NAVAL POSTGRADUATE SCHOOL
Monterey, California

THESIS

PERFORMANCE ANALYSIS OF PILOT-AIDED
FORWARD CDMA CELLULAR CHANNEL

by

Nikolaos Panagopoul os

September 2001
Thesis Advisor: Tri T. Ha
Thesis Co-Advisor: Jan E. Tighe
Second Reader: Jovan Lebaric

Approved for public release; distribution is unlimited



Report Documentation Page

Report Date Report Type Dates Covered (from... to)
30 Sep 2001 N/A -

Title and Subtitle Contract Number

Performance Analysis of Pilot-Aided Forward CDMA

Cellular Channel Grant Number

Program Element Number

Author (s) Project Number

Nikolaos Panagopoulos
Task Number

Work Unit Number

Performing Organization Name(s) and Addr ess(es) Performing Organization Report Number
Research Office Naval Postgraduate School Monterey,
Ca93943-5138

Sponsoring/M onitoring Agency Name(s) and Sponsor/Monitor’s Acronym(s)

Address(es)
Sponsor/Monitor’s Report Number (s)

Distribution/Availability Statement
Approved for public release, distribution unlimited

Supplementary Notes

Abstract

Subject Terms

Report Classification Classification of thispage
unclassified unclassified

Classification of Abstract Limitation of Abstract
unclassified uu

Number of Pages
138




REPORT DOCUMENTATION PAGE Form Approved OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including
the time for reviewing instruction, searching existing data sources, gathering and maintaining the data needed, and
completing and reviewing the collection of information. Send comments regarding this burden estimate or any
other aspect of this collection of information, including suggestions for reducing this burden, to Washington
headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite
1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project
(0704-0188) Washington DC 20503.

1. AGENCY USE ONLY (Leaveblank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
September 2001 Engineer’s Thesis

4. TITLE AND SUBTITLE Performance Analysis of Pilot-Aided Forward | 5. FUNDING NUMBERS
CDMA Cellular Channel

6. AUTHOR(S) Nikolaos Panagopoul os

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING
Naval Postgraduate School ORGANIZATION REPORT
Monterey, CA 93943-5000 NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) | 10. SPONSORING / MONITORING
N/A AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES The views expressed in this thesis are those of the author and do not reflect the official
policy or position of the Department of Defense or the U.S. Government.

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for public release; distribution is unlimited

13. ABSTRACT (maximum 200 words)

In this thesis we analyze the performance of the forward channel of a DS-CDMA cellular system
operating in a Rayleigh-fading, Lognormal-shadowing environment. We develop an upper bound on the
probability of bit error, including all the participating interference. In addition, various techniques such as
sectoring and forward error correction in the terms of convolutional encoding are applied to optimize the
performance. We further improve the performance by applying a narrow bandpass filter in the pilot tone branch of
the demodulator. We then adjust the bandwidth of the filter in the means of the interference power passing through
and observe the effects on the probability of bit error of the system. Moreover, pilot tone power control is added to
enhance the demodulation. Finally, in this thesis a simple single cell system functioning as a port-to -port network
communi cation between very small numbers of usersisanalyzed.

14. SUBJECT TERMS 15. NUMBER OF
CDMA, Wireless, Performance Analysis, Rayleigh Fading, Lognormal Shadowing, Hata Model, | PAGES
Convolutional Code, Narrowband Filtering, Pilot Tone, Power Control, Forward Channel Model, 138
Antenna Sectoring, Single Cell Model 16. PRICE CODE
17. SECURITY 18. SECURITY 19. SECURITY 20.LIMITATION
CLASSIFICATION OF CLASSIFICATION OF THIS CLASSIFICATION OF | OF ABSTRACT
REPORT PAGE ABSTRACT

Unclassified Unclassified Unclassified UL

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANS| Std. 239-18



THISPAGE INTENTIONALLY LEFT BLANK



Approved for public release; distribution is unlimited

PERFORMANCE ANALYSIS OF PILOT-AIDED FORWARD CDMA
CELLULAR CHANNEL

Nikolaos Panagopoulos
Lieutenant Junior Grade, Hellenic Navy
B.S., Hellenic Naval Academy, 1993
Submitted in partial fulfillment of the
requirements for the degree of
ELECTRICAL ENGINEER

from the

NAVAL POSTGRADUATE SCHOOL
September 2001

Author: ' /%7 - 7

Nikolaos Panagopoulos

Approved by: ’r)\\ﬂ \ T . I\l—h

Tri T. Ha, Thesis Advisor

o T Tt

Jﬁ/E. Tighe, Thesis Co-Adfisor

G L

/f ovan Lebaric, Second Reader

ANTIR

Jeffrey B. Kyorr, Chalrman
Department of Electrical and Computer Engineering

iii



THISPAGE INTENTIONALLY LEFT BLANK



ABSTRACT

In this thesis we analyze the performance of the forward channel of a DS-CDMA
cellular system operating in a Rayleigh-fading, Lognormal-shadowing environment. We
develop an upper bound on the probability of bit error, including all the participating
interference. In addition, various techniques such as sectoring and forward error
correction in the terms of convolutional encoding are applied to optimize the
performance. We further improve the performance by applying a narrow bandpass filter
in the pilot tone branch of the demodulator. We then adjust the bandwidth of the filter in
the means of the interference power passing through and observe the effects on the
probability of bit error of the system. Moreover, pilot tone power control is added to
enhance the demodulation. Finally, in this thesis a smple single cell system functioning
as a port-to -port network communication between very small numbers of users is

analyzed.
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EXECUTIVE SUMMARY

An increasing demand for high data rate applications and greater mobility has led
to the development of a third generation of service (3G). The existing second- generation
system was originally designed for wireless voice communications and thus could not
afford applications such as wireless full internet access or high quality image and video
transmission. The third generation mobile cellular system employs Code Division
Multiple Access (CDMA) that can increase the capacity many times over the present
systems. Wideband CDMA systems are expected to offer high data rate services, up to an
outstanding 2 Mbps, which currently cannot be provided by existing cellular systems.
However, unlike Frequency Division Multiple Access (FDMA) and Time Division
Multiple Access (TDMA), that are bandwidth limited, Wideband CDMA (W-CDMA)
systems are interference limited. The primary interference sources are intracell and
intercell interference, however additive white Gaussian noise (AWGN) is aso
considered. In order to maintain an acceptable quality of service and enhance
performance, some forms of interference reduction are utilized in W.CDMA systems.
Thus, the performance of such cellular systems taking into account all the interference

parameters had to be explored.

