the soft-deci~

sion output of each channel by the SNR. The measurement of - .
X the SNR is required. N
L The diversity improvement is dependent on many factors -.jj;..-‘

including the rain fading characteristics of that particular <
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area (1:369). However, theoretically, maximum ratio com-
bining is the most efficient, and selection combining is the
least (9:2-8). Since the difference in performance between
the different combining methods is relatively small, the
decision of which method to use can vary with the particular
implementation depending on the desired performance criteria

and cost restrictions.

Space Diversity Measurements

The rain attenuation effects on the transmitted signal
for a slant-path link can be measured directly, or inferred
from the measurement of other related parameters by using
one of the following technigques (1:369-70):

1. direct reception of a beacon signal transmitted
from a geostationary satellite at the required frequency.

2. radiometric measurements using either the sun as a
source or the apparent change in sky temperature with rain-
fall intensity.

3. rapid-response raingauges.

4. radar.

As noted in Table 4.1, there are advantages and limita-
tions for each of the different measurement techniques for
obtaining slant-path attenuation. The three major advantages
of the radiometer are relative cheapness, extreme reliability
and straightforward data reduction. For gathering long-term
data for slant-path attenuation, the most cost-effective

solution is the radiometer (1:370). Fast-response raingauges,
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although inexpensive, do not provide data that can be easily
transformed into slant-path attenuation data. In order to
provide an accurate transformation of collected data into
slant-path attenuation data, an extensive array of rain-
gauges, accurate telemetry and large computing facilities
are required, which greatly increases the associated costs
of this measurement technique. Radar is a very useful tool
for investigating propagation phenomena; however, there are
also some potential problem areas. Unless great care is used
in eliminating all echoes due to solid or solid/liquid phase
particles, very large errors will accrue in the calculation
of the slant-path attenuation (1:370). The best measurement
method for obtaining the desired slant-path propagation data
is the satellite beacon technique. However, to orbit radio
beacons covering a vast range of frequencies is extremely
expensive thus the opportunity of conducting satellite-beacon
propagation experiments rarely exists except for a limited

period at a few frequencies and locations (1:370).

Diversity Performance Assessment Technigues

There are two major methods currently employed in assess-
ing the performance of space diversity systems: diversity
gain and diversity improvement. Diversity gain is defined as
the difference between the path attenuation associated with
a single earth station and the diversity modes of operation
for a given percentage time (13:280). It uses (percentage of)

the time as a parameter and expresses the diversity
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improvement as the difference in decibels which is the effec-
tive increase in fade margin between the single earth sta-
tion site and the diversity system fading statistics. Diver-
sity improvement is defined as the ratio of the percentage
time a given fade depth is exceeded on a single path to the

percentage time that the same fade depth is exceeded for the

diversity system (13:280). An example of these two perform-

ance measures is depicted in Figure 4.3.

=t
o
1

diversity
improvement
(time ratio)

mean single-site

diversity

signal fade, dB
w DUty N0 W0
T

r—

'

| 1 1
0.001 0.01 0.1 1.0

percentage of the time the given
fade is exceeded

Figure 4.3 Technique for Calculating Diversity
Improvement and Diversity Gain from
Single-Site and Space Diversity
Cumulative Fading Statistics.

Although the methods for describing diversity perform-

ance are identical, some space diversity experiments have

v
L

.
.
N NN

shown that the diversity gain technique exhibits a more con-

ey e e -
L

sistent behavior than the diversity improvement technique e
when different sets of propagation data are compared. This -
51 o




PSS B it T Pl A e IR R M et s e e o e arm SMA S S R A A e

observation is probably due to the fact that the calculation
of the improvement factor involves division by a percentage R
gt
time which is often very small and therefore subject to con-

R

siderable uncertainty (13:281). Since diversity gain is a

Cot Tt .
Aol cdhanda it

function of the single earth station site fading depth char-

acteristics, it is commonly used to compare sets of space-

AR o
-
o

diversity measurements conducted over different periods of

1
A

i time and during different weather conditions. Hence, the

diversity gain method of performance measurement for diver-

-
-l

sity systems is generally preferred to the diversity improve-

.

ment method.
Much research has been conducted to develop a model

which accurately predicts the performance of a diversity sys-

i an SR AR A o 2
-
L .

tem with respect only to the separation distances between the

earth stations and not to the carrier frequency (1,13). One

A 4

of the best known models of this type is the empirical rela-

e e
P
et
e .2 2 o 'a 4 _a

tionship for path diversity gain developed by D.B. Hodge in R
the mid-70's (13:280-1). Hodge gathered diversity gain data !_“1

for millimeter wavelength earth-~space propagation paths in

PP AP

Ohio and New Jersey. Although these measurements were col-

) -

lected in different locations and over different time periods,
the resulting diversity gain data were very consistent.

