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ABSTRACT

In this thess, a new VSAT (Vay Smdl Aperture Termind) communication
system is developed using Direct Sequence Code Divison Multiple Access (DS-CDMA)
for multiple maritime mobile users in the footprint of nationd communication sadlites
The Forward Error Correction (FEC) is implemented by applying convolution encoding
with soft decison decoding. The word-case scenario is adways consdered by placing
VSAT sysem and different types of jammers on the footprint where the minimum signd-
to-noise raio is possble Usdng this assumption, the peformance of the sysem is
andyzed for different convolution code rates, for a different number of users and for the
different jammer powers. The Wash codes are used to establish an orthogonal cover
between CDMA channds in a VSAT. Additiondly, spread spectrum is included by PN
sequences to ensure as much orthogonal coverage as possible between the VSATs. Also,
that soreading is the key to minimizing these hodile jammer effects After andyzing
VSAT sysem for possible scenario dements, optimum system parameters are introduced
for military and civilian gpplications.
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INTRODUCTION

A. BACKGROUND

Mankind fought with each other long before recorded history. As the centuries
passed, new long-range weapons gppeared on battlefidlds and on seass. Long-range
wesgpons gave opponents ability to hide and to make surprise attacks, but at the same time
they creeted the need to locate the enemy. This need eventudly led us to the invention of
radar. While World War 11 was raging in Europe and later in other places as wdl, the
techniques and capatiilities of radar usage was upgraded.

The fird use of dectromagnetic action in higory began in World War | and in the
RussantJapanese War, long before the “Electronic Warfare” concept was shaped. On
May 31, 1916, Admird of the British Heet, Sr Henry Jackson, used coastd radio
direction finders to observe movements of the German flegt and, on the bads of this
informetion, podtioned the British fleet so that it could oppose the German forces
successfully. Earlier use of eectromagnetic action is clamed where the Russian torpedo
boat Gromky and cruiser Igumrad jammed Jgpanese radio communications during the
RussanJapanese Wer at the Battle of Tsushimain May 1905 [1].

As a principle of radar, the reflected energy that is returned to the radar from a
target indicates the presence of a target, but dso transmitting such eectromagnetic
energy reveals presence of a radar to the target. These types of intentiona and
electromagnetic actions and counter actions occured many times in many campagns of
WWII. Meanwhile, dl types of eectromagnetic actions began to be cdled “Electronic
Warfare.”

The “eectronic wafare® concegpt was shaped during WWII. During the Cold
War, the potentiad effect of Russan EW systems over U.S. wegpon systems  strengthened
the importance of EW. Admird Thomas H. Moorer, Chairman of the U.S. Joint Chiefs of
Saff in 1970-1974, dated, “If there is a WW 111, the winner will be the sde that can best
control and manage the dectromagnetic spectrum” [1].



Today we must use the eectromagnetic spectrum well and protect our wegpon
sysdems from enemy dectromagnetic actions to achieve success. A rdiadle
communication is aso essentid for both ddes. Since this communication system uses
the dectromagnetic spectrum, it will dso be targeted by the enemy’s dectronic warfare
cgpabilities. Until we find another way to communicate other than radio waves,
communication ggnds will intentiondly be jammed by the enemy or be intefered
unintentiondly by friends. At this point, there is an urgent need for a rdiadle
communication system, which can be used in dl weeather conditions, is endurable agangt
enemy jammer activity, and is difficult for an enemy to intercept.

B. OBJECTIVE

In this thess, we will design a satdlite communication system with a “Very Smadl
Aperture Termind” (VSAT) that can easily be caried by a navd vessd. This system will
sarve the navd platforms in the footprint of national communication satdlites to cary dl
of the voice traffic as wel as the daa Data traffic will essentidly condst of pogtion
information of friends and verified enemies which will be detected by sensors aboard
ships or hdicopters. Continuous transmisson of this vduable information from 4l
platforms in the tacticd arena would be important to winning the battle. In some cases,
interruption in tranamisson cannot be tolerated even if Emisson Control (EMCON)
measures are on progress. Due to the directivity advantage of satdlite termind antennas,
a minimum eectromagnetic sgnature would be reveded to the enemy outsde of the
narrow man beam, so continuous transmisson could be established in many cases. To be
able to esablish a continuous picture of the tacticd arena, some technical reguirements
must be achieved, such as bit rate and bandwidth for desred sgnd-to-noise plus
interference ratio that can be supported by the platform.

This sysem includes many tools such as Direct-Sequence Code Division
Multiplexing Access (DS-CDMA) and convolutiond encoding with  soft-decison
decoding. Different ratio of contributions from spectrum spreading and convolutiond
encoding for a fixed soreading factor endbles us to have a flexible jammer resgant



sysem againg different cgpabilities of the enemy jammer. Sgnificantly, we will andyze
the effect of enemy jammer types on our system and define the capability of this system.

C. RELATED WORK

In this thess, we manly sudied the performance andyss of spread spectrum
sadlite communication sysems under different jamming conditions. A dealed smilar
related work was done in [3], sudying the ‘Modeling and Analyzing of Cellular CDMA
Forward Channel.” Also in reference [15], Ugur Yigit has studied the performance
andyss of a soread spectrum VSAT sysem for different coding techniques. Chapter 111
of thisthesis and of reference [15] were written jointly by the author and U. Yigit.

D. THESISOUTLINE

The man god in Chapter 1l is cdculding the minimum sgnd-to-noise ratio that
our system can support. Initidly, we define the terem VSAT and other orbital mechanics
parameters. Then we decide on the proposed VSAT system requirements. By using the
physcd szes, disances and power limitations, a link budget andyss will be introduced.
The worst-case scenario is conddered in this andyss assuming a friendly platform a the
edge of the satdlite footprint and the enemy jammer a the best place to minimize our
gystem’'s paformance. The link budget andyss presents the minimum and maximum
ggnd-to-noise ratios that can be edablished a the satellite recever. The difference
between the minimum and maximum sgnd-to-noise raios will be cdculated by the link
margn andyss

In Chapter 111, we examine the agebraic properties of the Walsh functions and PN
seguences that will hdp to delermine how to minimize jammer effects and friendly
interference on our sysem. We present the extended orthogonality that ensures the
orthogonality between every channd in a VSAT and introduce the PN sequences used to
oread out our frequency spectrum, reducing the power spectra dendgty and minimizing
the jammer effects. Afterwards, we introduce the convolutional forward-error-correction

coding, which dlows the system perform better with alow sgna-to-noise ratio.
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The peformance anayses will be introduced in Chapter 1V. The peformance
andyses are congdered both for tone jammer and pulse jammer. First of dl, we develop a
sgnda-to-noise plus interference raio and the probability of bit error for our DS-CDMA
saelite system by usng Gaussan agpproximation. For both jammer cases, co-channd
interference, inter-VSAT interference, Additive White Gaussan Noise and  Jammer
Interference were consdered as variances of our random varidble Y. In our uplink
model, we introduce Forward Error Correction (FEC) in the form of convolutiond
encoding with soft-decision and develop an upper bound on the probability of bit error

[3].

Then, we use a smulation software to analyze the probability of bit error for the
minmum ggna-to-noise ratio, which will be defined in Chapter II. At the end of
Chapter 1V, optimd performance parameters will be introduced.

We will summarize the conclusonsin Chapter V.



.  VERY SMALL APERTURE TERMINAL

In this chepter, basic sadlite communicaion and VSAT concepts will be
introduced. Some necessary parameters in satellite communication and orbital mechanics
will be assessed to find the maximum dgnd-to-noise ratio for the modded VSAT
sydem. Then rain attenuation will be cacuaed to decide on the link margin for the
minimum uplink sgna-to-noise ratio. Minimum and maximum SNR vaues will be usd
in Chapter IV to decide on whether reliable communication can be achieved or not. The
decison given on rdiability was based on the probability of bit error for a given sgna-
to-noise ratio range. We will accept that the probability of bit error should be beow 10°°

within minimum and maximum SNIR values to establish rdiable communication.

A. DEFINITION OF VSAT

Since Marconi made the first radio transmisson across the Atlantic in 1901,
communication has been one of the fastest developing branches of eectrical engineering.
If military requirements had not been 0 vitd when radio was invented, we might never
have had a chance to use modern communication devices today. Unquestioningly,
military needs have led the developments of communication techniques and devices a
the times of WWI, WWII, and Cold War.

While communicetion technology meets the demands of the militay and dvilian
community, each advancement in these technologies encourages the military and civilian
sectors to demand even more sophisticated technology. Consequently, new technology
continually begets more and more progressve gpplications. Thus, today, modern military
commands, on the fidd, in the sea, and in the air require that vast packets of data be
trandferred  rgpidly (through high bit raes), and further require large bandwidths,
mohbility, power efficiency, secrecy and durability under friendly or hogtile interference.

A dream of communicaing with the fathest point on earth or even across the

sola sysdem came within reech after the fird communication satdlite was st in orbit.



VSAT sysems are merdy a link in this chain. A VSAT sysem is only an example, which
can answer al those requirements listed above.

New developments in militasy command dructure, which now use information
and intelligence more than ever before, exchange enormous amounts of data between
different commands and units. In peecetime, edablishing severad communication media
that enadble such operations is possble. However in a crigs gStuation, establishing an
effective communicaion sysem in the fidd, ether in on€s own territory or in a foreign
country is troublesome to maintain. An affordable solution that can resolve most of these
problemsisthe VSAT.

The term VSAT dands for Veay Smdl Apeture Termind. VSATs are smdl
ground terminds, which can communicate with a saelite ether as a recave-only
termind or a tranamit-recelve termind. VSATSs provide cod-effective solutions for the
growing tedlecommunication needs throughout the world [10]. Today's satellites are more
powerful, enabling the use of smdler and less-expensve antennas on the ground. Also,
the deveopments in dlicon technology incdlude most of the necesscy VSAT functions,
which makes VSATs more effective.