Accordingly, we set up a forward channel for a DS-CDMA cellular system. We
built an information signal and we propagated it through the medium channel applying all
the appropriate losses, effects and interferences. We use the extended Hata model to
predict the large-scale path loss and we further incorporate lognormal shadowing to
express the power fluctuations between users at same distance from the base station.
Moreover, we use Rayleigh fading to express small- scale propagation effects, caused by
multipath and Doppler shift of the signal. We set the receiving mobile user at the edge of
the center cell, assuming the worst-case scenario. Finally, we form the total received
signal by the examined user including the intracell and intercell interference as well as
the Additive White Gaussian Noise (AWGN).

XV



A significant factor in determining the quality of service is the Signal to Noise
plus Interference Ratio (SNIR). Thus, we demodulate the received signal and we develop
the SNIR. We develop an upper bound on the probability of bit error for the forward
channel and therefore we explore the performance of an unfiltered system that takes into
account all the received interference. We then optimize the performance using various

techniques.

Accordingly, we incorporate Forward Error Correction (FEC) and we develop an
upper bound on the bit error probability for the coded system. We simulate the
probability of bit error using Monte Carlo simulation method and we compare the
performance results with previous work done. The large amount of interference imported
from the pilot recovery branch, is responsible for the quite poor performance that is
achieved. Thus, in order to limit the power of the interference terms down, a narrowband
filter is applied at the pilot tone recovery branch. Further reduction of the intercell
interference is acquired by antenna sectoring and thus we achieve an acceptable
performance for the coded DS CDMA system. However, whenever we increase the
amount of interference passing through the filter, apply heavy shadowing conditions or
augment the number of users per cell, the performance of the system diminishes, below
the standards. Therefore, we induce power allocation at the form of power control of the
pilot tone channel. We derive arelation between the power allocated to the pilot tone and
the other channels, and we develop the probability of bit error for the power-controlled
system.

Finally, we explore the performance of a simple single cell system operating in a
Rayleigh fading, Lognormal shadowing environment. In particular we examine the

functionality of this system as a port to-to-port communication between two to five users.

XVi



INTRODUCTION

A. BACKGROUND

Nowdays, the increasing demand for high data rate applications and greater
mobility has led to the development of a third generation of service (3G). The existing
second- generation system was originally designed for wireless voice communications
and thus could not afford application as wireless full Internet access and high quality
image and video transmission. The third generation mobile cellular system employs code
divison multiple access (CDMA) that can increase the capacity many times over the
present systems. Wideband CDMA systems are expected to offer high data rate services,
up to 2 Mbps, which currently cannot be provided by existing cellular systems. However
speed connection may drop to 144 Kbps for faster moving users, which is much faster
than a wired Internet modem connection (56 Kbps). The third generation system is
already been used in Japan and is going to be implemented in Europe in 2002. However
for the United States is not expected to be on line before 2004.

B. OBJECTIVE

Unlike Frequency division multiple access (FDMA) and Time division multiple
access (TDMA) that are bandwidth limited, wideband CDMA systems are interference
limited. The primary interference sources for the forward channel of such systems are
intracell and intercell interference, as well as the additive white Gaussian noise (AWGN).
Therefore, the objective of this thesis is to define a comprehensive Signal to Noise plus
Interference Ratio (SNIR), a significant factor of the quality of service experienced by the
user. Using that, we aim to develop an upper bound on the probability of bit error for the
forward channel of a CDMA cellular system operating in a slow flat Rayleigh fading
environment affected by Lognorma shadowing. In order to maintain an acceptable
quality of service and capacity, we intend to utilize some form of interference reduction.
Specifically, we can get advantage of the flexibility of Wideband CDMA and incorporate
novel features that can optimize the system performance and limit the effects of the
interference. Such features are convolution coding, sectoring, pilot tone filtering, and

pilot tone power allocation. Finally, we object to analyze the performance of asingle cell



system operating as a port-to port network communication between small numbers of
users.
C. RELATED WORK

There are alot of related researches on the DS-CDMA channel. However most of
the work done was focused on the reverse channel, which is generally much different
than the forward. A very comprehensive anaysis of a DS-CDMA forward channel has
been done in [1]. While in this investigation both Lognormal shadowing and Rayleigh
fading effects using convolutional encoding are considered, the interference from the

pilot recovery channel is being ideally filtered out and is not taken into account.

Furthermore, [1] optimizes power using fast power control instead of pilot tone
power control. There are several other relative publications that investigate the DS-
CDMA performance. However in these researches either Nakagami or Ricean fading is
considered as in [2] and [3] respectively, or FEC in the form of Golay codes is applied, as
in [4]. Moreover, the single cell performance analysis has not yet been anaytically
investigated, so the related work is quite limited.

Summarizing, we can conclude that previous analysis of the forward DS-CDMA
cellular system didn't consider the effect of the interference from the pilot recovery
channel. Therefore a comprehensive work that would include and extend previous
research needs to be accomplished.

D. THESISOUTLINE

In Chapter 11 we set up aforward channel for the DS-CDMA cellular system. We
aso build an information signal, which we propagate through the medium channel
applying al the appropriate losses effects and interferences such as path loss, shadowing,
fading or noise. Finally we form the total received signal by the examined user.

In Chapter 111 we set the mobile user in a position in the center cell of the seven
cell cluster assuming the worst-case scenario. We demodulate the received by the user
signal and we develop the Signal to Noise plus Interference Ratio (SNIR), taking into
account all the interfering terms. We then incorporate convolutional encoding and find an
upper bound on the bit error probability for the coded system. We simulate the

probability of bit error using Monte Carlo ssmulation method and we compare the
2



performance results with previous work done. Next we apply filtering at the pilot tone
recovery branch and we revise the aready developed probability of error by limiting the
interference terms’ power. Finally we further reduce interference by implying sectoring

to the antennas and examine the resultant performance for various channel conditions.

In Chapter IV, we further optimize the performance of the system by introducing
power control to the pilot tone channel. We derive a relation between the power alocated
to the pilot channel and the other users and we compare the resultant probability of bit

error with previous work done.

In Chapter V, we present a ssmple case of asingle cell environment, where a port-
to-port communication between two or three users is required. Therefore, we adopt the
already developed probability of bit error for the seven-cell cluster, revising it to a much
simpler form where intercell interference is eliminated. We simulate the probability of bit
error and we compare the results for a small number of users and different shadowing
conditions. We optimize the receiver adding a narrowband filter at the pilot tone

acquisition branch channel and we examine the performance for alarger number of users.

Finally in Chapter VI we summarize our conclusions and provide areas of further

research.
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II. FORWARD CHANNEL MODEL

In this chapter we are going to examine analytically the forward channel, which is
the traffic channel that carries the signal from the base station to the mobile user. This
channel, as discussed earlier, is very important, much more than the reverse channel, due

to the increased need for downloading very large amounts of data at high-speed rates.