Hodge used this to develop an empirical relationship for
diversity gain as a function of separation distance and sin-
gle earth station fade depth. He recognized that the diver-

sity gain data followed the same relationship for each

52
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value of the single earth station fade depth. This rela- ]

tionship for diversity gain, G, is ©

Gq = a(l - exp(-bD)) (4.1) s

where

a=2A-~ 3.6(1 - exp(-0.244))
b = 0.46(1 - exp(-0.26A))
— A = single earth station fade depth in dB ]
Q. D = earth station separation distance in km
-
. The coefficients a and b depend only upon the single earth ;
; station fade depth and were found by performing a minimum rms ;;}
: error fit for each fade depth. !
Although Hodge's relationship for diversity gain accu-
il e rately modeled the data measurements collected for his experi- ;—~
ment, there have been other similar experiments where the ?ﬁ:
collected data were not accurately modeled by the Hodge rela- ;ii
hi tion. Fimbel and Juy assumed that diversity gain was fre- ;bé
?5 guency dependent and recalculated the coefficients a and b ij
7: from Hodge's formula and were able to develop a relationship E
;3 that more accurately predicted the results of the data meas-
o urements that they had collected in the United Kingdom (1:374). .j
Ej In an effort to improve its accuracy, Hodge later modi- ?:
;k fied his model for diversity gain as a function of earth ;?
;ﬁ terminal separation distance, 1link frequency, elevation 252
gﬁ angle, and angle between the baseline and the path azimuth {53
;? (12:1393-9). His new model for diversity gain, Gp» is 1
’ o]
3 ]
e o3

...................................................




3

Gp = GqCeCely (4.2)

where
Gy = function defined by Eq (4.1)
Gf = function of frequency
G, = function of elevation angle
Gy = function of orientation of the baseline relative

to the propagation path

Ge = 1.64 exp(-0.025f) (4.3)
where f = 1link frequency in gigahertz

Ge = 0.00492e + 0.834 (4.4)
where e = elevation angle

Gb = 0.00177b + 0.887 (4.5)
wvhere b = orientation of the baseline relative to the

propagation path in degrees

A set of thirty-four experiments were conducted to val-
idate the Hodge's improved diversity model and the model
reproduced the original data set with a rms error of 0.73 dB.

The research in this area has continued but so far no
single model developed has been able to accurately predict
all of the diversity gain data measurements gathered by
experiments conducted throughout the world. It is widely
believed that the difficulty in establishing a general model

for predicting the diversity gain with respect to separation
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distance is that there are several causes of variation for
the diversity gain data measurements. The three basic cate-
gories which cause diversity gain variation are climatic,
geographic, and systemic (1:1372).

The climatic factors which cause variations in diver-

sity gain are associated with large scale weather patterns.

They are rain lifetimes, rain cell sizes, rain cell separa- '_"i

tion, and rain cell orientation. In different locations or

| -
during different periods, these climatic factors may vary ._
and cause a variation in the diversity gain measurements with :

: respect to earth station separation distances. ';

\ N

The geographic causes relate to the fact that there can
be local variations in climate within a limited area as ;;jﬁﬂ
small as 10 km. The geographic feature that seem to enhance - .
or reduce the rainfall-intensity probability at given loca-
tions 1is generally referred to as the microclimate of a

region (1:373). These local variations in climate are of

particular importance for space diversity communications sys-

tems since knowledge of where the high and low probability

areas of intense rainfall would greatly aid in the siting

of earth stations. y )
The systemic causes of variations in diversity gain

measurements are variation with frequency, variation with

elevation angle, variation with baseline orientation, and

variation with site separation. The first three variations

deal with the concept that rain attenuation varies with :ifﬁi

] .
? o frequency and the slant-path of the rain with respect to the !_.‘J

55




earth station. The fourth variation, separation distance,
deals with the fact that a good site location is dependent
on several factors, including the microclimate, prevailing
wind direction, and the viewing bearing. Thus, the separa-
tion distance is dictated by the results of these other fac-
tors. However, site separations of approximately 10 km
seem to provide diversity gain close to the optimum although
some regions will require larger separation distances to
achieve the same diversity gain because of geographic and

climatic reasons (1:374).
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V. Analysis of Selected Linear Diversity Combining Techniques

In the previous section, it was mentioned that a diver- ]
sity combining technique must be implemented within the .
diversity network in order to successfully achieve spatial
diversity improvements. In this section, some of the diver- ]
sity combining techniques will be examined so that a proba-
bility of bit error analysis can be performed on the selected
combinations of diversity techniques and digital signaling 1
schemes. The diversity techniques to be examined are the
selection diversity, equal gain, and maximal ratio technigques
and the digital signal-schemes are restricted to DQPSK and ]
B-ary PSK. Therefore, the possible combinations of these

diversity techniques and signaling schemes will result in six

different probability of bit error expressions. LAv:j
Considerations for Bit Error Analysis e
In performing such an analysis, there are assumptions - i

that must be stated in order to validate the analysis. Some et
of the assumptions for the development of the statistics for ;;i\
the two digital signaling schemes are:
1. The channel through which the signaling waveforms _'ﬁ
are transmitted is assumed to have no bandwidth restrictions
(i.e., the ideal case).
2. The signals transmitted through the channel are cor-

rupted by additive white gaussian noise (AWGN). *%“E
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3. The receivers at the earth stations are synchro-
nized to the satellite transmitter.

4. The carrier phase is known perfectly at the receiver
in order to facilitate ideal coherent demodulation.

5. All of the lowpass signal representations in each
particular signaling scheme have the same energy and are
equiprobable.

The diversity/signaling scheme combinations will be

compared on the basis of average bit error rate, P If

Bc

PB(yb) = conditional probability of bit error given Yy,
for a specified signaling scheme

pD(yb) = probability of density fupc?ion of y, for a
particular diversity combilining technique

then [as in Eq 7.4.14 from (Ref 19:474)]
o0
Py = IO Po(vy) pp (Y ) dyy (5.1)

Consider first DQPSK, Referring to Section II Eq (2.30)

of this thesis

P, DOPSK(y,) = Q(a,b) - 0.5I_(a,b) exp [-0.5(a + b%)]

where
a = 1.0824 (0.5y.)°%"
b= 2.6131 (0.5y,)°">
o0
Q(a,b) = exp(-o's(a2 + b2))2 (%)K IK(ab), for b > a >0
K=0
58

- —v—

!