Although there ae many definitions for a VSAT, the European
Teecommunication Standard Inditute has a comprehensve one, which mainly describes
a VSAT as pat of a sadlite tranamit-receive sysem that has an gperture 9ze smdler
than 3.8m?[11].

The main VSAT deployment configurations are the star and mesh configurations.
Each sysem has advantages and disadvantages. For military gpplications, the mesh
dructure has more advantages than the dar configuration. The centrad hub in a dar
configuration would be an important and primary target for an attack, which would cause
an overdl catastrophe for communication if the centrd hub were destroyed or were made
to mafunction. There is no vitad VSAT in the mesh configuration. Therefore, even if the
high traffic hubs dl madfunctioned, the rest of the sysem woud be able to cary the
entire communication load, not through the hubs but directly from VSAT to VSAT via

the communication sadlite.



B. LINK GEOMETRY

Today's VSATs ae commonly but not necessrily used with geostationary
communication satdlites. A geodationary saellite dways appears to be a the same
dtitude and azimuth for a particular location on earth. Therefore such a sadlite rotates
around the earth with a period of one siderd day and with zero inclination with respect to
the earth’s equator and stays above the same geographica location as the earth rotates at
the same velocity as well. The gravitationd force upon a body decreases as the distance
from the earth increases. The centrifugd force increases upon a body as the velocity of an
orbiting body increases. At a certain distance - a point & which the sadlite is precisdy
located - the gravitationd pull toward the earth’s center and the centrifugd force away
from the earth become equa for a circular orbit. This distance is known & geostationary
radius, a,. The geodtationary radius is 42,164 km regardless of the size or of the mass

of the sadlite or orbiting body. The derivation of this digance was given in reference
[8]. The geodtationary height is found by subtracting the earth’ sradiusfrom a g, .

thO = agso - ae
= 42164 - 6378 2.2)
= 35786 km

In the link budget andyss, we will use the dant range from the VSAT to the
satellite to caculate the path loss. The geostationary height and the dant range (distance
from the satellite to user) are only equa to each other a the sub-satdlite point. The sub-
satellite point is defined as "the point on eath verticdly under the satdlite' in reference
[8]. The sub-sadlite point is the projection point of the satellite on the equator for
geodtationary sadlites Because of this fact, the geodtationary saelite podtions are
defined as the longitude of the sub-satellite point (f ).

A wordt-case scenario was considered in both the link budget analyss and in the
performance andyss. We desgn the modd for the fathest user in the footprint. As
shown in the EIRP map (Figure 1), the footprint of Turksat 2A reaches far beyond the
Mediterranean to the Atlantic Ocean. We will set the borders of the coverage area as the
48 dBW transmitter EIRP (whereG/T =4dB/ K at the receiver) contour for the optima
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usage. We created the optimal contour for the following criteriac the optimum contour
must encircle a consderable amount of operationd waters for the Turkish Navy with a

madmum (G/T) .. raio. The 48 dBW contour encircles the Black Sea, the Agesn Sea

and 90 % of the Mediterranean Sea. In our mode the user will be on the 48 dBW contour
and be pogtioned as fa west as possble. This postion was determined to be

38.00°N - 0°E for the position of the earth station (1 . =38 and f . =0).

bwonamaow

Figurel.  Turksat 2-A West Fixed Beam Footprint and EIRP Map (From [7])

The dant range derivation for 38.00° N - 0°E position isintroduced as below [8]:

dsr = '\/aE+ agzso - 2aEagsn COS(b) (22)

b =arccos(cos(f ¢ - f &)cos(l ;) (2.3)



Subdtituting for bin (2.2),

d, =4 ac+ 8%, - 2a.a, cos(f . - f &)cos(! ¢)
= /6378 +421647 - 2" 6378 42164 cos(0- 42)cos(38)
=38247.15km.

As seen in the result, the dant range for our particular user is dmost 2,500 km
longer than the geodationary orbit dtitude. This 2500 km of difference affects the path
loss considerably.



C. VSAT SYSTEM REQUIREMENTS

1. Link Budget Analysis

In a possble conflict, such as in the Mediterranean, different types of platforms
will be usad in the scenario. Each plaform will have different communication needs,
such as different bandwidths or different bit rates. For ingtance, a task force would need
the sum of dl the tak group bit-rate requirements in order to relay necessary reports
between the task groups and the command base. So this sysem must be able to serve
different platforms, which have different properties.

Older ground terminds used Frequency Modulation (FM) for communication
with a sadlite Today, with the advances in digitd dgnd processng, much more
effective schemes can be used. These new methods enable increased data rate, increased
reliability and efficiency. One paticular method is Code Divison Multiple Access
(CDMA). CDMA dlows multiple users to share the same bandwidth and still respond to
the varying bandwidth requirements. It dso dlows integraing the users with amdl
bandwidth requirements into a high data-rate satellite network [12].

Our primary objective is to configure a VSAT (mesh dructure) based satelite
communication sysem, which can mantan ship-to-ship, ship-to-shore and shore-to-ship
communication via sadlite. Because this system is proposed to be on ship, there will be
no need to make a power efficient system. But ill a tradeoff regarding the power to be
usd in this sysem is inevitable. The more power used, the more the bit error rate
decreases. On the other hand, the more power used, the more possible interception by an

enemy becomes.

Findly, the system should achieve a data rate of at least 6.312 Mbps and must be
able to maintain a connection with the satdlite under adverse wegther conditions and/or
jamming. Using spread spectrum techniques enhanced with proper error correction
coding dgorithms will make our VSAT communication sysem resdant to friendly
interference and hodile jamming. The required sgnd-to-noise ratio caculaion for the
uplink without jammer contribution is necessary for the further performance andyss.
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A link andyss is given for the uplink according to specifications for Turksat 2A.
We will not need the downlink caculation for the sysem because the performance
andyss will be based on the scenario that the communication satdlite is the target to be
jammed.

Satellite Name Turksat 2-A
Origin Turkey
Misson Telecommunications
Location 42 E (Geogtationary)
EIRP (Fixed West Beam) 2:? gEVV\\; % S:i?num coverage)
Satdllite GIT 9dB/K (Max)

4 dB/K (Optimum coverage)
Uplink Frequency 17300-18100 MHz
Downlink Fregquency 11700-12500 MHz

Table 1. Specifications of Turksat 2-A (From [7])

Proposed VSAT specifications are given in Table 2.

Required Bit Rate 6.312 Mbps (T2)
VSAT Power 150 W
VSAT G/T max 20 dB/K

Table 2. Proposed VSAT Specifications (From [17])

The minmum VSAT Antenna Gain for uplink was found by teking the minimum
carrier frequency into account:
, , 2, - , 5 2
_4pAf?_4p p 087055 (173007 10°)
G, == —
¢ (3 10°)

=46211.71=46.64dB  (2.4)
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Effective | sotropic Radiated Power:

EIRP= PG,
=150" 46211.71 (25)
= 6931757.42
= 68.410B
Channel (Path Loss):
.2
L. (pathloss), = aép—mg
€ c o
© 17300° 10°° 38247° 10° 8 29
. g"p = $ =7.68" 10% = 208.850B
(4]

The maximum SNR for the uplink a the maximum dant rangeiis,

%(dB)u =El RP(dB)+%(dB)- L,(dB), - L,(dB) - R (dB) +2286  (2.7)

0 max s

where L, : System Losses

System losses include Recelver Feeder Loss (RFL), Antenna Misdignment Loss
(AML), Atmospheric Absorption (AA) and Polarization Loss (PL). Assuming the worst
scenario, we will accept that RFL = 2dB, AML =1dB, AA=2dB and PL =1dB.

Therefore the total system losses will be added to

L, = RFL + AML+ AA+PL
=2+1+2+1 (2.8)
= 6dB

The maximum Sgnd-to-Noise Retio therefore is

%(dB)u = 68.41+ 4- 208.85- 6- 10l0g6.312" 10°+228.6 =18.16dB  (2.9)

o max
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2. Rain Loss

The most important reason to look for a suitable rain loss is to ensure that the
communication sysem will be in sarvice without being interrupted due to inevitable
events that do not always exist. For example, rain is a factor that must be consdered in
link margin andyss. The effects of ran are accepted as the mgor problem in satdlite
communication a frequencies above 10 GHz [9]. Unlike recelver feeder loss, antenna
misdignment loss or polarization loss, ran atenuation is not included in the sysem
loses. All the components in the sysem’'s losses can be minimized, even completdy
eiminated. Conversdly rain dtenudion is unexpected and inevitable therefore, it can
neither be diminaed nor minimized. Applying a link margin is badcdly desgning the
system better than it redly needs to be under norma conditions. The desgner must be
very precise a this stage. Conddering uplink, any unnecessary use of sources can cogst
much and reduce benefits Conddering down link, an unnecessxrily established link
margin can reduce the satdlite's life span and cause the sadlite to drop out off service

ealier.

-F L

Figure2.  Crane Globa Modd Rain Climate Regions for Europe (From [9])
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Figure 2 illudrates the different rain precipitations for different locations in
Europe and in the Mediterranean. As we st up our modd over maritime conditions, only
the Mediterranean and Black Seawill be considered.

Most of the Mediterranean is covered by D, region and the Black Sea is covered
by F region. Since attenuation is severe in the Mediterranean, D, rate distribution values

will beusad inrain loss andyss.