Accordingly we'll first set up a forward DS-CDMA channel, and then an
information signal that we will propagate through the medium channel, applying all the
appropriate losses, effects and interferences, such as path loss, shadowing, fading or
noise. [1].

A. BUILDING THE DS-CDMA FORWARD CHANNEL

A typical sevencdl cluster is shown in Figure 2.1. The user we are going to
examine is user #1 of the center cell. The layout of the base stations and cells is assumed
to be as shown .We krow that in practice, the cells are circular overlapping each other.
However for practical reasons, we will use the hexagonal cells cluster in our model,
which is commonly used in theory.

Figure2.1.  Typical Seven-Cell Cluster.

Building-up the forward signal, we will try to comply with the notation set in [1],
so that a comparison of our results and formulas with previous work can be done.
5



We represent the information signal for the mobile user k as bi(t)I {1}, with bit
duration T. Each bit is spread by a factor of N, using orthogonal Walsh functions W,
NI (0,1...127), resulting to chip duration of Tc=T/N. We should note that the spreading of
each binary sequence is not the same, but varies according to the Walsh function Wy that
is used. Furthermore, the orthogonality of the Walsh functions assures that intracell

interference is eliminated.

In order to ensure equa spreading for all the information signals we will use PN
sequences, apart from the Walsh spreading. We call c(t) the PN sequence for the center
cell and ci(t), i=1,2...6, for the other cells respectively. All the PN sequences have the
same length N=128, acquiring equal spreading of the information bits and minimizing

intercell interference as well.

Finally, after spreading, the information signal is BPSK modulated and findly is

ready for transmission.
Summarizing al that, the transmitted signal for the k-th user can be described as
[Th]:
S (t) = 2P, b € W, { X (t)cos(2p ft), (2.1)

where

k = mobileuser or channel Kk in the center cell,

Pix= the average transmitted power in the k-th channdl ,

by(t)= the information signal for the k-th user channd in the center cell,

wi(t)=Walsh function for the k-th user channel in the center cell,

c(t)= PN spreading signal for the center cell, and

fc= the carrier frequency of the signal,

The sum of all the signals transmitted by the base station of the center cell to all

the usersin the cdl is:



S0=8 5.0 =& 2RbOULEOcos(P 1), (22)

where K is the number of the active channds in the center cell.

Next we will describe the effects and phenomena that take part in the propagation
of the signal.
B. PROPAGATION IN THE MOBILE RADIO CHANNEL

The transmitted signa suffers different type of losses and effects during its
propagation from the base station to the mobile user. These are the path loss due to the
distance between the base and the user, the lognormal shadowing effect due to the
different levels of clutter on the propagation path, and the small scale fading due to
multipath

1. Large Scale Path Loss

The power of a signal propagating at a large distance d decreases logarithmically
with distance, using a path loss exponent n related to the characteristics of the

environment. In general, the average path loss can be expressed after [5] as:

L. (d) = L(d,) +10n|og(di) (in dB), (2.3)

0
where [(do) is the average path loss at the reference distance dy calculated using the Friis
free space equation.

For cellular communications, the extended Hata model is commonly employed to
predict the median path loss Ly in dB asfollows:

L, =46.3+33.9log—°-—- 13.82Iogh°;“se- a(h,pie)
MHz m (2.4)
+(44.9-6.55l0g=)10g-3_+ |
m km °

where

a(h. i) = (L.1log fo 0.7) Mose _ (1.56lo0g fe 0.8) (in dB)

el T MHZ T m ' MHz ’

and



_10dB, for medium sized city and suburban areas

C. =
M~ 13 dB, for metropolitan centers.

The extended Hata Loss model is restricted to the following range of parameters
[Rap]:
fc = 1500 MHz to 2000 MHz,
hbase=30 m to 200 m,
Pmobile=1 M to 20 m,

d=1Kmto 20 Km.

Accordingly in our model we are going to use parameters that lie in between these

restrictions, and mostly near the worst-case limits, such as:
fc=2000 MHz,
hpase=30 M,
Pmobite=1 M , (2.5)
d=1Km.

Cw=3 dB, for a metropolitan center.

2. L og-Normal Shadowing

The formula we used in (2.4) for the path loss, does not consider the fact that the
surrounding environmental clutter may vary between two locations with the same

distance. This phenomenon is known as shadowing.

Eventually the path loss Lx (d) at a particular location is random and is distributed
lognormally [5]. So we have:

Lu(d)= L(d)X, (2.6)

where X is a lognorma random variable X~7? (0,7s4g), with mean p,=74gs=0 and

variance 7s gg, with ?=In10/10, as defined in [1].

Accordingly, when the extended Hata model is employed, we can add the
lognormal shadowing in (2.4) and the median path loss can be calculated as

8



Lx(d)= Ln(d)X : 2.7)
We further assume that the base station transmits a limited amount of total power
P to all the channels. If we assume that all channels will be transmitted with a base line

signal power P; then we can relate the signal power Py in each channel k to P; using the

power factor fy as follows:
R« =R (2.8)

where, the power factor will be fi=1 for dl channels in a uniform power allocation.
However, in the pilot control case that we examine in Chapter 111, we'll need to increase
the pilot tone power factor fp in order to enhance synchronization between the base
station and the mobile user.

If we apply the Hata-lognormal losses of the channel and simplify the antenna
gains and the system losses to one, the received power P, from the k™ channel can be
defined as:

P: R,k — fkR
“ L (dX L,(d)X

(2.9)

where

f, = the power factor used to adjust the power in the k™ channel,
P = the baseline signal power,

L, = the median path loss using the Hata mode ,

X = the Lognormal random variable ? (0,] s g).

As shown in [1], R is alognormal random variable, with B ~L(m,,I's ),
where m, =In(f,R/L,).
3. Small Scale Fading due to Multipath

Small scale fading is the amplitude fluctuations of the signal caused by
interference between two or more copies of the transmitted signal, arriving at the mobile
user at dlightly different times after bouncing off various obstacles and get time delayed
or Doppler shifted.



Our model as we' ve aready mentioned deals with high data rates. So the channel
impulse response changes at slower rates than the transmitted signal. In this case as seen
in [5], the channel may be assumed to be static over one or several reciprocal bandwidth

intervals. Therefore as proved in [1], the signal undergoes slow fading.