A further simplification is provided by Shanmugam

(21:425). For 4-ary DPSK
~ . 2T 0.5
PB,DQPSK(Yb) & 2Q[(4yb51n ( /8)) ] (5.2)

For M-ary PSK signaling the probability of a symbol

error is expressed by

m
P 1- /' M .p(0)de (5.3)

M

<[4

where

)0.5( cosé )

p(8) = %F exp(—yb)[1+(4nyb 0.5
‘ (2m)

. (Zchose)
, | 9 exp(ybcos 8) f exp(-0. 5x° ydax

The probability of a bit error for an 8-ary PSK system

with Gray code assignment of 3-tuples (Figure 5.1) can be

i expressed by . :

| 3 A e

: 5 . .

| PB,8PSK(Yb) §=1(K errors) (Pg.) (5.4) e

, *

f where

l Pk = probability of error for K bit errors ﬁifﬁ}

] st '»,\

] . -~
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Therefore,
C I3ﬂ/8 ISﬂ/B /8
P (v,) = p(08)ae + 2 p(6)ds + [ p(8)dase
B,8PSK"'b /8 31/8 51/8
\e 9n/8 11m/8 13n/8
+ 2 f p(e)de + 3 [J p(8)ae + 2 [ p(6)ds
n/8 9n/8 11m/8
15m/8
+ J p(©)as (5.5)
131/8

Since p(®) is an even function, Eq (5.5) reduces to

3n/8 5w/8 7n/8
p(6)de + 4 J p(8)dae + 4 [ p(0)dse T

Pp, epsk (Yp) 7 2 £/8 31/8 5m/8

1
+ [ p(6)ase (5.6)
7n/8
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Due to the complexity of evaluating the substitution
of Eq (5.3) into Eq (5.6), the approximation denoted by
Eq (2.28) is commonly used for the probability of bit error '

for high order M-ary PSK systems. For 8-ary PSK

h PB,BPSK(Yb) S % Q[(6Yb)0'55in(ﬂ/8)] (5.7) a

Assumptions for Diversity Analysis

Having developed the probability of bit error for each
? signaling scheme, we must now look at the different linear '
' diversity techniques. Since the digital signaling techniques .
being used require coherency, we will limit the diversity -
# techniques to those which are most commonly used with coher- ;i:ﬁ

ent signaling schemes. These three diversity techniques,

selection, equal gain, and maximal ratio, can all be gener-

\¢ ally described by the equation
= + + = .F. .
f(t) alfl(t) oo LfL(t) anJ(t) (5.8)
* -4
where '
f(t) = selected output of diversity system

a. = combining coefficient proportional to the gain
J of the jth channel

f, = received signal of the jth channel

[

= number of diversity channels

T

There are several assumptions about the channel char-

acteristics that must be stated before attempting further

development. The basic assumptions are made for the channels s

when employing the selected linear diversity techniques are: L
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1. The channel impulse response will be modeled as a
zero mean complex-valued gaussian process so that its enve-
lope at any time, t, is Rayleigh-distributed. L

2. The amplitude variations in the received signal,

i.e., signal fading, are caused by the time-variant multi-
path channel characteristics. Due to assumption 1, the ’

channel attenuation, a, is Rayleigh-distributed; therefore

az has a chi-square probability distribution with 2 degrees

of freedom. Since Ey is dependent on uz, Yp is also chi- ’ ;

square-distributed.

3. The information-bearing signal transmitted through ) :

e

the channel is large in comparison to the bandwidth of the » K
transmitted signal so that the channel is considered fre- . :
guency-nonselective. ‘

L Y : . . . : y
4, The signal bandwidth and the signaling interval 4 .

shall be chosen small enough so that the channel attenua- tl,i:
tion and phase shift are essentially fixed for the duration
of at least one signaling interval; therefore the channel

can be considered slowly fading.

5. The channel fading is sufficiently slow so that the

phase shift can be perfectly estimated from the received

A
. L o

signal.

6. The noise in each channel is independent of the
signal and additive; and the received signal, fj(t) = Sj(t)
+ nj(t), where Sj and nj are the signal and noise components,

respectively, in the jth channel.
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7. The noise components, nj(t) are locally uncorrelated

L8
>,
>

and have zero means.

Probability of Error in Rayleigh Channel with No Diversity

In order to evaluate the benefits of a diversity sys-
tem, the probability of a bit error must be calculated for
DQPSK and 8-ary PSK in a fregquency-nonselective, slowly
Rayleigh fading channel without diversity using the same
assumptions about the channels as for the diversity case.
By assumption 2, Yp is chi-square distributed, therefore,

= L

(vy) = == exp (=v, /%) (5.9)
b

Pho diversity

Using Eq (5.1), the probability of a bit error can be obtained

for DQPSK and 8-ary PSK in a Rayleigh channel without diver-

;;“ Sity.
For DQPSK,
|
PL(DQPSK, no diversity) = J = exp (=¥, /Vy)
(o] Yb
"Pg, popsk (Yp) Wy (5.10)
where
_ .2 0.5
Py popsk (Tp) = 2004y, sin”(n/8))" "]
For 8-ary PSK,
[ <]
PB(SPSK, no diversity) = [ fL -exp(-vb/Yb)
° ¥y
"Py, spsk ( Yp) &Yy, (5.11)
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where