Rain Rate Point Rain Rate Distribution Values (mm/hr) per Rain

Exceaded Climate Regions

Percent of D, D, D; E

Year

0.001 0 102 127 66
0.002 72 86 107 51
0.005 50 64 81 A
0.01 37 49 63 23
0.02 27 35 48 14
0.05 16 2 31 80
0.1 11 15 2 55
0.2 75 9.5 14 38
05 4.0 5.2 70 24
10 22 30 4.0 17
20 13 18 25 11

Table 3. Point Rain Rate Didributions for the Rain Climate Regions of the
Crane Global Modd. From ([9])

Ran atenuation is defined in terms of exceeded percentage of the time within a
year and the rain rae corresponding to that exceeded period [9]. For ingtance, rain
attenuation is exceeded for 0.1 percent of the time in a year, for a ran rae of 11 mm/hr

precipitation. In this case, therain rateis defined as R,; where p = 0.1.
a=aR dB/km (2.10)
A =aR’L r, dB (2.11)

14



where a and b depend on frequency and polarization. The vaues of “a@ and “b’ ae
published in reference [9]. Consdering uplink frequency (17.3 GHz) vaues of “d and
“b” ae a, =0.0367, a, =0.0335, b, =1.154 and K, =1.128 for 15 GHz. Subscript “h”

and “v’ ae for horizontd and verticd respectively. L.is the physcd disance in the

trangmisson path that radio waves are atenuated. This distance is a function of the

antenna look angle and the thickness of the raining layer.

L=n-N (2.12)
sin(El)

where
h, =rainheight
h, =V SATheight(sea level)
El = Antennal ookAngleorSatel liteElevation
The rain height can be found in reference [8] as a function of the latitude and the
ran rae. In Figure 4.4 of reference [8], the rain height was found 3.5 km for 0.1 % ran

rate and latitudes between 30 to 40 degrees.

El :ar(:cos?%s"sin(arccos(cos(fE - f )cos(l E)))é

(%]

12164

= accosSo——9S
%38247

n (arccos(cos(- 42)cos38) ))9 (2.13)
2

= 26.67°

L=Dh

® €in(El)
35
~ §n(26.67)
=7.8km

Findly, the lagt term in (2.11) is the reduction factor r . The reduction factor is
cd culated with the equation extracted from reference [9].
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0

r0.1

90+ 4L cos(Hl)
= . 90 (2.19)
90+4" 7.8c0(26.67)
=0.76
The common “d” and “b” vaues can be found as,
a = a, erq _ 0.0367 +0.0335 — 0.0351 (2.15)
b, = ab, +a b, _0.0423+0.0378 _ 1141 (2.16)

2a, 0.0702

Therefore the totd rain attenuation is

A, =0.0351" 11"'*" 7.8" 0.76km
=3.20B

Of course the ran atenudion is not the only factor in the link margin andyss.

Water vgpor and other gas and partticle compounds in the amosphere effect the link

margin. lppolito has published a detaled study of radiowave propagation in saelite
communication in reference [9].

The maximum SNR was introduced in (2.9). The minimum SNR is found by
subtracting the rain attenuation from the maximum SNR.

%(dB)u - El RP(dB)+%(dB) - L (dB), - L(dB)- R(dB) +2286- L.

o min S

=18.16- 3.2dB
»15dB
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In any unexpected, extraordinary weather conditions, performance becomes worse
due to the exceeded link margin tolerances. In such a case, the output power of VSAT
can be increased to compensate for the unexpected conditions. For ingstance, doubling

output power increases SNR 3dB. In the presence of a pulse jammer (E,/J, =10dB) for
the code rate of 1/4, a 3dB increase in the SNR would decrease the probability of bit

arorfrom1 10* to 77 10°%.

D. SUMMARY

In this chapter, we define the term VSAT in antenna size terms. According to the
given definition, the satdlite communication sysem mugst have an antenna smdler than
3.8 m?to be caled a VSAT. In other words, the antenna diameter should be less than 2.2

m. In the modd that we present, the antenna Sze was 1.6 m in diameter. Nava ships can
easly carry and maintain such an antenna

Additiondly we introduced a scenario indgde the footprint of the Turksat 2-A
communication satdlite. A friendly ship was postioned a the edge of the coverage area.
Pessmidicdly, the lowet G/T for the sadlite recever and the farthest dant distance
were assumed. System losses were exaggerated and rain attenuation was considered.
Theredfter, the sSgnd-to-noise raio and the ran loss were cdculated for given
parameters. These caculation results will be used in the performance andlysis in Chapter
IV. For a rdiable voice communication, the probability of bit error of 10° can be
aufficient in dvilian use But in militay communication sysems, this probability is
desired to be lower than 10°°.

In the next chapter the proposed DS-CDMA modd will be introduced by
comparing the amilarities and differences between cdlular and satellite communication.
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1.  VSAT UPLINK MODEL

In this chapter we will introduce the Wash functions and PN sequences that will
be used in proposed VSAT system together. We will achieve CDMA and rgection of co-
channd interference between channels in the same VSAT by usng Wash functions.
Likewise, PN sequences will minimize the inte-VSAT interference between the same

chaned sets that are used in different VSATs. The implementation of this sysem is
presented in Figure 3.

by (t) »(X) > (X)—>(X) —> tothe transmitter

Pr

c.(t) w(t)  cos(2p ft)

Figure3.  Spreading of Signd with PN Sequences c(t) and Walsh Function w(t)

A. WALSH FUNCTIONS COMBINED WITH PN SEQUENCES

Wadsh functions mean everything for digitd DS-CDMA communicetion systems,
such as sadlite or cdlular communication. In cdlular communication, each unique
Wadsh code in a Wash sequence provides orthogond cover on the forward traffic
channd within each cdl to diminae intracell interference. Each mobile user in the cdl
has a unique Wdsh function assgned, which encodes the traffic coming from the base
ddion to the mobile handsst. By applying his uniqgue Wash function to the traffic
coming from the base dation, the mobile user despreads and, in effect, decodes only the
traffic that is intended for a specified user. When his unique code is applied to the
remaning intracell traffic in the channd, the orthogondity between user’s code and other
user codes zeros out ther inteference. A smplified representation of this process is
depicted in Figure 4 [3].
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Figure4.  Direct Sequence Spread Spectrum (From [3])

On the other hand, Wash codes are not the only way to spread the sgnd.
Pseudorandom noise sequences are used to soread the signd as wel. Spread
Pseudorandom noise is a non-orthogona function so the coverage supplied by the PN
sequence would not be as successful as coverage with a Wash code. The intracdll traffic
carying information for other users would remain spread across the channd's frequency
band causng inteference for the other users in adjacent cells due to imperfect
orthogonality between the cdl’'s PN sequences. How this interference affects the
performance of the communication system will be expressed in detall in the next chepter.
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Figure5.  Effect of PN Sequence on Transmit Spectrum

We have introduced an existing example of Wash codes and PN sequences
goplication, which is cdlular communication. Conddering the VSAT sysdem, Wash
coding and PN sequences can be gpplied to satdlite communications with some
differences in modding. In cdlular communicaions, every usr communicates with his
or her own base dation in the same cdl with different Walsh codes and the same PN
sequence. Similarly, in sadlite communications, every VSAT communicates with a
gngle communication satdlite with one PN sequence but channds separate from each
other by Wash codes. In other words, in a VSAT modd every termind represents cels,
which are separated by different PN sequences. Every channd on the sngle VSAT will
be representing users, which are separated by different Walsh Codes.

1. Walsh Codes

Waddsh functions have many desrable properties, which we will examine in this
section. We will look a their autocorreation functions, and orthogondity, which are
important to the communications engineer.

a. Properties of Walsh Function

Wadsh functions are generated from generator matrices, Hadamard

matrices, Rademacher functions and Wash binary index. Orthogond Wash functions are
21



defined in order of N as W, ={w ();t1 (0,T),j=0.1..,N- 1}, condsting of N=2"
eementsthat are functions of time and that have the following properties[13].

w, (t) tekes on the values {+1-1 except & a finite number of

points of discontinuity; where it is defined to be zero.
w(t)=1for j=0

w, (t) hasprecisely | sgnchangesintheintervd (O, T).

A twtdt—\lo’ Ttk 3.1
OONj() k() _%T, ifj:k ()
(Orthogordity Property)

In Figure 6, aset of Wash functions of order eight has been illustrated for
W ={wg (), v (1), W (8), Wi 0), Wy (), Wi (1), Wi (9, W, (8)}

In this case, the intervd (0,T) has been broken into N =8 pieces, each

sectionbeing T, =T / N=T/8time unitslong.
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ws(t) O I T
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s T 2f. 37, 47, 5T o6f, 1T ®L.=T

Figure6.  Set of Wash Function Order Eight (From [3])

The mogt sgnificant property of the Wash functions as gpplied to the DS-
CDMA communication sysems is that of orthogondity between two different Wash
sequences. We will use this property frequently in our performance andyss. Detals
about andyss will be introduced in the next section. The orthogondity property implies
that the integrating the product of any two different Wash sequences over a period is
aways zero. An explanation of the fourth property is depicted below.
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w=[1 100110 0
w()=[1 01 00 1 0 1]
w(t).w()=[0 1 1 0 1 0 0 1]

Vdues of "-1" in Figure 6, indicate logic zero in this example where logic
one is indicated with "+1." The product of ws(t).w;(t) is caculated by the 'exclusive or "
(XOR) function. The XOR function outputs logic one for the different inputs and logic

zero for same inputs. Since there are equad numbers of ones and zeros in the product
metrix of w;(t).w(t) , integration over aperiod is dways zero.
b. Extended Orthogonality

Orthogondity may not dways be maintaned with three Wash sequences
from a set. The result of the integration of two different Walsh sequences may not be
orthogond to the third Walsh sequence.

QWO WO WO = W OW O =T (32)

An example of the gtuation given in Equation (3.2) is given beow for the
Wadsh function set in Figure 6. Notice that the integration of w(t).w, (t)w,(t) over a

periodis " T"
w(t) =[1 0 1 00 10 1]
w() =[1 0101010
wy(t).w () =[0 0 0 0 1 1 1 1]
w) =[1 111000 (q
w(Ew w) =1 111111 1]

One way around this problem is to éiminate some of the Wash sequences

from the complete st of function W, and force Equation (3.3) to be vdid for every

Walsh function in the reduced set W, , which we use to define extended orthogondlity.