On the other hand, the mobile radio channel has a constant gain and a linear phase
response over the bandwidth of the transmitted signal. So as defined in [5], the received
signal undergoes flat fading. The most common amplitude distribution for a flat fading
channel is the Rayleigh distribution. Respectively we will assume as in [1], that the
amplitudes are distributed as a Rayleigh random variable R

Summarizing, we are going to use the Rayleigh slow flat fading channel model to
represent the small scale fading due to multipath.

C. BUILDING THE RECEIVED SIGNAL IN THE RAYLEIGH-
LOGNORMAL CHANNEL

In this section we are going to combine the phenomena analyzed separately in the
previous part and form a slow-flat-Rayleigh fading channel, with lognormal shadowing,
and path loss defined by the Hata model, setting up the signal received by the mobile
user.

1 The Forward Signal s(t)

As aready discussed, the transmitted signal s,(t) is affected by small scale fading

modeled by the Rayleigh random variable R, and large-scale path loss with shadowing
modeled by the lognormal random variable X and the median path loss L,, given by the
Hata model.

Moreover, we have to introduce to the transmitted signal a phase discrepancy q,,

and atimedelay t ,. All these are applied to the transmitted signal s,(t) of (2.2) and we

obtain the forward signal as follows:

K1 ZRk
(0= RITS A towi(t- tg)cos(2p fi(t- ;) +d,)

1

Ry2Rb(t- ta)W(t-t4)cos(2p fo(t-ts)+qs)  (210)
10
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We can assume that t , =g, =0, since these delays are relative amongst

the base stations, so the forward signal can be modified as

K-1
s(t) = a Ry2Rb,¢)w (t)cos(2p f.t) (2.11)
k=0
2. The Co-Channel Interference At)

The signals from the adjacent base stations dedicated to the users in the other six
cells of the cluster, are aso received by the mobile user #1 of the center cell. The sum of

these signals forms the co-channel interference and can be expressed as:
$ Ko-l
z(t)=a a R4f2Pb, (t+t )w, (t+t )c(t+t, )c(t)cos(2p ft+j,)(2.12)

]
i=1  j=0

where

i the adjacent cells i=1,2...6,

mobile user or channel j in adjacent cdl i,

]
Ki= the number of active channelsin adjacent cell i,

R = Rayleigh fading random variable for signals from adjacent cell i,

Pij=Lognormal Random Variable representing the average power received from
the j-th channel in adjacent cell i as defined in (2.9),

bij(t)= the information signal for the j-th user channel in adjacent cell i,
w;j(t)=Walsh function for the j-th user channel in adjacent cell i,

ci(t)= PN spreading signal for the adjacent cell 1,

fc= the carrier frequency of the signal,

t+= the time delay from adjacent cell i, relative to the time delay from the center
cell base station,

f; = the phase delay from adjacent cell i, relative to the phase delay from the

center cell base station .

11



3. The Received Signal r(t)

The received signal r(t)is comprised of al the above mentioned signals, plus the
Additive White Gaussian Noise(AWGN) n(t)~N(0,No/2).

Consequently,
(0= 50+ 2O+ n1) =& R2Rb, (W, (cos(2p 1) +

(2.13)
+

Do

JIN

D. SUMMARY

glR\/Z_PM (t+t,)w, (t+t,)g(t+t,)o(t)cos(2p f.t+] )

In this chapter we built a DS-CDMA forward Channel model. We set up the
transmitted signals and then we propagate them in the mobile radio channel. We
described the phenomena taking place during the propagation, and we modeled the
channel based on its distribution as a Rayleigh-Lognormal channel.

Finaly we formed the total signal received by the examined mobile user of the

center cell.

In the next session we are going to make an as redlistic as possible performance
analysis of the received signad, finding the SNIR and the BER, and then we are going to

compare the results for various parameters with previous work done.

12



[1l. DS-CDMA PERFORMANCE ANALYSIS

In Chapter I we presented analytically all the parameters participating in our
scenario. We built a channel model, and we introduced al the appropriate signals that
constitute the received signa. In this chapter we are going to use this signal to analyze

the performance of the receiver, adjusting appropriately various parameters, in order to
achieve the best performance.

Staring up the analysis we have to set the mobile user at a place in the center cell.
We will assume that the user is at any of the corners of the cell, which is the worst case,
since its distance from the base station is maximum. A graphic representation of this
scenario is shown at Figure 3.1. We call the distance of the user from the base station d,
and its distance from the adjacent cells base stations D;. Distance D; has been

geometrically in [1] as.

1d, i=45
D ={2d, i=3,6
1J7d i=12

Figure3.1.  Distance of Mobile User from Base Stations.

We are going to apply these distances at the Hata model of (2.4), in order to

calculate the median path losses of the transmitted signals.
13



A typical block diagram of the receiver of the mobile user is shown in Figure 3.2.
The received signal r(t) splits at the receiver into two branches. The upper branch is the
information branch where the data for the user are dispread. The lower branch is the pilot
tone recovery branch, where a pilot signa is acquired in order to achieve the
demodulation of the received information signal. Finally the demodulated signa is
integrated over the bit period and forms the decision statistic .

Next we will develop the demodulated signal v, (t), the decision statistic Y, and
eventually the SNIR in order to find the probability of bit error of the system.

»@)=LE)+ ne)+ @)+ )
p=iE

Wl(f) ¥ 7&
rt) gJ’z(f) '[j Y :|:

el(t)

=

p@)= L)+ o @)+ G @)+ 1y )

gL
|
")

Figure3.2.  Block Diagram of the Mobile Receiver.

A. THE DEMODULATED SIGNAL yx(t)

The signal received from mobile user has been defined in (2.13) as:
r(t) = s+ z()+n(t)

~

-1

Ry2R.b, (t)w, (t)d( ) cos(2p f) +

So(t)

]
Qo

=
1l

0

14



+4 & RYZRD, (4 (415 41,)005 1+ ) @
z(t)
+n(t).

The dispread modulated signal v, (t) at the upper branch in Figure 3.2, can be
expressed as.

Y () =r (O w(t) =(s,(t) +z (1) + n(t) o ) w(D)
=5OAYwO) +z(OYw O +n(O )W) - 3.2)

11(t)+g1(t) zy(1) hy (t)

Next we are going to analyze these terms contained in y; (t) .