Pg, 8psk (Yp) = % Q[(ﬁyb)o's sin(n/8)]

-~

Selection Diversity

The basic principle of the selection diversity tech-

t
et

nique is that at any given time, the system picks out the :
best of the L noisy signals fl’ f2’ ces 'y fL’ and uses that
one alone; and the other signals do not contribute to f(t)
(3:1081). The ideal selection diversity combiner is defined
as choosing for the system output, during each "instant" of

time, the signal from that receiver which has the largest

SNR (See Figure 5.2). Therefore, the parameter used to
determine the optimum diversity channel is received SNR.
If K denotes the index of a channel for which EbK > Ebj’
j=1,2, ... L; where j = K, then this type of system can

be characterized by the Eq (5.8) where

1, for j = K
a, = (5.12)
] 0, for j =K ,
Several methods can be employed for selecting the optimum -f;}#

diversity channel signal. One of the easiest is if all the

receivers have the same noise level then the channel with

.

.
2ty

highest total instantaneous power is selected.

Analysis of Selection Diversity

3
[ GO PP

Given the assumption of short-term fading, the perform-

ab b

ance of selection diversity can be obtained from the
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Figure 5.2 Selection Diversity ; 1
. E
statistics of the SNR at the selector output. In partic- ~ﬁ;}f
';, ular, the p.d.f. of be, the 1nstantanecus SNR in the Kth ;;:':
channel is needed. Following the development of Schwartz, .T_jf
et al., (20:434-5), pD(YbK), can be easily obtained. Assum- ZQTﬂi
ing Rayleigh fading and defining ch as the average of Y ig;i;
|
over the short-term fading for the Kth channel so that ;:j:i
2
ML S (5.13
Y = E Y S e———— . e
X CK NK >
where
' Ap = attenuation factor of Kth channel K
€ = energy of signal transmitted
N, = power spectral density of Kth channel
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yields the individual p.d.f.'s

-

Pp{vik) exp(-be/\-'cK) (5.14)

<1

cK

and the associated cumulative distributions are

Py g<X) = 1—exp(—X/?CK) (5.15)

Over short-term fading, all the events in which the
selector output SNR, Yy, is less than X is exactly the set
of events in which each of the channel SNR's is simultane-~
ously below X (20:435). Since the fading is assumed inde-~
pendent in each of the L channels, the probability that
Yy < X is the product of the independent probabilities that
each Y < X. '

Therefore,

L
P(y,<X) = Py <X) = I [1-exp(-x/¥_)] (5.16)
K:

1

nzas

K=1

The corresponding p.d.f. for Yp is

L
Py (¥,) = agi{xrzllfl—exp(-x/{zd()]} X = vy (5.17)
L
= -9 - . /7
= dYb{Kgl[l exp( yb/ch)]} (5.18)

If we assume all diversity channels have equal mean SNR over

the short-term fading, = ?c ; then

YK
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P(y,<X) = [1-exp(-x/7 ) T" (5.19)

]L-l

Pplvy) = %t exp (-v /¥.)[1-exp(-y, /¥ ) (5.20)

[
T PRV

i Now the probability of bit error can be calculated for

g the selection diversity combining technique using DQPSK and

1

2l P

. ety

APPSR
b e tatae atalr

8-ary PSK.
For selection diversity using DQPSK, ]

]
% |

P, (DQPSK, selection diversity) = J exp (-Yb/§ )
o c

6l

‘[1-exp(-y, /AT

*Py, popsk (Yp) 8y (5:21)

T TR T T e

\ ® where

p = ZQ[(4bein2(ﬂ/8))0'5]

B,DQPSK(Yb)

For selection diversity using 8-ary PSK,

o
-
b
»
Li

- P.(8PSK, selection diversity) = [ L oexp (v, /3.) -
: B S /e ;
- :
’ ‘[1-exp(-y A )] 1

T -~ . 94
| ]
" where i :

_ 2 0.5 .
Py, gpsk (Yp) = 5 QL(6yy)" ’sin(n/8)]

)

: -
| 7 .
' - 4
. ~:::

o0
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Equal Gain Diversity

This diversity technique is characterized by the prop-
erty that all chanﬁels have exactly the same gain (3:1081).

In terms of Eq (5.8)
(5.23)

The principle of this method is that all the received chan-
nel signals, fj(t), are added together and the resulting
f(t) is formed (See Figure 5.3). The parameter for choosing
the optimum signal is a summation of the signals (i.e., sig-
nal strengths) to determine which symbol signal was trans-

mitted.

SO RAO0E T SOLA I SRR
[+1]
[}
1l
(=)
-
(W]
n
(=]
-
N
-
L ]
*
[ ]
-
-

fl(t)
A

v

/
/

R ived =
eceive ‘\Lf(t)—fl(t)+f2(t)

Sign< z:
YEL__ fz(t)

Decision

Figure 5.3 Equal Gain Diversity

Analysis of Egqual Gain Diversity

The combiner output SNR with ideal equal-gain combining

: -
' L 5 &
Yp = & ol . 3R (5.24)
K=1 K ‘*“
68 <]
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attenuation factor in Kth channel

=]
n

GS = energy per bit in the transmitted signal
N,, = noise spectral power density in Kth channel

L. = number of diversity channels

T TE—v v w oY v < .