GWOWOWE) =g w ) w() =0 39

24



Besides the advantage of edtablishing orthogondity for every channd on VSAT, reducing
the number of Walsh sequences in a set dso reduces the number of channds [3]. In
extended orthogondity, we will be limiting the number of channels per VSAT. In the red
world, some VSAT terminds may require more channes than others do in overdl
network. In such cases, a greater order of Wash functions must be used to achieve
aufficient number of extended orthogondity Wash sequences. Then, the system can
support a sufficent number of channeds. The primary centrd hubs in the dar
configuration or the auxiliary hubs definitdy need more complex Wdsh functions than a
remote termina. Methods for generating a maximum set of extended orthogondity Wash
functions are given in reference [ 3].

C. Autocorrelation of Walsh Function

In this section, we will examine the autocorrdation functions for the
Wadsh functions and average autocorrelaion for a set of Wash functions. In order to
explore the autocorrdaion function of Wash functions, we will extend our definition
and condder each Wash function to be periodic with a period of T, which is conggtent
with their use in practice. Each channd on VSAT has a specific Wash sequence. A
satdllite onboard processor encodes the data by applying the channd's entire Wash
sequence. The Wash functions are periodic sgnas with a period of T . Accordingly, the
Wash function and the corresponding autocorrdation function is dso periodic with
period T .

We define the normaized autocorrdation function, a,(u), for any
periodic Walsh function w (t)T W, by

a;(u) :Tic‘yvi(t)w(t- u)dt. (3.9

Although Equation (3.4) is used for continuous Sgnas, we can consder
Wdsh sequences as if they were discrete sgnd. This dlows us to generate the
autocorrelation of  the Walsh functions essly. In spread spectrum systems, the chip
duration, T_, is defined to be the bit duration divided by the number of chips per bit.

y Ico
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T =— (3.5)

We will condder T, as the time increments in discrete Walsh sequences to build the

autocorrdaion functions. The Wash function presented in Figure 6 is now presented as
the autocorreation function in Figure 7.

a(u) oL 1

'1...55}':' ..(,;:j 4[ _;_-']"I ' 0 2? '4?_' It’a}f': 8r =T

8F —&T Al 2T o 2T, 4T. 6T, B8IL=T

87, 6T 4T, 2T 0 2f 4T 6, BT =T

o, (1) ol ]

8T, =61, 4T, 2T, o 27 AT 6f 8T =T

] IT_ " ar, 6T ®1. =T

[
L=

-1 = {'];: .,1';:.

Figure7.  Set of Autocorrelation Function for W, (From [3])
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The superpodtion of dl the autocorrelation sequences in Figure 7 divided
by N givesthe"Average Autocorreation Function” as:

SHa,w (36

=0

Avu) =

where a, (u)was defined in (3.4). The average autocorrdation function of

W, isgenerated from (3.6).

A (u)

T -T. 0 T I =8T,
Figure8.  Average Autocorreation Function, A;(u) for the set W, (From [3])

We find that the form of A,(u)is Smilar to the form of the autocorrelation

function for a random binay sgnd. A random binay dgnd is generated from an
infinitdly long binary random sequence in which the bits are independent and identicaly
digributed random variadbles The resulting normdized autocorrdaion function for the
random binary signd is defined after [13] by

Lo

b(u):ll- = U £T
i . (3.7)
10 otherwise

2. PN Sequences

A pseudorandom noise (PN) sequence is a sequence of binary numbers, which
gopears to be random, but in fact is perfectly determinigtic. The PN spreading on the
uplink provides near-orthogondity and, hence, minima interference between Sgnds

27



from each channds sas from different VSATs. This dlows reuse of the band of
frequencies available, a mgor advantage of the CDMA. The Direct Sequence Spread
Spectrum (DSSS) uses a secondary modulation, faster than the information bit rate, to
goread the frequency domain content over a larger band. The spreading process not only
assures the system to be more jammer resstant, but also ensures it not to be detected by
enemy interceptors. The Low Probability Intercept (LPI) systems use spread spectrum as
well. In DSSS, each data bit is modulated by a Pseudonoise (PN) sequence that
accomplishes the spectrd spreading. The PN sequence consists of randomtlike plus and
minus ones, which are cdled “chips” Each data bit is modulated with a least 11 to 16
chips. Therefore modulated data bits seem like PN sequences in time domain after being
modulated.

a. Properties of PN Sequences

The ratio of data bit intervads to the chip durations are known as
processng gain. The higher the processng gain, the better the autocorrelaion properties,
and hence, the better the ability to rgect narrowband interference. In Figure 9-a PN
sequence modulates the data bits, 1 0 1 0, (Figure 9b), resulting in the modulated data
bitsin Figure 9-c.

AL

I} - 3

AMAMLANAANTLATAN:

Figure9.  Modulation with PN Sequence

In this example, the processing gain is caculated as 13 because there are
thirteen chips per bit. The demodulation process is established in the satelite receiver by
applying the exact PN sequence at the correct time (Figure 10). The timing process will

be introduced in the following section.
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Figure 10.  Correct Demodulation with PN sequence

Data bits (1 0 1 0) were recovered after the applying the PN sequence to
the modulated data bits. Figure 9 has illustrated the time domain characterigics of a DS
Spread Spectrum dgnd. The frequency domain representation is given Figure 11. The
over modulation of the data signal leads to a lower power spectrd dendty covering a
larger frequency band. Suppose the spread sgnd is trangmitted in the presence of a
narrowband jammer, the despreading operdtion at the receiver will teke the wide band
goread spectrum sgna and collgpse it back to the origina data bandwidth. The recelver
will dso act on the narrowband jammer so that its spectrum is spread and causes much
lower interference to the despread dgnd. This is known as jamming resstance or the
naturd interference immunity of spread spectrum sgnals.

We can see that DS Spread Spectrum is bandwidth inefficient in that it
usesN chips to trangmit a sngle bit of information. Without spreading the spectrum, we
could have trangmitted N bits in the same bandwidth. This inefficiency is the tradeoff to
achieve interference rgection, or the ability to have rdiable communications even in the
presence of an interfering sgnd, such as a jammer. It dso reduces the power spectrd
dengty of the trangmitted d9gnd 0 tha its trangmisson causes less interference in other
systems operating at the same time on the same frequency band.
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Figure11. Direct Sequence Spread Spectrum

b. Autocorrelation of PN Sequence

PN sequences have good autocorrelation properties to adlow the receiver to
recover hit timing and to synchronize the recaver with the uplink. In sadlite
communication, we expect the usars tranamit spontaneoudy without any synchronization
between platforms. In such a case, a satellite receiver must gpply the Walsh Sequence and
PN sequence in the exact time not to dlow phase difference between the incoming sgnd
and the demodulation sgnals. The satellite recaver decides the perfect timing by usng
the autocorrdation of the incoming signd. The autocorrelaion function outputs the pesk
vdue a the moment of the correct timing. Figure 9 has illustrated the recovering data
sgnd by applying the correct PN sequence without any phase difference. If the receiver
did not apply the correct timing to demodulate the incoming signd, the data would not be

recovered.
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Figure 12.  Incorrect Demodulation of Data Signal
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An illugtration of such a case is given in Figure 12. In pat a) is the PN
sequence that is used in Figure 9. Instead of multiplying the PN sequence (Figure 12-9)
and modulated data bits (Figure 12-c¢), we multiply the shifted verson of the PN
sequence (Figure 12-b). The shifted verson of the PN sequence was derived by shifting
the PN sequence one chip left (early). The result was plotted in Figure 12-d. The decison
mechanism &fter the PN demodulation is different from the demodulation with the Wash
functions. Due to perfect orthogondity, the integration of the demodulated signd over a
period has given either zero or one as the decison datistic. However, the PN sequences
do not support full orthogona coverage. Therefore, we must use a decison mechanism
other than the one in the Wash function. We check the after demodulationintegration
results with a predefined threshold, which is zero, to decide on the data bit. Although the
transmitted and modulated data sequence was (1 0 1 0), the decison s made as (0 1 0 1)
after the integration in the example given in Figure 9.

B. CONVOLUTIONAL CODING AND ENCODING [15]

The digitd communications itsdf is prone to errors. The information transferred
between the satdlite and earth Sations is affected by externd factors and depending on
the sgnd drength, errors are introduced. The amount of error that can be tolerated
depends on the application. For voice communications, bit error rates (BER) up to
10 °can be acceptable, but data communications require BER of a least10°. Using
higher sgnad power can increase the performance, but this itsdf done is not enough to
correct dl the errors. Also, the high power may not be available everywhere and the norn+
linearities in amplifiers limit the output power. Because of these reasons, error correction

mechanisms are used.

The principle of eror correction coding is adding redundant bits to the
information bits and using these redundant bits to detect and correct the errors a the

recelver.

31



Redundant Bits

Input Rate (R,) Output Rate (R,)
_ _ Channel Encoder —>
Information Bits Encoded Bits
Figure 13.  Convolutiond Encoding
The code rate is defined as.
r :5 (3.8)
n

n : Number of encoded hits
k : Information Bits

Therefore, in a coded system, there are (n- k)redundant bits. The coding is

usudly introduced before the modulation in the transmitter, and decoding is done after
the demodulator at the receiver. In 1948, Shannon demonstrated that by proper encoding,
erors in the received sequence could be reduced to a desired level without sacrificing the

rate of information trandfer. Provided that for an AWGN channd, Shannon’'s capacity
formulais

& PO "
C=BXog, ¢cl+ ——== ongzai+§2
é NBg & Ng

C : Channel Capacity (bits per second)
B : Transmisson Bandwidth (Hz)
P : Received Signal Power (W)

N, :Sngle-Sided Noise Power Density (W/Hz)

=log, cl+—22 - (3.9)
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where P = E R, and C/Bisthe bandwidth efficiency.

There are two methods for coding: Convolutiona Coding and Block Coding. The
block codes are linear and calculate the output frame by depending on the current input
frame only, so each block is coded independently of the others and it has no memory. The
convolutional codes store the memory of previous input frames and use this to encode the
current input frame. Convolutiona codes have finite memory and they are linear dso.