Thefirst sum 1,(t) +g,(t) simplified is equa to:

1,(0) +6,(t) = $EO(YW(H) =Ry2RB Ewy¢ Xe(t)cos(2p T wt)e(t) (33)
% 0
+2A RY2RD, €)Wt )o(t)cos(2p fot) Zo() wh
=0 B
The desired information signal isin 1,(t) :

1,(t) =Ry/2Bby )W, ¢ Jo( ) cos(2p f Hwt )o(t) (3.0
= Ry2Rb,()cos(2p 1),

while the intracell interference in the information channel is contained in g, (t):

% 0
6:(t) =& RyZRh. (w. (t)o(t)cos(2p fet) e(t) w()

gkil @

) RYZRD, (W, ) w()cos(2p 1.0 (3.5)

1
Qo7

xx

=0
11

Theterm z,(t) containsthe intercell interference and is:
15



z,(t) = 2?‘3 f%laﬁ by (t-+1,)w (t-+1,)6 (£ +t, )cOS(2D f,t-+] ;) S() w(d)
4]

izl j=0

1

A A RYZRD, €)W, (+ W06 +,)o)cos(2p ft+ ). (36

0

.u‘
II

Finally, the term h,(t) contains the thermal noise in the channel:

hy(t) =n()d 9 w(). 3.7)

Summarizing, we saw that the upper branch contains the despread modulated

information signal |, (t), intracell interference g,(t), intercell interference z,(t) and

noise h,(t). So summing al that we have:

Vi (0) = 1) +0, (1) +z, () +h, (1) (38

The lower branch in Figure 3.2 is the pilot recovery branch. The pilot signal p(t)

in this branch can be expressed as:

p® =r(Od ) W 3.9

The Walsh sequence wy (t) isequal to 1 for al t, so (3.9) can be written as:

p(t) =r(t)e(t) =(s, (1) +z (t) + n(t))c(t)

=5, (t)e(t)+ z (t)c(t)+ n(t)e(t) = 1,(t) +g,(t) +z,(t) +h, (t) (3.10)
lo(t)+0o (t) z5(t) ho(t)

Next we are going to anayze these terms contained in p(t). The sum

[, (t) +9,(t) smplified is equal to:
(1) +g,(t) = 8a RJ2P b (t)w ()oY cos(2p f t)-C(t)

= (RyZR,(c(t)cos(p 1) oft) +o4 +ga} "RyZR D, 0w )o(t)cos(2p 1.1) gc(t) . (311

lo(t)

9o (1)

16



where we expanded the sum for k=0, and k* O.

The desired pilot toneis contained in 1, (t):

1o(1) = (RyZR b Ke(t)cos(2p 1)) i)
= R\J2P, cos(2p f.1), (312

since c’(t) =1 and b, (t) =1.

o),

The intracell interference in the pilot channel is contained in g, (t):

9o(t) = 8 R«/ZPbK(t)Wk(t)C(t)COS(Zpft)—C(t)

- 3 RyZRb(OW, (cos(2p 1.9 (313)
k=1
Theterm z ,(t) containsthe intercell interference in the pilot channel and is:
6 K 1
Zo(t) = ga a R+2R 1k, (t+t,)w; (t +t,)c (t+t,)cos(2p ft +] )—C(t)
ei=1l j=0
Ki-1
=& & RyZBb, L+, )W, (E+1)6 (14 )(D cos(2p T4+ ) (314
i=l j=0

Finally, theterm h,(t) contains the thermal noise in the pilot channel:
h, (t) = n(t)c(t) (3.15)
Summarizing, we saw that the lower branch contains the pilot recovery signal

intracell interference g,(t), intercell interference z,(t) and noise h,(t). So

summing all these up we form the pilot signa p(t):

P(E) = 15(t) +Go(t) +Z4 () +ho(D), (3.16)

where the terms are defined in (3.11) to (3.15).

Applying the pilot signal p(t) to the information signal vy, (t) we obtain the

demodulation of the received signal. The product of them yields v, (t) asfollows:

17



Y,(®) =y, )p(t) =(1, +g, +z ,+h ) (1 ;+9 o +Z o +h )
= I1|0 +|1go +|120 +|1h0 +gl'0 +glgo +ngO +glh0 +
leo +Zlg0 +ZlZO+ZlhO+ hllo +hlgO +hlzo +hlh0 (317)

Looking at the signal v, (t) we see that it consists of sixteen terms. Analyzing
these terms individually we see that the desired information bit b (t) is contained in the

term 1,1, defined by:

L1o=(RyZRb 3 cos(20 1)) (Ry2R, cos(2p 1))
= 2R JRRb (cos (2 )
= R?\[RRb,() (1+cos(4p f.1)). (318)

Intracell interference is contained in the 1,g, term defined as:

1.9, = (RV2R (1) cos(2p f t))ga RJZRb, (1) w (b cos(2p ft)6

-1
o

=d 2R°y/PR (1) B(t) w () cos’(2p f.t)

= é VR Rb (1) R (t) w(t)(1+cos(4p f.t)) (319

k=1

Intercell interference is contained in the 1,z, term defined as:

1z, =(Ry2Ph (cos(2p )

g:Ké’_x:Rﬁh -+t )W, (+1,) (t+t,)d() cos(2p ft+] )-

-4 3’1 RR2RRB0 -+, (+,)6 (L+1.)o(0) 2 (costap £+] ) +oos( )
é:KiRR\/a_abl(t)q(t )W, (E+ )G (t+t,)o(t) (cos(dp f.t+] ) +cosf ) (3:20)

Noiseis also contained in the | h, term:

18



1h, =(Ry2RB (B cos(2p £.0))(n(t)c(t))
= Ry2Rb,t N(t)c(t)cos(p f) (321)

Intracell interference is contained in the g, 1, term and is defined as:

%K1
-‘?a RyZR b, () ¢ )w4() cos(2p 1) (R\/Z_PO cos(2p ft))

o7 7]

=

R22«/P Rb Ow ) (§ cos’(2p f)

1
A XX ~
[
TEIO

RZ,/R)F;bK(t)wk(t)w(t)(u cos(4p f1)) (3.22)

1
QJo

xx
=l
R o

Intracell interference is also contained in the g,g, term:

&K1 1 )
990 =§é_1 Ry2R.b (W, ¢ )wi()cos(2p ft)‘? R2Rb, ) W dcos(2p .02
=3 & R2[RRb,.(Ob,OW,w(t) w §cos'(2p £
=3 & RRRBODOW, )W (1) vy () (1+ cosp 1.0)
= ;?_1 é R2\RP,b, ()b, € )Wiar ()W, () (1+cos(4p f.1))
e 0
QK 1 K-1 K-1 :
=8 RYRPLB Obu®+8 & RERRb (O, 6w, (0w, 1) {1+ costép 1))
Ciet D kA -
8 g=kA1 é

=§R \/me (t)boM(t)+a R®\/RR1b (D)bysa (1) +

19



6
K-1 K-1 -
+a A R\[RRb Oy ) W ()W, () Z(1+cos(4p 1))
k=0 qzl 4

kil qtkA1 9

SR VRRR() +8 RRR LD OB () +

K-1 0
A R \[RP DOy (W (1) Z(L+cos(4p 1)), (323)

o=1 :
qt kA1 [/}

1

Qo%

xx
=
PO

where w4, (t) isaWalsh function, defined in [1] asthe product of w; (t) and w (t).