By assuming Rayleigh fading and equal noise in all chan- »
nels, the p.d.f. of y, for equal-gain diversity combining is

. developed by Schwartz et al., (20:456-7) as

»
Pr\Y p— .
D''b L
(2L-1)! Y
R=1 cK
where
Yop = E1¥ gl
‘1; If we assume all diversity channels have equal mean SNR
’ - -

over the short-term fading, Yer = Yo then

L-1 _L L-1
277 L7 (yy) (5.26)

(vy,) =
o7 (2L-1) (v )"

Now the probability of bit error can be calculated for

the equal-gain diversity combining technique using DQPSK and
8-ary PSK. .‘.

For equal-gain diversity using DQPSK,

L
L (Yb

PB(DQPSK, equal-gain diversity) = [ =
\ L 4
o (2L-1)-(Yc) o

*Pp, popsk {Yb) Vp (5.27)

where




A i

——

AR

:
:
b
’

"-". . .
et et At

= 3 2 0'5
Py,popsk(Yp) = 200 (4ysin®(n/8))" 7]
For equal-gain diversity using 8-ary PSK,
L-1 .L L-1

Py(8PSK, equal-gain diversity) = [ —
o (2L-1) ! (y)

"Pg gpsk (Yp) Yy (5.28)
where

Py, 8psk(¥p) = % Q[(6Yb)o'55in(ﬂ/8)]

Maximal Ratio

This diversity technique is similar to the equal gain
method as the received channel signals, fj(t), are summed
together to form the system output signal, f(t); however,
unlike the equal gain technique, maximal ratio requires that
the gain of each channel is weighted by a factor proportional
to its received signal strength (See Figure 5.4). Therefore,
a strong received signal carries a larger weight and con-
tributes more to the system output, f(t), than a weak one.
Each received channel signal is multiplied by the correspond-
ing complex-valued (conjugate) channel gain ay exp ( j#K) thus
this type of combiner assumes that the channel attenuations
and phase shifts are perfectly known (19:472).

Maximal ratio diversity is one of the most commonly
used linear diversity combining techniques since it has been
shown that it is the optimum combining method with respect
to probability of error (3:1081 , 9:2-8). However, to obtain
the proper weighting factors for each channel requires com-
plex instrumentation. In a satellite communications down-

link, a satellite beacon could provide the information needed
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to form the proper weighting factors. For this reason, some-
times equal gain or selection diversity is chosen since the
additional advantages of maximal ratio may not be large
enough to justify the additional cost of the equipment

needed to achieve the necessary maximal ratio combining.

Analysis of Maximal Diversity

The p.d.f. of the output SNR, Yp? for a maximal ratio
combiner over short-term fading is developed by Schwartz
et al., (20:442-4). By taking the LaPlace transform of the
characteristic function of Yy, and obtaining the inversion
of the transform, a complicated expression for pD(yb) is
obtained via contour integration. However, for the special
case when all average channel SNRs are equal during the
short term fading, this expression reduces to

)L—l

(y
1 b T— exp (-yb/?c) (5.29)

(-1t (¥
Now the probability of bit error can be calculated for the

pplvy) =

maximal-ratio diversity combining technique using DQPSK and
For maximal ratio diversity using DQPSK,

1 (y bt

PB(DQPSK, maximal ratio diversity) = Iw ? T exp(-Yb/YC) ’if

o (L=-1)! (YC)

'PB,DQPSK(Yb)dYb (5.30)

where

Py popsk (Yp) = 200 (4vysin®(n/8)0"7]
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For maximal ratio diversity using 8-ary PSK,

L-
. . . . 00 (Yb) 1
PB(BPSK, maximal ratio diversity) = [

o (L-1 (¥ HF

'exp("Yb/'?c)

-PB,SPSK(yb)dyb (5.31)

where

P, 8PSK(y,) = 5 0[(6y,)° " sin(n/8)]

An alternative method to calculate the probability of
bit error for maximal ratio diversity systems is developed
by Proakis in Ref 19. Proakis (19:490) develops a general

result for the probability of a symbol error in M-ary PSK

N\ systems using maximal ratio diversity
D b € T Sl 1 r o
P1\’ B ( -1 2 [ 1\71 (M-1)
- m (L-1)! Bb b-u
u sin(n/M) cot'l( -ucos cos{n/M)
2 2 0.5 2 2 0.5
[b-u“cos” (n/M)] [b-u“cos“(n/M™M)]

(5.32)

where

wo= [;c/(l + ;c)]O.S for coherent PSK

uo= yc/(l + y., for DPSK

‘e

_ E{ ay
Y. = average SNR per channel =

No

s




v

eTw A S LABE Sl L AEEL e e b av sn e e ¥

ot ol il nd SE 4

e

F“."'“‘"""-""-""'-:‘1’ --------- TOTTT——— N e .y i
R ISR BN N N N B S T T T T T T R

-

€ = energy in transmitted signal ‘
. L Yo

Y, = average bit SNR = R

K = log, M

The bit error rate for DQPSK with maximal ratio diver-

sity is derived by Proakis assuming a Gray code (See Figure

5.5). The probability of bit error is calculated by i
2 -
PB(DQPSK, maximal ratio diversity) = I (K errors)-(PeK) (5.33) ’.
K=1 .