Information

———» Encoder Modulator

A 4

Channel Errors

Demodulator

A

<«— | Decoder
Decoded

Information

Figure 14.  Encoding and Decoding Process

The errors can be corrected once they are detected. The detection of errors is
achieved by the redundant bits. Once the error is detected, it can be corrected in severd
ways. The most common methods ae “Error Concedment,” “Automatic Repesat
Request” (ARQ) and “Forward Error Correction” (FEC).

FEC tries to recover the origind information from the received data A smple
example of a (5, 2) block code can be used to demonstrate the FEC:

I nformation Code
00 00000
01 01011
10 10101
11 11110
Table 4. Encoding
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A look-up table or a logic congtruction can be used to implement the vaues. In
the Table 4, a least three bits would have to change in any code sequence to produce

another code sequence. Therefore, this code has a minimum distance of three.

When a code sequence is recaived, it is verified for its correctness. If there are
erors in this recaeived sequence, the code compares it with other sequences and tries to
correct it. It is clear that the code can easly correct 1-bit errors. For example, if the
transmitted sequence was 01011 and it is received as 01001, the received sequence will
have a difference of one bit from 01011, two bits from 00000, and three bits from 10101
and 11110. Thus, it can be corrected as 01011. On the other hand, 2 bits of error will be
closer to another sequence, and it will be miscorrected by the decoder. In some cases, the
detector can recognize that more than one error has occurred and declare that there are
uncorrectable errors. The FEC can be used with other correction mechanisms in

conjunction, resulting in even lower error rates.

The cogt of error correction coding is the decrease in the information bandwidth.
If we represent the uncoded bit rate as R, and the coded bit rate as R, the code rate

is

R _,
IKoded ’

r.is aways less than 1. For condant carrier power, the bit energy is inversey

proportiona to bit rate. Therefore,

E,

=r

c
Ecoded

for BPSK modulation, the BER is
& |2E, 0
P = -~ =
euncoded Qg No B
For a coded bit stream

GE,ZrCE o]
Pcoded :Qg N b;
0
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This shows that P, .., is larger thanthe P, ..q, i-€ the probability of bit error
with coding is worse than without coding. However, this is the error rate & the input of

the decoder. When the demodulated bit streams are fed into a decoder, some of these
errors will be corrected and there will be acoding gain.

A convolutiond code is generated by passing the information bits through a finite
date shift regiger. The shift regisger conssts of N ( k-hit) stages and nlinear dgebraic
function generators, as shown in Figure 15. The input data is shifted into and aong the
register, k bits a a time. The number of output bits for each kbit input data sequence 5
nbits. The number N, cdled the “condraint length,” indicates the number of input deata
bits the current output is dependent upon. The condrant length determines the
complexity and the power of the code. Convolutiona codes can be described by their
generator matrices, tree diagrams, trellis diagrams or state diagrams.

Figure 15. Encoded Sequence (N Bits)

Decoding of convolutiona codes is a more difficult problem than encoding. The
function of a convolutiona decoder is edimating the encoded input information usng a
method that results in the minimum possble number of errors. Unlike a block code, a
convolutiond code is a finite state machine. Therefore, the output decoder is a
“maximum likdihood egdimator” and optimum decoding is done by searching through the
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trdllis for the most probable sequence. Depending on whether hard decison or soft
decision decoding used, ether Hamming or Euclidian metric is used, respectively.

Rappaport has given the following definition in [16] for the Viterbi dgorithm,
which isvalid for both hard and soft decison decoding:

Let the trellis node corresponding to state S, at timei be denoted S ;. Each node

in the trellis is to be assigned a value V(S; ;) based on a metric. The node values are
computed in the following manner:

1.SetV(§,)=0andi=1
2. Attime i, compute the partia path metrics for al paths entering each node.

3. Set V(S;;) equa to the smalest patia path metric entering the node

corresponding to state S, at time i. Ties can be broken by previous node choosing a path
randomly. The non-surviving branches are deleted from the trellis. In this manner, a
group of minimum pathsis created from S ;.

4. If i<L +m, where L is the number of input code segments (k bits for each

segment) and mis the length of the longest shift register in the encoder, let | =i +1and
go back to step 2.

Once dl the node vaues have been computed, start at state S, time
i =L +m, and follow the surviving branches backward through the trellis.

The resultant path is the decoded output for the input stream.

C. SUMMARY

In this chapter, we introduced three types of coverage over our satdlite uplink
trangmisson. The Wash functions supply full orthogond coverage, which is cgpable of
dimingting dl inte-VSAT interference in the uplink. The only problem with the Wash
coverage is the posshility of having a nonzero result for the more than two sequence's
product integration. The extended orthogonaity method compensates for this wesk dde
in the Walsh coverage with an expense of aless number of usable Wash sequences.

Modulating the uplink signd with a PN sequence makes our sysem spread in
gpectrum and ensures the sysem can resst inteference. As an effect of spectrd
spreading, low power spectrd density prevents the VSAT system from being intercepted
by enemy ESM capabilities Even though the PN sequence does not support full
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orthogond coverage, it prevents the interference between different VSATSs, which are
usng the same sat of Wadsh functions. However, completdy diminating interference
between the channds using the same Wash sequence in different VSATsis not possible.

The coverage with the PN sequences aso edtablishes a processng gan, aso
cdled the PN sequence spreading factor. Multiplying the PN sequence spreading factor
with the processng gain from the convolutiond coding results in the overdl spreading
factor of our proposed system. We have previoudy dated that the overadl spreading factor
of the uplink was 256.

Digitl communication systems are subject to noise due to natural reasons. Error
correction mechanisms can reduce the required signa-to-noise ratio for a desred BER.
There has dways been a tradeoff between the coding gain and the hit-rate. System
designers must chose the most gppropriate code rate and bit-rate pair according to their
requirements. We introduce a varisble code rate, which can be compensated with
processing gain from PN spreading.

We present the connections between Spread Spectrum Systems, Walsh Sequences
and Orthogondity, PN sequences and Error Correction Coding in this chapter. When al
of them are combined, a robust and high performance system can be designed. The next
chapter analyses a system that uses al these components.
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V. PERFORMANCE ANALYSISOF DS-CDMA SATELLITE
UPLINK

This chapter examines two types of jammer effects over a VSAT system. These
are pulse janmer and tone jammer. We will introduce the probability of bit error solution
for a spread spectrum VSAT system using convolutiona coding. According to these
olutions, performances of a VSAT sydem agang different jammer types will be
compared.

A. PERFORMANCE ANALYSISWITH TONE JAMMER

A tone jammer transmits an unmodulated carrier with power J somewhere in the
goread spectrum sgnd bandwidth. The one-sided power spectra density of tone jammer
is shown in Fgure 16. The dngle-tone jammer is important because the jamming sgnd
is easy to generate and rather effective againgt direct sequence spread spectrum systems.
Andyzing this jammer with coherent SS systems shows that the jammer tone should be
placed at the center of the SS Sgnd bandwidth to achieve maximum effectiveness[2].

As we indicate the gmilaities and differences of cdluar and sadlite
communication, the totd number of M VSATs carying K channds are placed in
footprint of a communication satellite (Figure 17). The number of channds per VSAT is
not a fixed number for eech VSAT sysem. Some of the terminds can have less or more
channds than the mgority according to tacticd needs. Besdes the VSATs in the
footprint, a hodile jammer will be in the middle of the footprint to achieve a maximum
effect on our communication sysem. In this wordt-case scenario, we will assume that our
friendy VSATs ae placed a the edge of the footprint where the sengtivity of the
receiver isleadt.
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Figure16. Typicd Jammer One-sided Power Spectra Densities (From [2])

Figure 17.  Multi-channd Allocation

40



We will atempt to recover the information bits b (t) from a specified channd

(k=1) on a VSAT (i =1). The received sgnd from dl channds and VSATs will be
despread, demodulated and finaly integrated over the bit to form a decison datidic,Y .
A gngle tone a the carrier frequency is used for coherent detection and for extracting the

demodulated signal, vy, (t) [3].

r(t) = Sp(t) +n(t) +V(t) + I () (4.1)

where,

S(t) :Information + Co-channd Interference,

S=1,+9, 4.2
n(t) :Additive White Gauissan Noise

V() :Inter-VSAT Interference

J(@t) :Jammer Interference

i () .t | %
r (t) —»@ »@ »(g) »| &) | po

R

c(t) w(t)  cos(2p f 1)

Figure 18. Despreading and Coherent Detection of Incoming Signd from VSATSs

1 The Despread Signal, vy, (t)

The despread signd is obtained by applying the appropriate PN sequence, which
is synchronized with the trangmitting VSAT. Synchronization is made by usng the
autocorrelation function of the PN function, as described in Chapter 111.  The next step in
the despreading is gpplying the Walsh sequence in order to remove the orthogona cover

as well asto remove spreading.
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Y (O) =r () d 9 w(o)
Y2(0) = So@)e() w (1) +n(0) & § wi(t) +M()c(1) wiy(t) +J () d ) wi() (4.3)

The equaion above can be amplified as follows The subscript “1” indicates the
despreading.

Yo (0) = 1)) +0, (1) +my (1) +Vi(D) + 3, (1)

1

(2Rh, (t)w, Bcos(2p f.t))c(t) w(t) (4.4)

0

1,0 +9,(t) =

K-
[o}
k=

where

P :Received power fromk™ channel
b (t) :Information bitsfor k™ channel
w,(t) :Walsh Codefor k" channel

In (4.4), k=1 defines the despread information bits that are meant to be

recovered from channd. All the other posshilities (k * 1) will be considered as despread
co-channdl interference.