A product of intracell and intercell interference is also contained in gz, term:

1 0
92, = é Rﬁa(t)wka)vw(ncos(aoft)_
ki1 ﬂ

Ké R2R b, ¢+t )w; (t+t )G (t+1,)() cos(2p f.t+] i)?

=0

('D~O

I
'mom ﬂ

-1K-1

RR\/PKF.’JQ (t+t )b ) w (t+t)w EwE)g (E+t,)c(t)’

°_7<
Qo7

I
Hu
z4

(cos(4p ft+j ;)+cosj ) (3.24)

Intracell interference we aso have at gh, term:

5
ga R\/ﬁ b () w ¢ )wi(hcos(2p f.t) Zn()e()

IZI
-1

R\/ b (O, € W€ € )e(t)cos(2p f1) (3.25)

7\-7\- QJOX

Intercell interference is aso contained inthe z,1, term and is defined as:

GKl

21, =08 & RyZR, L+ W, -+ )G -+ )ocos( Ft+1 ) Ry2ZPs cos2p £,0)
ei=1l j=0 g
= & & RR2RRD, (t+, ) 1+ W) G(E+t )Y cos(2p f)cos(2p f1+] )

'u‘

i j=0
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Ki-1

-4 4 RRRR by (t+t,)w, (t+t, )w 1)t +t,)c(t)[cos(4p f.t+j ) +cosf )]  (3.26)
i=l j=0
A product of intercell and intracell interference is present in z,g, term, defined as:
6 K -1
2,0, = ga a Ry/2R0; -+t )w; L+t )w(t) Gt +t )e(t)cos(2p ft+] )—'
€i=l j=0 a
%1 .
¢ RyZRDOW0cos(p )+
6 Ki-1K-1
=4 & & RR2RRLM (t+1)w, (t+1)w W )G +t,)c(t)’
i=1 j=0 k=1
cos(2p ft)cos(2p ft+j ;)
=56K°1:§11RR\/P.JPb(t)b (€ + w; (t+) W, () G (8 +t,)o(t)(cos(4p f.t+] ) +cosf ,)) (3.27)

A product of intracell and intracell from the pilot recovery branch, interference is

contained in the z,z ,term:

2,2,= aetalRﬁ by -+, )W, (E-+ )W (0)G (t +t )o{t)cos(2p F+] )5
el-l j=0 ]
a Kél . 0
¢ & R[2R o, (t+t )W, (t +1,)G (t +t,)(t)cos(2p ft +] )+
ei j=0 (%]
K"ng 1Fquz,/F;qub(t+t Yy (€ +E )W ( +E )W (E+1 )"
+1,)C, (t+t ,)C* (eos(2 ft+] )cos(2p f,t+] ,)

K 1

Ki-1 6
a é’ é’ RR”Z\‘ P”qubj(t +ti)bpq(t +tp)Wi (t +t1)qu(t+tp)’

i =0

o (t+t,)c, (t+t p>1gcos(4p ft+], +] )+cosl - | ,)H

°-Ul

1
i=1

Q
II

)

6
S
=a
t

S

[LLY

©
[y
fe)
o

=5°1 é é a RR, /B Py by (t+ )b (t +E )W ( + )W (t+1 )
c(t+t)c p(t+tp)gcos(4p ft+j, +j ,)+cos( -j ,)f (3.28)

A product of intercell interference and noise can aso be found in z h, term:
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z.h, =(n)c(t))’

1

~

6

¢ ca & R/2R by (+t )W, (t+t )w ©)6 ¢ +t,)d ) cos(2p f.t+] )3
ei=1 j=0 g
=é6KélRJf -+ Jw (E+ ) (1) Gt +t)n(t)cos(2p it +j ) (3.29)

'u‘

i 0

j

Noise in the demodulated signal is aso expressed by the h, |, term as:

hylo = (M) o § w(t)( Ry2R; cos(2p T.0))
= Ry2R, () ¢ § w(hcos(2p ft) (3.30)

The next term contains noise and intracell interference:
hg, =(n(H Y w(t))ga Ry2R.D0, ) w, (hcos(2p ft)-
= a R‘\/ZR(bk(t)n(t)Wk ()it )xe(t)cos(2p f.t)

= & RyZRb. (ON()Weer (DC(1)COSD 1) (3:31)

where w4, (t) =w, (t)w(t) is a Walsh function defined in [1].

Noise and intercell interference are also contained in hz,, term:

hiz, =(n(9 ¢ ) w(D)’

G2 & R/2Rb -+ ), 1+ )61+ ) cos2p i+ i)f?
ei=

6 K
£°i a Ry2R byt +t )n(tw (t+t,)w; (t)G (t +t )cos(2p ft+j ) (3.32)
Finally, mise in the demodulated signal can be aso found in the hh,term:

hyh, = () ) wB) ((He())
= () () w (1)
= n*()w(o), (339

since c¢?(t) =1.
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Accordingly, the demodulated signal v, (t) from (3.17) is modified using (3.18)
through (3.33), and then is sent into the integrator in order to determine the decision
statistic Y, which we'll perform in the next Section.

B. THE DECISION STATISTICY

In this section we will develop the decision statistic Y, which would help us find

the signal to noise plus interference ratio and eventually the performance of the channel.

In order to calculate Y we will integrate the demodulated signal vy, (t) consisted of
the 16 terms we calculated in the previous section at time t=T, as shown in Figure 3.2.
Moreover we will condition our decision statistic Y, on the Rayleigh fading random
variable R=r and on the received power Py=px which represents the lognormal random
variable. Thisresultsin

Py

]
Y], = Q Y. et

_ \Taéllo + llgo + |1zo +|po +gllo 19,0, 10,2, +g1h0 + 0
=Q¢ -
e+21|o tZ2,9, tZ,2, +21h0 ++h1|0 +hlgo +h120 +h1hoﬂ

LY
T T T T T T T T
=04o| *tO8| *+QJZo +d1h0 +®1|0 +@190 +®1Zo +®1ho +
0 rp O rp O rp O rp O rp O rp, O rp O rn
Y 91 Zn hy 92 Y13 Zp hy,
T T T T T T T T
+@1|0 +élgo +é120 +@1h0 +6‘1|0 +@190 +é1120 +dj‘1h0
0 rp O rp, O rp O rp O rp, O rp O rp O I
Z13 Z14 Z15 s hy g he hy;

:Yl+gll +le +h]_'l. +g12 +gl3 Z 12 -lh 12 1z 13 Z 14 KA 15 -h 13 +h 14 +h:|5 +h16 +h17

15 2 fy
=, +az+ag+ah. (3.34)
i=11 i=11 =11

In the next pages we will develop each component of the decision statistic Y

separately:

Lo Y=l

=) */PoR ()L +cos(4p f.0))ck
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.