PEPTOPPS

where

Pk = probability of error for K bit errors

01

1 00

10

Figure 5.5 4-ary Gray Code
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The resulting expression for probability of bit error

for DOPSK with maximal ratio diversity is

|

L-1 %
- P, (DQPSK, maximal ratio diversity) = 0.5 [1-————%—6—3 z A
- (2-p)7*2 k=0 ~
[ 2K, 1-u® K Jf
‘ (R)EE=TT (5.349) e
SR ny
, 4-2p <
3 -
RS
where i
L - - - 0 .5 1
, b= ¥/ + 500
ii‘ Using the same method used by Proakis for obtaining -
b~ - ,l
ff Eq (5.34), the probability of bit error for an 8-ary PSK g
g signal with maximal ratio diversity can be generated by eval-

(@ uating Eq (5.5) where
J°2 P(0)d6 is defined by Proakis [Eq (7A.14), Ref 19:532)] as
°
6 _EDFaHt R u L) 1 x3) 05
J72 p(e)ae = -1 (7 0.5
8, 2m(L-1)! 3b b-p b
0.5 X T
ceotTix - cor™ (KB _A) oy 1 72 (5.35) .
1-[b(p®)~1]x%) " X; Ib=1 B
where :”ﬂ
' _ -4 cos8i , R
- X' = ’ 1l = 1,2 .
- 1 (b-p? cossi)0+>
b?’ - - 0.5 _..__;
% w= [y /(1 + 5] o
o 75 »
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VI. Computer Program Development

Having developed the equations needed to calculate the

:
L.
‘
b
3
b .
b
[N
i
5
b

probability of bit error for the different combinations of

diversity techniques and digital signaling schemes, it was

necessary to develop a computer program to obtain the desired
calculations. In order to reduce run time, I wrote a sepa-
rate program in Fortran 77 for each diversity technique/dig-
ital signaling scheme combination. Including the case of no
diversity (i.e., the probability of bit error for DQPSK and

8-ary PSK with no diversity), there are seven programs used

to calculate the probability of bit error calculations. C
Choice of Range of Variables B
. Y

The computer results were to be plotted as the probabil- ARERR

ity of bit error versus the signal-to-noise ratio (SNR) per
bit. Therefore, a range for the SNR per bit needed to be

chosen. Considering the range (5-40 dB) chosen in similar

graphs presented in Ref 19, the range for bit SNR was chosen

as 10-40 in decibels. A determination was alsoc made on the ;if

maximum number of diversity channels for probability of error
calculations. Since the use of more than two diversity chan-
nels in a satellite communications diversity system is rare,

I limited the probability of bit error calculations for the RN

six different diversity/signaling scheme combinations to 2, SR

v T .
ala'ale ok aT e N

3, and 4 diversity channels. Therefore, the final results

for the six combinations can be compared over the bit SNR
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range of 10-40 decibels for 2, 3, and 4 diversity terminals.
Likewise, these results can be compared to the case of no

diversity to determine the benefits of the diversity system.

Equations Used to Calculate Probability of Bit Error

The equations needed to calculate the probability of bit
error for all of the diversity/signaling scheme combinations
were developed in Section V. The equations from Section V

used in the computer programs are listed below:

DQPSK w/no diversity Eq (5.10)
8-ary PSK w/no diversity Eq (5.11)
Selection diversity w/DQPSK Eq (5.21)
Selection diversity w/8-ary PSK Eq (5.22)
Equal Gain diversity w/DQPSK Eq (5.27)
| Equal Gain diversity w/8-ary PSK Eq (5.28)
Maximal Ratio diversity w/DQPSK Eq (5.30)
Maximal Ratio diversity w/8-ary PSK Eq (5.31)

All of the equations listed above require the solution

to an indefinite integral. For the maximal ratio case, an

alternative method for obtaining the probability of bit error

for DQPSK and 8-ary PSK is stated in Egs (5.34) and (5.35), ®

!
i
Yy

respectively. The difficulties in getting the required par-

et
e
A 244

tial derivatives for this method resulted in the deletion of ;544

NP

this method. »
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Solving the Indefinite Integral

The choice of Fortran 77 as the programming language
for the programs for calculating the probability of bit error ]
was primarily due to the mathematical and statistical library E%i

available in Fortran. In order to solve the indefinite inte-~

grals needed to find the probabilities of bit error, I used -
the DCADRE subroutine from the IMSL software library. The
DCADRE subroutine performs a numerical integration of a func- ]
E: tion using cautious adaptive Romberg extrapolation. L
The indefinite integrals in the equations for evaluating |
¥‘ the probability of error were approximated by using a piece-

wise summation of the integration. The integral from zero

P U PR I

}f to infinity is approximated by the piecewise integral from

% 1 x 10712 to the point where the area of this last subinter-

[

val is less than 0.000001 of the summation of its area plus i
all previously calculated subinterval areas. This approxima-

tion works satisfactorily since the product of the p.d.f. of

Lo . PP ot e et I3 , ! L
A habnd o desdh tadha bbb 8 L UIREAENEr SR |

the diversity technique and the conditional probability of

bit error given the bit SNR is always positive and the limit

of this product approaches zero as bit SNR approaches infinity. ;f
The DCADRE subroutine requires that the integrand of the -

integral be supplied by the user in the form of a function.

st T

For each diversity/signaling scheme combination, the product

of the p.d.f. and conditional probability was expressed as a

]
(PRSP

s
h

Fortran function so the DCADRE function could calculate the

T .
P
PR

[ .
P
Fala
l et
R e
P B
Sa'ad naalsly

subinterval area. In order to calculate the conditional

e
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8

probability of a bit error for the digital signaling scheme
within this function, another subroutine from the IMSL soft-
ware library was needed.

The IMSL subroutine MERFD=DERF was used to evaluate the
mathematical error function of a double precision argument.