1, (t) = 2R byt )w, ¢ Jo( ) cos(2p f.1) € ) w()

4.5
=\2R b (hcos(2p 1) “9
% 0
6,(t) =& y2R, b )w, £ o) cos(2p ft) Ze(t) w()
H o (4.6)
=4 2R b(w, ) w(cos(2p 1)
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Despread Additive White Gaussian Noise,

n (0 =n() Y w(Y (4.7)

Even though each VSAT has been separated by different PN sequences, the
interference between VSATS is unavoidable due to impefect orthogondity of PN
functions. Interference increases as the number of active VSATs (denoted asM) is
increesed.  Interfering channds from different terminals will possbly contain  different
phese information (j ;) from the channd, which is intended to be recovered in our

andyds.
‘% gl\IZRk b, (t+t;) w (t+t;) G (t+t;)cos(2p ft+] i)EC(t)V\i(t)
i=1 k=0 4]
(4.8)
¢

Ka 2P by (t+t )W (48 )W (1) G (t+t,)o() cos(2p ft+j ;)

0

Vi(0)

1
DO
.

I
Qo=

i=1

The despread Jammer signal reaches the receiver with no data bit, PN or Walsh
sequence. The jammer interference is Smply a tone located in the middle of the satdlite
receéver bandwidth spectrum. Since the jammer cannot synchronize itsdf with the

recelver, a phase difference between the jammer and receiver (j ;) isinevitable.

3,(t) = 2P, cos(2p f.t+j ;) c() w(t) (4.9)

2. The Demodulated Signal, v, (t)

A demodulated dgnd is smply obtained by gpplying the moduation tone, which
is coherent detection. The subscript “2” indicates demodulation in our notation.

Yo(t) = yi(dcos(2p f.1)
= (1,(0) +,(t) + ny(t) +Vy(t) + 3, (t)) cos(2p ft) (4.10)
= 1,(0) +9,(0) + ny(1) +V, (1) + I, (1)

Now, let's caculate each of the components of the demodulated signd to obtain
the decison satitic, Y
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Vy(t) =

Despread and modulated information bits, 1, (t) :
1, = /2R h(hcos(2p ft)cos(2p 1)
(4.11)
= @ by (t) (1 + cos(4p 1))

where

cos’(2p f.t) :%(1+ cos(4p f1)).
Despread and modulated co-channd interference, g, (t) :

51.2R,
0.0 =& LB b 0w, 0wy )1+ cosap 1) (412

xx

=0
11

Despread and modulated AWGN

N, (©) =n(Y) 9 w(t) cos(2p f 1) (4.13)

Despread and demodulated inter-VSAT interference

M
O

2R
0 2

o

b (t+t, )W, (t+t, )W (t) ¢ (t +t,)c(t)cos(2p .t +j )cos(2p f t)

=1

=~
I}

where

COS(Zp fct +j i)COS(a) fct)

=%[cosj - cos(4 f.t)cog | +sin( f)sinj ]

2R
0 2

o

V(=3

=1

B (E+t) W [+ )w () G (E+,) ()

[cosj ; - cos(4 ft)cog ; +sin(4 fit)sinj ;]

(4.14)

=
1l



Despread and modulated jammer interference

3,(t) = 2P, o(t) w(hcos(2p ft+j ;)cos(2p ft)

J_ (4.15)

c(t) w(t) 80051 ; - cos(4p f.t)cosj ; +sin(4p f.t)sinj ]H

3. The Decision Statistic

Decison datidtic, Y, can be modded as Gaussan random varidble with a mean

vaueof Y and vaianceof x . Thevaiance of Y will beintroduced in next section.

Y= })’2 t)dt
(4.16)
Y= d H(t)dt + cgz(t) dt + mz(t)dt + dz(t) dt + olz(t)dt
T = v Yy
where,
g : Co-channd Interference,
= ‘%1\/2? b, (t)wk(t)wl(t)(1+ cos(4p fCt)) dt 4.17)
okt
n : Additive White Gauissan Noise
h =) ) wdcos(2p f.t)dt (4.18)
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Vv : Inter-VSAT Interference

V= T(‘)/Z(t)dt

2R
0 2

T

&
o7

by (t+1) w (t+t)w(t) G (E+t)At)
[cosj ; - cos(4 f.t)cog ;+sin(4 f)sinj ]dt

1

=~
I

°O

Ig.lCOSj [ @Tcpk(t +o)w (t+t)wi )6 (t+t)o( D dt

k=0

§
=a

Ly

In reference[3] a, (t +t,) and d,(t) aregivenas

a, (t+t;) =h, (t+t)w, (t+t)c (t+t))

4.19
gt =we) @19
¥ 5t 2P,
V=aa > cosj mk(t+t ), (t)dt (4.20)
i=1 k=0
J : Jammer Interference

"/ 2P . . . o
J =(‘)T'c(t)w1(t)g3051 ;- cos(4p ft)cosj | +sin(® fit)sinj gt
0

Since the multiplication of f_andt was sdected as the integer multiplier,

the integration of cos and sine functions over a period is dways zero.

\/_COSj J(j:(t) w(t) dt (4.21)

a. Mean Value of Decision Statistic, Y

V= ic‘j ®) dt+T(‘gz(t) dt+Tc‘)12(t)dt+T0/2(t)dt+Tc‘)]2(t) dtg (4.22)
lo 0 0 0 0
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id (t)dt§+;{,g’}/+%+;{)«}’+%
lo
IT

N () dty
o0

— T 2P

Y = OTQ(t)(1+cos(4p ft))at

0 (4.23)
=+ 2F)1T
2

Since the multiplication of f_andt was sdected as the integer multiplier,

the integration of cos and sne functions over a period is dways zero. Likewise,

integration of b (t) over a period is *1. Because the number of ones and minus ones are

assumed to be equd.

4. Variance of Decision Statistic, Y

The variance of our decison datigtic is the sum of the variances of our co-channd

interference term and noise plus jammer term, which are assumed to be independent:

Var{x} =Var{g} +Var{n} +Var{\} +Var{J}

- &g} {r} + v} + {07 e
a. Variance of co-channel interference
Var{g} = E{g’}
-\I-a?F K-l\/_ Ozu
2 EI o) ~0 W 0w (1) (1+ cos(dp 1.) dt {, (4.25)
& o)
=0

T

Because cyv(t) w(t)=0 where k1.
0
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Var

b. Variance of AWGN

}=E{r)

ST

= E oo n @ )e(t)ed )wit)w (I )cos(2p ft)cos(2p f.l )dtdl

Too

=Ei gt d ) w(dcos(2p fct)dtTc‘p(I )c(l )w, (1 )cos(2p f.1)dl g (4.26)

We assume that n(t) is a wide-sense dationary white noise process. The

autocorrelation of the wide-sense dtationary white noise process was defined in reference

[16] as

E{n(t)n( )} :%d(t- 1).

SO,
var{n} = (‘): t)V\f(t)%(1+cos(4p f.1))dt
0
T
C. Variance of the I nter-VSAT Interference

M Ki-1 ia, 2]
var{\M} = 3 Elg 22P cos(j )(ﬁk(t+t )d, (t)dtgi/
=1 k=0 § oh

i
-
—

OOF{act+t)a, (I +t )} E{d,(t)d,( )} dtdl

00 b(t-1) bt-1)

(4.27)

(4.28)

ko () S L+, )AL @) g1 +)d (1 )l E



g| Ké 1TT
Var{V} =3 3 ¢op’(t- 1 )dtd

i=1 k=0 g 0

Let’s apply transformation of limits and varidbles of the integra

u=t-| ® u+v=2t
v=t+]| ® u-v=-2
_1
= {u+v)

1
| ==(v-

(v

e Mo el ld
e u
3, =deteM Mi-gerd? 2=
gy g TRE 1
v b & 28

After gpplying transformation
yip T ETM
Var{V} = — & A b?(u)J, dudv
M 2204.9& () J,
M K-1p T2T-
=3 & Ty ¢ b?(u)dudv
i=1 k=0 4 0 |u|
M Ki-1 T
=4 § Bep 2(u) (2T - 2u)du
ia k=0 4 0
1. Nu
- JuET, §
buy=r T y
t 0 otherwise},
MKélP% 2Nu . N%? 0
Var{V} =38 & = (ol- —+ o 2(2T - 2u)du
i-1 k=0 4 o € T a
M Ki-1 2,3 2 3 2,,4 /\l
:ééizgru-Nu%Nu _ut | 2Nu Nuzj
i=1 k=0 4 3T 2 3 4T g, (4.29)
S AR T O
A9 4E3N BN?
M K--lP T2 H
=a é ;kge_g for N>1
i1 ko 2 63N g
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d. Variance of Jammer I nterference

The derivation of the jammer interference is not much different from the
inter-VSAT interference,

el B N (4.30)
15 cos’(j )ay(t)V\i(t)Cd w, (1)dtdl E
|

Recal from (4.19) d,(t) = w(t ) (t).

Var{J} =%(‘I‘)E{d1(t)dl(l )} didl

00

P—TT
=P (t- 1) dtd]
4OO

—
N
_|

b (u)J, dvdu

_51' —|O/
=50

I
A0 AT p|T

4 5
Var{J} =2 C\)g% u- Nu+u ?du
o€

2 @
T e
paé 2 2 3/\10
Sy U Nu®  Nu*|"" =
2 2 2 3TO +
4]
PJBG'Z T? NT? NT® 6

=7 . - + -
2&N 2N? 2N? 3TN%g
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:552- T2_T2+T2¢
2&N 2N2 N 3N?,
_Per? T2 6
282N 6N
_PT
AN

(4.31)

for N>1

5. Signal-to-Noise Plus I nter ference Plus Jamming Ratio

Var{x} =Var{n} +Var{\} +var{ J}
N,T & %? RkT2 PT® (4.32)
-, faa "IN
i=1 k=0

RT* (4.33)

(4.34)

P, andR can be consdered equd. The incoming transmissons from the channd

that is meant to be detected and the interfering channds are assumed to have the same

power because the size of the footprint on earth is \very smdl relative to the geostaionary
sadlite dtitude.