=r? Po p1b1Q (1+ cos(4p f t))at

= rz‘\] PoP,Thy, (3.39)
where byl {+1} corresponds with the time function by(t), which is constant over the

period (0, T). Also we assume that the carrier frequency f. is an integer multiple of the bit
rate of the system, which means that f.=k/T, so we have

Ij:os(4p f t)dt = 0.

= OK'gll r*y/ Py PR (b, () w (D)(L+cos(4p f.t))dt

T
2. O = Q |1godt

P g k=
‘%l 2 T\ Ig_l 2 T\

=a ri/ppbb, M )t + A r2y/pp, bib, v Y cos(4p ftydt
k=1 0 k=1 0

=0, (3.36)

where the first integral is zero since a Walsh function integrated over the bit period is
always equd to zero and the second integral is also zero since fe=k/T.

3. zn:dllzodt

Py

rRy PR BB (t+)w; (+t )G (t+t;)c(t)(cos(dp ft+] ) +cos( ;))dt

x

N 1

06
—Qa

.

[y

=0
K -1
Ve Qa a

=0

Qoo

R/Rby(D); (t+t, Jwg (t+t,)c (t+t )e(t)cos )t (3.37)

’u‘

4. hy, = ) Lhott

= ) /2R hn()e(t)cos(p et
=r\2p, T(‘pl(t N(t)c(t)cos(2p f tydt (3:38)

-1

=Qa r'y/p R (O WO WL+ cos4p f.))ck

kll

J

J
3. 0 = Q! odt

I, P
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=

1
X ~

o]
I

~
[u

2 PoP.b, ) Wi (O W ()(1+ cos(4p T.0))ck
P

Il
Qo

r 2\/ o P« By géc‘)'vk ¢ w,(t)dt +;\jl+ cos(4p f.t))dt 9
€o 0 17}

x X
=
I =e

©e

(3.39)

where the integrals are zero due to the orthogonality of the Walsh functions and the since
we assumed f=Kk/T.

1

N K.
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=Y +0u, (3.40)
where we assumed again that f.=k/T. As we see we gain another Y; term, which doubles
the power of the desired signal, however we also get an intracell interference term in the

form of 2.
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G (t+t,)c(t)(cos(4p ft+j ) +cosj  )dt =

=r9a a & a R\/pk by (t +t, )b, )W (t+t )W, MG+t )(d cog dt  (3.41)

|10

8. 13— 5 1l odt

z Qz | .
= QA & RyPRD, € +)w, -+ )W O)G(t+t)e(t)((cos(4p )+ ) +cos( )
=rp, dé’ﬁx KélRJT (6 )W (E+t )W (£)G (E+t, )c(t)cos( )t (342)
9. h,=Qohu =dé’1r\/2pkq¢)m WA D € )e(t)cos(2p ft)ct

:réé V2 € W, O On ()l § cos(2p ft)dt (343)
10 2,=920,d4=Q & é & 1RR B (O, (4w (L+) Wt (1)

C (t+t, )c(t)(cos(4pft+1 )+cos )t

=r§ 84 & RYRRBOR )W 06+t )Y & (24)
11. zlszdzlzodt

T Kg

G (t ti) o(t+t )gCOS(4pft+J + ,)+cos( -] ,)H
- 34 156 KalRR\/RJqub(tH D (W, (4 W (t4 )
c(t tl)c (t+t )cos( -] ,)dt. (3.45)

2. h,=Q zhdt]

) (‘361 3 R\/Z_Ff, -+t (E+T)w(t)G (E+t,)n() cos(Zp ft+j )dt  (3.46)

13 hy = hylgdt

= 2O 9 whcos(2p f. ek
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=120, N(H ) w(hcos(2 f.o)ct (3.47)

T
\

14. hg= Q hugodt

=rQA V2RBON(HW W E)o() cos(2p fet

=rQa V2PhONHWes (e(t)cos f)ct (348)
k=1
:
15.  h,=h,z,dt
16 — Q"1%0 -
= & & RYZRH MO WA+ WO+ )oosD 114 ). (349)
16. h,=g hhd] =g n2(t)w(t)d. 3.50
g hhud| =q WO (350)

Summarizing al of the above, we see that the demodulated information bit is
expressed by two Y; terms, acquired by the integration of 111o and 2% terms respectively.
Intracell interference ?is expressed by g,,term only, derived from the integration of 2%

term, since g,, and g,, are zero, while intercell interference can be expressed by z , where
‘135

z=Qz- (3.51)
i=1

Finally, the additive noise contribution to the decision statistic can be combined in
h term, where
(1)7
h=gh,. (3.52)
i=11

We can aso combine the noise, intracell and intercell interference in our decision

statistic into a single term x . Summing all these up, our conditioned decision statistic Y

from (3.34) becomes:

Y|r'pK =Y+ Y+ g+z +h

= 2V, +X, (3.53)

where x =g +z +h .
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As defined, Y|W is not very practical for the developing of the performance

analysis of our system. In order to simplify the analysis we can use atechnique called the

Gaussian approximation. Accordingly, we assume that al the terms of the above

equations are independent and we are going to model Y|r . & Gaussian random variable

y. with mean

E{y} =Y =2Y, = 2r%[p,p,Th,, (3.54)
where Y, has been defined in (3.35), and variance the sum of the interfering terms

variances defined by
Var{y} =Var{g} +Var{z } +Var{h} =Var{x} =s° (3.55)

Summarizing, we modeled our decision statistic Y as a Gaussian random

variabley~ N(Y,s,). In the next section we are going to develop the SNIR and

probability error of our system.
C. SIGNAL TO NOISE PLUSINTERFERENCE RATIO

In this section we will develop a conditional SNIR for our DS-CDMA forward
signal in the Rayleigh-lognormal fading channel. We will not remove the conditioning on
the random variables R=r and Py=px, until we develop the probability of error. The SNIR
after [6] is defined as the ratio of the average power of the message signal to the average
power of the noise, both measured at the receiver output. Therefore, the SNIR can be
defined as

_Y
Py _S 2
X

SNIR| , (3.56)

where Y is defined by (3.54), and s’is determined in (3.55) and is going to be
thoroughly defined in the next pages.