This subroutine computes the value of the integral
Y 2
derf(Y) = (2/7) J exp(-t°) dt (6.1)
o

where

Y = argument of the mathematical error function

By performing the following conversion, the Q function
defined by Eq (2.25.a) can be expressed as a function of the

IMSL subroutine MERFD=DERF.
0.5
Q(x) = 1 - [(derf(x/2 Yy +1)/2] (6.2)

Therefore, the conditional probabilities in the integrand of
the indefinite integral can be expressed in the Q function
form within the Fortran function needed by the DCADRE sub-

routine.

Validation of Computer Results

The computer results for the DQPSK with no diversity
and DQPSK with maximal ratio diversity cases were compared to
the results presented by Proakis in Ref G, Chapter 7. For
each case, the results were similar, although my probability
of bit error curves are slightly shifted to the right of

Proakis' curves (i.e., for both cases my results show
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3 slightly higher probability of bit error rates than Proakis).

The most likely cause of this difference is the approxima-

tion used for DQPSK [Eq (5.2)]. However, the accuracy of

T

the computer results is well within the range to validate

the approach used to compute the probability of bit error.
' Since all seven programs were written using the same approach, ).
it is assumed that all the computer results are reasonably i;;:
E accurate and in particular, the results are accurate for -

assessing the relative performance of the diversity schemes. P .

Computer Program for Calculation of Rain Attenuation

k In addition to the programs for calculating the proba- ;'J”ﬂ
: bility of bit error, a program was deQeloped to calculate the ?ﬂf ‘
i attenuation per unit distance, A, based on the approximate .

‘; relation between A and the rain rate R, where A = aRb, des- ———i

cribed in Eq (3.2). The values for the coefficients a and

b were obtained for three different rain temperatures,

-10°C, 0°C, and 20°C. These values were obtained from Tables
3.2, 3.3, and 3.4 using a downlink frequency of 20 GHz and a
Marshall-Palmer (MP) raindrop size distribution. The rain
attenuation per unit distance will be calculated as decibels/
kilometers and the rain rate will vary from 5 mm/hr to

100 mm/hr.,




VII. Results 3

The data obtained from the computer programs described 4
in Section VI are discussed in the following pages. By exam- R
ining the data, an evaluation of the different diversity/
signaling scheme combinations can be obtained to determine
the benefits of using a diversity network. Comparisons be-

tween the different diversity techniques will illustrate

e

which technique yields the maximum benefits.

Analysis of Diversity Benefits

By using the HP-7229 plotter, the results of the com- -
puter programs were plotted to obtain the graphs of the prob-

ability of bit error versus the SNR per bit for each diver-

.
E
.-1
*
S
.

sity/signaling scheme combination. These graphs are depicted

in the following figures:

DQPSK and 8-ary PSK Figure 7.1
w/No Diversity
Selection Diversity Figure 7.2 ﬁiu
w/DQPSK N
Selection Diversity Figure 7.3 ;Ef
w/8-ary PSK 1
-
Equal Gain Diversity Figure 7.4 »
w/DQPSK -]
Equal Gain Diversity Figure 7.5 R
w/8-ary PSK o
Maximum Ratio Diversity Figure 7.6 -
w/DQPSK T
Maximum Ratio Diversity Figure 7.7 ?fﬁ

w/8-ary PSK

. 9
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By looking at Figures 7.1 - 7.7, it is obvious that
the use of a diversity technique greatly reduces the proba- :753
bility of bit error in a Rayleigh fading channel. It is ]
also apparent that regardless of which diversity/signaling
scheme is used, the probability of bit error reduces as the :?7

order of diversity of channels increases. A more indepth 1

look at the diversity benefits are depicted in Tables 7.1 - 3

&: 7.4. L
-

. As displayed in Tables 7.1 and 7.2, the benefits of di- 1

versity techniques are significant. Table 7.1 shows the

benefits of the selected diversity techniques with DQPSK com-
pared to DQPSK without diversity and Table 7.2 shows the co o
benefits of the selected diversity techniques with 8-ary PSK s
compared to 8-ary PSK without diversity. For each case, as ff?

the average SNR per bit increases, the benefits of the diver- -

sity network increases. For example, given a received aver- &Ei
age bit SNR of 40 dB for a DQPSK (8-ary PSK) w/no diversity ﬁff
system, the minimum diversity gain is 18.25 dB (20.0 dB) ff?
when using selection diversity with two channels and the max- L
imum diversity gain is 26 dB (27.25 dB) when using maximal
ratio diversity with four channels. Likewise, for a received - 4
average bit SNR of 60 dB, the diversity gain for selection
diversity with two channels is 28.25 dB (30.0 dB) and the
diversity gain for maximal ratio diversity with four channels T
is 40.5 dB (41.75 dB). EE%
The data displayed in Tables 7.3 and 7.4 allows for a E‘E
comparison of all six diversity/signaling scheme combinations. T?j
]
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Two significant conclusions can be made from this data:

1. The maximal ratio diversity technique provides the
most diversity gain, followed by equal gain diversity and
lastly selection diversity.

2. The diversity/signaling scheme combinations with
8-~ary PSK outperform the same combinations with DQPSK.

(The latter conclusion may partially result from the approx-
imation used for DQPSK). Based on these results, the optimum

diversity/signaling scheme combination of the six is the max-

imal ratio diversity technique with 8-ary PSK.