1

N, \M(K-1),

2TR 3N 2NPT
51

SNR=




PT=E

RT =E,

% = SIR(SignaltoJamRatio)
|

E

—b = Q\R(SignaltoNoiseRatio)

Z

o

1
1 MK-D, 1
20NR) 3N 2N(SIR)

SNR=

6. Performance Analysis with Convolutional Encoding

Proakis states in reference [4] that

P,(d) <Q(/(d (SNR)R)
s ] o]
¢l dR i
<Q¢ 1 M(K-D, 1 -
&\ 2(S\R) 3N 2N(SIR)

oS

¢ I d

<Q¢
¢

1 MEK-), 1
CV2R(NR) 3NR  2NR(SIR)

where R isthe code rate.

The reference [4] definesthe Q function asin (4.37).

X

= Larfg X
Q(x) = zerfc(ﬁ)
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And findly, the upper bound for the probability of bit error for the Spread
Spectrum, DS-CDMA BPSK VSAT systemis[4]

¥
R< a b,R(d) (4.38)
d=dfree
Wherethe set of b, s represents the distance spectrum of the code.
Therefore,

x
¥
o

d
R<a bQ |

¢
¢

d=dfee Q 1 + M (K B :D + 1
\2rR&R) 3NR | 2NR(SR)

(4.39)

Q- O

The probability of bit error equation (4.39) was plotted by usng a Matlab®
smulation. The tone jammer Matlab® smulation calculates the probability of bit error for
different code rates and for a different number of active channds. The results were

plotted as probability of bit error, (P,), versus sgnd-to-noise ratio,E,/N,. The
gmulaion was run for four different sgnd power-to-soreading factor times jammer
power ratio (B /NP). According to the smulation results, as the number of users

increase, the performance of the VSAT system becomes worse. The performance was

never acceptable for any traffic intendty and for jammer powers for the coding rates of

18, 116 and 132.
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Figure19. Performanceof VSAT System with the Code Rate of 1/16
in Low Power Jammer Condition B/ NP, =15 dB.

Even in a low power jammer scenario, the codes specified above perform very
unsatisfactorily.

Except for those code rates specified dove, in every other code rate, the system
can support data communication only for a low number of active users in adverse tone

janmer conditions (B/NP,= 5 dB). N is chosn 256 as previoudy explained.
Additiondly, lower codes 3/4 and 2/3 did not perform well for severe jamming. Even
though the best performance was obtained for the code rate of 1/120, there is little
performance difference between the code rate 1/3and 1/120. For a sgnd-to-noise ratio
of 15 dB and for a high number of active channels, code 1/120 can perform 0.5 dB better
than the code rate of 1/3 for an expense of 40 times less bit rate. Therefore code rate 1/3

is the best solution in a severe tone-jamming Stuation.
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Figure20.  Comparison of Code Ratesof 1/3 and 1/120for K,/ NP, =5dB

As the jammer power changes from adverse to upper moderate (F,/ NP, =10 dB),

even code rates 3/4 and 2/3 peformed wdl for low loads. However, code 1/3 ill had
the best optima performance relative to @de rate 1/128. Even for the best performance,
the probability of bit error was indgnificant than 7° 10*. The change in performance for
different code rates was not too much for heavy loads. This result confirms that as the
traffic intengty increases, the co-channd inteference and inter-VSAT interference are
the dominant factors on performance. For example, performance differences between the
code rates of 1/3 and 1/120 diminish as the number of active channes increases in
Figure 20.

In low jammer effect conditions (R/NP, =15 dB or R/NP =20 dB), the

probability of bit error aways remains under 107 up to 100 active channds. The best
performing code rates amost support reliable voice communication in a wesk jammer

scenario.
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Figure21.  Performance of Code Rate 1/3 for B/ NP, =15dB.

Finaly, the proposed VSAT sysem can sustain data communicetion for dl
jammer-included scenarios via code rate 1/3. Voice communication can only be

conducted with less active channds in moderate jammer power condition.
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B. PERFORMANCE ANALYSISWITH PULSE JAMMER

Pulse jamming is one of the mogt effective ECM techniques. In this technique, the
jammer is activated for a short period of time and paused for the ret of the period. The
vaiable duty cycde of the pulse jammer (r ) influences the performance of the targeted
communication system. The pulse jammer duty cycle (r ) is a function of the ratio of the
sgna power to the totd jammer power (P/J)[2]. The lower duty cycle requires much

bandwidth compared with the higher duty cycde, jamming the wider pat of the
operationa bandwidth of the communication sysem. The jammer can even jam the entire
bandwidth of the target system by applying the necessary duty cycle. On the other hand,
snce the jammer has limited power, the power spectra density over the unit band would
be decreased as the jammed band increases. As illudtrated in Figure 16 at the beginning
of Chapter 1V, the totd area under the power spectrd dendty curve for a jammer will
adways be the same, regardless of the applied duty cycle or the jammed portion of the
whole band.

This dtuation causes the jammer operator to consder a tradeoff between the duty

cycle and power spectrd dendity pair to force the target communication system to
perform as poorly as possible.

As previoudy mentioned, the jammer is activated for a fraction of the tota period.
The variance of interference that is received by the satellite recelver changes accordingly.

Jammed bits, 1, can be modeled as Gaussian random varidble with mean - \/E—cvolts and

avaiance of, [16]

2 :—(K _ 1)EC +&+&

S (4.40)
' 3N, 2 2r
where
N,  =PSD of Jammer
r = Jammer pulse duty cycle (O£ 1 £1)

Unjanmed hits, r,,are dso modeled as Gaussan random variable with mean -\/E—Cas

wel and avariance of,
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2= (K-DE. N, (4.42)
3N, 2
The combination of two Gauissan vaiadlesY, received by the sadlite receiver is

expected to be Gaussian again. This property was depicted asin (4.42) in reference [4].

QJ°Q

d 14 1o ol .
R(d|i)= JEX o?[g (4.42)

=1

Because every received hit is not jammed, the equation above can be adapted for

the noise jammer as,

Nﬂngam+am50 (4.43)
I=i+1

In this expresson, we assumed that i of the totald bits a period are jammed and
(d - i) bitsare unjammed.

1 Mean and Variance of Gaussian Random VariableY [4]

M, =8 m (4.44)

where m =-\/EC

The jammer will not affect the mean of the Y.

M,=4 B+ & - B =

= I=i+1 =1
'd\/—

The vaiance of rv. Y is afected by the jammer as explained previoudy.

Therefore we must define the variance according to the duty cycle of the jammer.
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=i+

1
iy

=is?+(d-i)s?
Let'ssubdtitute thes 7 and s *found in equations (4.40) and (4.41) respectively.

sy g{K DE. 0+N O+(d I)aE(K ])Ec N, ©
& 3N, 2 2r g e 3N, Z;a

(K- DB, N/ iN, |, d(K- DE,

T, 3N,
|(K;)E/ dN i N¢
/! .

,_iN,, d(K-DE _dN,
Yoo2r 3N 2

c

S

(4.46)

N_ = =RN als E, =RE,
Tchip
Thereforee — :E :5

N was described as the totd spreading factor. The tota spreading factor, N is
fixed to an integer, 256, which is the multiplication of the goreading factor due to the
coding and spreading factor due to the PN sequence spreading. In this case, the equation
(4.46) can be smplified as follows:

. _iN,_ d(K-DE, dN,

S y
2r 3N 2

(4.47)
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2. Conditional Probability of Error, B,(d|i)

Since we know the exact amount of jammed bits (i)to cdculate variance, the

conditional probability of error P, (d | 1) can be caculated by the following equetion [4].

Pz(d||):Q91’—2yI
g sy )
e 2

& 0
s d°E, i
_Qg N, d(K-DE _dN, =

g\J 2r 3N, 2 5

& 0]

¢ 7 N

& N AK-DE AN, C

¢larde, 3dE/N.  2dE

> - 0 (4.48)
=% TN LKD), Ny -

&l2rde, 3N 2F 5

3. First-Event Error Probability, B, (d)

The Firs-Event Error Probability, P,(d) can be found usng binomid
digributions. Jamming occurs with the probability of r and not being jammed occurs
with the probability of (1- r). In reference [5], PMF of X for the binomid random

vaidble X isgivenas
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iwop (1- p)¥ x=0,1,..,n
&g

P (X) = (4.49)
{o otherwise
Smilarly, in reference[6] P, (d) was defined as
Fum:ag_raww'Pmm (4.50)

4, Performance Analysis with Convolutional Encoding

The probability of bit error with convolutiond encoding was given in (4.38) in the

tone jammer performance section.

¥
R=a byR(d)

d=dye =06 @

d=d free
¥
= 4 b, § &0, ‘a- r)* Rd|i) (4.51)
d=dye i=0€l @
ae o]
§ d a8lo o ’ d :
9 ad g =" '(@-T) Qg\]iN, KN, .

2rdE, 3N, 2E

&

We can use the same smplification for the term indde the Q function, as we did
for the tone jamming.
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I\II NO
e :
¥ §ado o d B
e A bR e el g e
g 2dr R(SJIR 3RN  2R(S\R)

The pulse jammer gmulation shows gmilar results to the noise jammer
smulation. Pulse janmer Matlab® smulation ceculates the probability of hit error for
different code rates, for different numbers of active channes and for different duty cycles

of the jammer (r). The results were plotted as the probability of bit error (P) versus the
ggnd-to-noise retio for each dgnd-to-jam raio (E,/J,) of 5 10, 15 and 20 dB.
According to the smulation results, some common patterns were reveded: For example,
as the code rae incresses, sysem peformance becomes more unyidding agangt the
vaiable jammer duty cycle Determinigticaly, for the code rate of 1/4, the performance
of the VSAT system decreases 12 dB as the duty cycle of the jammer decreased to 0.01
from0.1for E /N, =10dB, E /J, =15 dBand K =100 active users (Figure 22).

However, for the same configuration, the VSAT performance decreases only 0.5
dB for the code rate of 1/32 (Figure 23). For this reason, choosing a lower code rate

would be more appropriate to diminate this capability of the jammer. The expected
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common pattern for dl the results was that the peformance of the VSAT system
becomes worse as the number of users increase due to increasing interference from co-
channds,

A rate span of 3/4 to rate 1/128 has been studied to observe the effects of a code
rate over the probability of bit error. Code rates up to 1/4, do not affect the R, severely.
Figure 24 and Figure 25 illudrate the performance difference between the code rate of
1/2 and 1/64 for E,/J,=15dB. However, for the rates 1/8, 146 and 132 the

performances are not acceptable for al sgnd-to-jam ratios, amilar to the case in tone

janming. Then, for the rates 164, 1/128 performance increases again. For instance, for
the rate of 1128 the results are dightly better than for the rate 3/2 for r =1 (Figure 26).
However, rate /128 cannot provide data rates as high as rate /2 can. The spectrum
distances adgorithm used to obtain the b, coefficients gives perfect results for the rates of
1/20, /40, 160 and 1/120. Because of these perfect spectral distance coefficients, rate
1/20 performs better than rate 1/16 . Moreover, rate 160 and 1/120 perform better than
rates 1/64 and 1/128 respectively.
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The smulation results dso showed that peformance is mogly affected by
intrasystem interference for E /J, values greater than 15 dB. In other words, co-channd

interference or inter-VSAT interference is more effective than jammer interference for

this Stuation.
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Figure27.  Pulse Jammer Effect for Code Rate 1/2and E,/J, = 20dB

The differences in performance curves between the Figure 24 and Figure 27
illugrate that changing in performance for the different channe dendties decreases as

the E, / J, ratio increases.

Figure 28 introduces that any sgnd-to-jam raio below 5 dB is not enough for a
reliable communicetion. In this illugration, one of the best peforming code rael/3,

was used.

High code rates such as 1/3 or 1/4 guarantees rdiable communication for dl

reasonable sgna-to-jam conditions (Figure 29). But as the number of active channds
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increases (over 150), the smal duty cycles of the jammer can increase the probability of

bit error over10“.

1':' - — T T T T T T T
- %ﬁﬁmﬂ@h@% FHH 5T DD
-1 :&
L X @E&:&“&%&
2 s E*w%m&ﬁ_&ﬁ&&ﬁﬁ—&ﬁ-
e o RO ST e
= K P O TE S sy g o
2 1|:|3_ -*-\ I:hIZl-
2 * Bmg g
; \K\* B4 a-g -
E 10 "% K=t0, tho= T
= o -%  K=50, tho=0.01 S
2 F| - & k=50, rho=0.1 Ty
o | -* K=80, tho=1 o
107 H -4 k=100, tho=0.01 TF -
| - =100, rho=0.1
S H-8 K=100, tho=1 ]
107 H - »  K=150, rho=0.01 .
Fl -& K=150, rho=0.1 ]
[| -4+ k=150, tho=1
1|:|'? 1 1 1 1 1 1 1 1

|
a 2 4 a g 10 12 14 16 18 20
E /M, in dB

Figure28.  Pulse Jammer Effect for Code Rate 1/3and E,/J, =5dB

70



1Dé T T T T T T T T T
10 % %,
‘%E %H- e T
ol WA e -
3 b - {}-\- e e e -. -3
5 No # \év%v{}ﬂh{}*}*}“ﬁ*%}%}—{}{}—é
5 # 4 VIV W ew g g e
B 3 ‘\{. ‘H"?'_IL‘__
=10 ¢ Q\ R Tap T 3
L.E '*' b H\"_I_ .&- '_&_-\_._ 3
z v e % i TN
= 4 L] -y -
S 107w KB, om0 01 | ~_ s, G
2 f-@ k=50, tho=0.1 T o iy e O Y
o f|-# K=E0, tho=1 \ﬂ\ o g
107 H - ¢ K=100, rho=0.01 \O\ o TR ey
|- K=100, tho=01 | @, DE ]
| -3 K=100, tho=1 ~ < o
B ! TR O
107 H -+ K=150,tho=001 | Yy 6 o = Bepg
| -4 K=180, tho=0.1 » e 5 H BB 4
-+ k=150, tho=1 . % 5-
1|:|' 1 1 1 1 1 1 1 1 1
0 2 4 B 5 m 12 14 16 18 20
E,/N, in dB

Figure29. Pulse Jammer Effect for Code Rete 1/3and E, /J, =10dB

In a jammer free scenario, the rate /2 or 1/3 would perform best, engbling dl

users to communicate with high data rates. After the jammer agppears in the same
scenario, the VSAT system would switch to a higher code rate but to a lower data rate
until communication could be accomplished efficiently. Code 1/20 or 1/40 would be the
most optimum code raes for moderate jamming. If the jamming is more severe, rate

1120 must be used with only data communication. The reason voice communication

cannot be used isthat the proposed VSAT system has alimited bandwidth.
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C. SUMMARY

In this chepter, we modded the VSAT sysem by defining the samilarities and
differences between cdlular and satellite communication. We have used properties of the
Wash function and the autocorrdation function of PN sequences through the whole
andyss

Two types of jammer effects were andyzed with Matlab® smulaions. We have
looked for a proposed probability of bit error corresponding to the minimum and
maximum ggnd-to-noise ratios, which were introduced in Chapter 1. As a result of these
amulaions, the superiority of the pulse jammer over the tone jammer was reveded. In
other words, the proposed VSAT system is more resigive to the tone jammer than it is to
the pulse jammer. Conddering the hodile sde, the worst case for the enemy pulse
jammer (r =1) was as effective as the tone jammer. The bwer duty cycles of the pulse

jammer decreased the performance of our VSAT system dramatically.

Both jammer capabilities can prevent the plaiforms from making secure voice
communication. Except under severe conditions, data communication can be supported
mogs of the time. As a countermeasure, decreasing the system bit rate, planning the
necessa’y EMCON measures in an operation or decreasing the number of communicating
channds would even increase the performance more. As previoudy mentioned in the
Ran Loss section of Chapter I, increasing the output power of VSAT increases the
sgnd-to-noise ratio. Therefore, better performance is obtained. Even though, the overal
oreading factor was fixed to 256 in this thess, increasing processing gain by usng more

PN chips per bit increase the durability againgt enemy jammer effects.
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V. CONCLUSIONS

In this thess, we have presented the tools for a DS-CDMA Spread Spectrum
communication sysem usng forward eror correcting mechanism and andyze the
performance of proposed system by using those tools.

The man god in Chepter Il was cdculaing the minimum Sgnd-to-noise ratio
that our sysem can support. Initidly, we defined the term VSAT and other orbitd
mechanics parameters. Then we decided on the proposed VSAT system requirements. By
usng the phydcd szes, digances and power limitations, a link budget andyss was
made. The wordt-case stcenaio was conddered in this andyds assuming a friendly
platform at the edge of the satdlite footprint and the enemy pmmer at the best place to
minimize our sysem peformance. The link budget andyss presented the minimum and
maximum dSgnd-to-noise ratios that can be edtablished a the satdlite receiver. The
difference between the minimum and maximum sgnd-to-noise ratios has been calculated
by therain loss analyss.

In Chapter 111, we examined the agebraic properties of Wash functions and PN
sequences that will help us to figure out how to minimize jammer effects and friendly
interference on our sysem. The Wash functions conssted of orthogona sequences,
which support full coverage between sequences. We dso presented the extended
orthogondity that ensures the orthogondity between every channd in a VSAT. The PN
sequences were used to spread out our frequency spectrum, reducing the power spectra
densty, and minimizing the jammer effects. Afterwards, we introduced the convolutiond
forward error correction coding, which lets the sysem perform better with a low sgnd-

to-noiseratio.

The peformance andyses were introduced in Chepter IV. The performance
andyses were consdered both for tone jammer and pulse jammer. Firg of dl, we
developed a sgna-to noise plus interference ratio and the probability of bit error for our
DS-CDMA sdlite sysem by usng Gaussan approximaion. We used Gaussan

goproximation to define median and variances of random variable Y . For both jammer
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cases, co-channd interference, inter-VSAT interference, Additive White Gaussan Noise
and Jammer Interference were consdered as variances of Y. We introduced Forward
Error Correction in the form of convolutiond encoding with soft-decison decoding into
our uplink model and developed an upper bound on the probability of bit error [3].

We used Matlab® to run the smulaions The smulation results for both jammer
types reveded that the proposed VSAT uplink system could accommodate the data or
voice communication within reasonable limits. The performance plots were given in
probability of bit error versus sgnd-to-noise ratio for the different jammer powers and
the number of active channds. We used the obtained minimum sgnd-to-noise ratio in
Chapter 1l to decide whether system peformance was sufficient or insufficent.  The

following results are vaid for both pulse and tone jammer.

As the number of active channels increases, the probability of bit error

increases.
Asthe jammer power increases, the probability of bit error increases.

There was no direct correlation between the code rate and the system

performance.

The performances of code ratesof 1/8, 1/16and 1/32 were unacceptable.

The coderates 1/3,1/120 and 1/128 were best performing code rates.

The code rate 1/3 introduces most efficient performance and bit rate pair.
Additiondly, some results were subject to specific jammer types.

The worgt case for enemy pulse jammer (r =1) affected VSAT uplink as

badly as the tone jammer.

As the duty cycle of pulse jammer decreases, the probability of bit error

increases.

As the pulse jammer power decreases, the effect of changing duty cycle
decresses. In other words, for the high E,/J,vaues effects of tone

jammer and pulse jammer are dmost the same.
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Findly, we must recal tha we never gave up consdering the wordt-case scenario

in our andyss. In the red word we would expect better performance from our VSAT
sysem. Also, changing antenna Sze, increasing the VSAT power or decreasing bit rate

can dways empower the VSAT sysem aganst unpredictable and varidble jammer
capabilities.
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