Other important considerations regarding the selection
of a diversity technique for a satellite communications sys-
tem is the cost of implementing the diversity technique. As
denoted in Section V, maximal ratio diversity requires the
use of a satellite beacon to properly weigh the received chan-
nel signals. Although maximal ratio diversity provides the
best diversity gain, it is also the most costly to imple-
ment due to the additional equipment needed to obtain the
satellite beacon information and translate it into correct
weighing factors. Thus, there is a direct trade-off between
cost and performance in the selection of the diversity tech-

nique and the number of earth stations used in the satellite

communications diversity system.

Analysis of Rain Attenuation for Downlink

The rain attenuation for a satellite communications down-

link can be estimated from the data presented in Figures 7.8
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and 7.9. In Figure 7.8, the rain attenuation per unit dis-

tance (dB/km) can be approximated by knowing the rain rate

for rain temperatures of 20°C, 0°C, and -10°C. Given the
rain rate and the angle of elevation of the receiving satel- ﬂfﬁ
lite terminal, the effective path length (in km) can be esti-
mated using Figure 7.9.

Therefore, the approximate rain attenuation (in dB) can

be obtained by multiplying the effective path length deter-

v Marial Ban J e e ) T Ty
AR NG
P TRCRSCE SR

mined from Figure 7.9 and the rain attenuation per unit dis-
tance indicated from Figure 7.8. By Kknowing the approximate

rain attenuation, its effect of the probability of a bit

error can be determined from Figures 7.1 - 7.7. By subtrac- o

ting the rain attenuation from a given received bit SNR for

a diversity/signaling scheme for a satellite communications
downlink without rainfall effects, the corresponding proba- .
bility of bit error can be obtained. The increase in the i?w
probability of bit error is the result of the rain attenua- ;}*
tion. Therefore, the effects of rain attenuation for differ- T

ent rain rates and different elevation angles on the six dif-

ferent diversity/signaling scheme combinations can be esti-
mated using Figures 7.1 - 7.9,
For example, assume a maximal ratio diversity system
with two channels using 8-ary PSK for a downlink earth sta-
tion with an angle of elevation of 40°operating during clear .
weather conditions. For an average received SNR per bit of
20 dB, the probability of bit error obtained from Figure 7.7 ?if

is 2.807 x 10™°, Now assume a rain rate of 25 mm/hr and a T
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rain temperature of 20°C. From Figure 7.8, the rain attenua-
tion is ~2.6 dB/km and from the effective path length of
~4.4 Km is obtained from Figure 7.9. Thus, the rain atten-
uation is ~11.44 dB and the effective average received SNR
per bit for the diversity system is now ~9.5 dB with a prob-

ability of bit error of 2.786 x 10—3. Obviously, the detri-

mental effect of rain attenuation on the performance of sat-

S
‘ 1] *
i: ellite communlcations systems 1s very significant.

porn

(@
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VIII. Conclusions and Recommendations

Conclusions

On the basis of the computer results of the performance

—

of diversity techniques in the downlink reception equipment
’ for satellite communications systems, the following conclu-

{ sions are made:

1. The best link parameter to use in the process of
determining the received signal in a diversity system is the
received channel SNR or some variation of it such as average
SNR per bit.

2. Of the three diversity techniques evaluated, maximal
ratio diversity provided the optimum diversity benefits fol-
lowved by equal gain diversity and lastly selection diversity.
However, all three diversity methods provide significant
improvement of bit error performance when compared to a sim-
ilar system without diversity. These diversity combining
techniques can be used to combat rain attenuation or to
improve the overall reception characteristics.

3. Regardless of which diversity techniqgue is used, as
the number of channels used increases, the bit error perform-
ance improves.

4. Maximal ratio diversity requires the use of a satel-
lite beacon while equal gain and selection diversity do not.
Thus, additional equipment is needed in a maximal ratio

diversity reception system thereby increasing the cost.




. I
(2R T R

g

5. The diversity/signaling combinations using 8-ary PSK
provided a slightly better bit error performance than its
counterpart using DQPSK.

6. The effects of rain attenuation on a diversity
downlink reception system can be estimated by applying the

results of this study.

Recommendations

Based on the observations made during this investiga-
tion, the following recommendations are proposed for further
study:

1. This study assumed perfect synchronization; the ef-
fects of the loss of synchronization on bit error performance
should be investigated.

2. The results of this study could be applied to rain-
fall statistics to obtain theoretical long-range uptime and
downtime statistics for downlink diversity reception systems

located in various geographical locations.
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N This study investigated some of the diversity combining
il techniques that can be used with a space diversity downlink
] reception configuration to overcome the attenuation effects
{ of rainfall. The diversity combining techniques selected
for development and analysis were selection, equal gain, and
maximal ratio combining. Each of these techniques were con-
sidered with two different digital signaling schemes, 8-ary
phase-shift kKeying (PSK) and differentially encoded quadra-
ture PSK (DQPSK), to form six distinct diversity technique/
signaling scheme combinations.

The analysis was accomplished by deriving the probability
of bit error functions for 8-ary PSK and DQPSK and by devel-
oping the probability of den51ty functions for each diversity
technique under the assumption of a slowly fadlng Raylelgh
channel. By taking the integral from zero to infinity of the
product of the two functions for each dlver51ty technlque/
signaling scheme combination, the probability of bit error
was calculated for each specified combination.- _The number of
channels in the diversity system was varied to illustrate the
trade-off between the improvement of bit error performance -
and cost. The results show the theoretical benefits attrib-
uted to the d1ver51ty combining technlques that /‘can be
employed in satellite communications systems.//Addltlonally,
1nformat10n is provided to estimate the rain-attenuation
given the rain rate so that its effects on bit error per-
formance can be obtained and compared to the case of no rain
attenuation.
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