The total intercell interference ?is defined in (3.51) as the sum of al the intercell

interfering terms 2, Since the co-channel interference contributions 2 are modeled as zero
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mean random variables, we define the total co-channel interference variance as the sum

of the variances of the contributing terms:

Var{z} = g Var{z;} (3.57)

i=11

We define the variances of the interfering terms 2 as follows:

Ki-1
Var(z,} =s%, =1 0778 & EGRHEE B (3.58)
3N i=L j=0
§ gt Kt 2 A
Var{z,} =s % —3—r2TZa a a PEERHEERH; (3.59)
i=1  j=0 k=1
ki1
1 § ot .
Var{zB}:szzB:erpoTza a EER’HEERH (3.60)
i=1l j=0
) 1, .8 'tk 2 N A
Var{z,}=s%_ =—r'pT’a a a KEERHEERH (3.62)
3N i=1 j=0 k=1
l ac? Ki-1 K;-1
Var{z,.}=s % :Wng—a 2 é_ EER'HEER tE &, bt
e3 i=1 j=0 q=0
18 % 8%t o, 9
+Za1 a a a EERHEERp HE &R HE &P (3.62)
i= j= ( -

2
where the compl ete derivation of these terms can be found in Appendix 111-A.1.

The intracell interference contribution g is represented with g,, term. We define

its variance by

K-1
=r4T2a P Peaa » (3.63)

k=2

Var{g} =sg2 =S

914
where the complete derivation of this term can be found in Appendix I11-A.2.

Similarly, the total additive noise h is defined in (3.52) as the sum of al the noise

terms h. . Since the noise contributions h. are modeled as zero mean random variables,

we define the total additive noise variance as the sum of the variances of the contributing

terms:.
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Var{h} = 37 Var{h;} (3.64)

i=11

We define the variances of the contributing terms h. as follows:

var{h,} =s %, = ;rzplN T, (3.65)
Var{h,,} =s?, :% r’N,T tézll P (3.66)
o1

Varfh,} =s % :%NOTiai é EERHEER B (3.67)
Var{h,} =s % =%r2pON g (3.68)
Var{h,s} =s % = %rZNOTtai_ll P (3.69)
Var{h,} =s % :%NOTél Té:: EERHEER B, (3.70)

Var{h; )} =s % = 3'102 , (3.71)

where the complete derivation of these terms can be found in Appendix 111-A.3.

Using (3.57) through (3.71) we can update the variance of the decision statistic Y
defined by (3.55) as follows:

2 _ 2 2 2
S, =s, +s, +s,

]65 ‘]57
—as%+s’w+asm
i=11 i=11
i
1 1 6 Kél
:%— pT°4 4 EERHEER N
i 3N a4 jeo
T Zn

K -1 K-1
$ 'y o

1 e
+mr2T2é a a PEERHEER B+
i=1 j=0 If@:(i

Z12
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6 Ki-1 K-1
1y A A PEERHEER B+ (3.72)
3N i=1 j=0 k=
u
K-1 K-1 K 1 K 1 OI
1 2(;106 5 o da o £ 8 S |
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Accordingly we modify the conditional SNIR from (3.56) as

NIR, = (V) . (20)

2 2 2 2
s,” S,°+s,“+s,
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2 2

(2r plpoT)
s 245 245 245 245 2+Sg2+sh2+Sh2+Sh2+sh2+sh2+sh2+sh2
11 1 12 13 14 15 16 17

Zu Z12 Z13 Z1 Z15

_4r'pp,T?
s

X

where s *is defined in (3.72).

(3.73)

Summarizing we developed the SNIR for the uncoded DS-CDMA signal
operating in a Rayleigh-Lognormal channel. A comparison can be made with the SNIR

obtained in [1], where the pilot channel interference was assumed to be zero and thus
only SZBZ and sth variances where considered. As we see in (3.73), another Y; term

was gained, however had to take into account considered dl the interfering terms since
any filtering had not been applied. The performance of the system under normal
operating conditions even with the ideal filtering was proved in [1] to be quite poor

(Pe@/2), without using any coding.

Accordingly, in the next section, in order to improve the performance of the
system we will we will add forward error correction (FEC), keeping up with the analysis
donein[1].

D. FORWARD ERROR CORRECTION

As seen in Section C, in order to have a meaningful analysis, Forward Error
Correction (FEC) was required. For comparison reasons and compatibility we will add
the same FEC with [1] to the system. Therefore an (n,k) encoder is applied, producing n
coded bits for every k information bits, which gives us a coded rate R..=k/n, and a

reduced bit duration Te=T(k/n), in order to preserve the bit rate of the system.

On the other hand a decoder is applied at the output of the demodulator of the

receiver in order to extract the information signal.

For simplicity purposes we will assume that the information bit transmitted is
by (t)=1, for all the values of t, which is the all zero sequence. Accordingly, we will name
the coded bits examined by the decoder ym, where j is the branch in the trellis of the

decoder and m=1,2...n isthe position of the coded bit with in the j-th branch.
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To decode the information we will use a way similar to that of [7], using the

Viterbi Algorithm with soft decision decoding.

Accordingly, our demodulator output from (3.53) will change to:

Yiml, . =Y im+XCim, (3.74)
where

Y %im = 2 [ Do Py T »
and

X%im=2°jm+Q°jm+h jm
]°.5 é7
=a Zci'jm +g014,jm +a hci,jm
i=11 i=11

The decoder output y;m, conditioned on R=r and Px=px, can be modeled as a

Gaussian random variable, exactly as Y|r N in the uncoded system. Similarly, the mean

value of y;m adapted from the uncoded case, can be defined as

E{ yjm} :Y_ij = 2rjm2'\’ pO, jmpl,jmch ' (375)
while its variance can be defined as

Var{y,} =Var{x‘in}

=Var{g;,} +Var{z |} +Var{n'}

15 17
—Ac2c 4+c2c +A g2
- a S Ziim S 914,im a S Niim

i=11 i=11

i113 it14

Using the same procedure as in [7], [1], the Viterbi agorithm branch metrics in
each path i for branch j are:

M = & yim@- 2¢” m), (3.76)
m=1
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where c¢;,1{0,1} is the logica transformation of the analog information bit

0]

b*im 1 {£1),and b, =1- 2c!).

We sum the metrics over all the branches B and form the path metrics:

j=1

S8
CM® = 4 ",

Yim(L- 260) (3.77)

Il
'QJOUJ
i QJO:;

T
3

1

If we set i=0 the correct path, then since it is ¢, = Ofor all jm, (3.77) becomes

B n
CMP =3 Q Yin (3.79)

=1l m=1
On the other hand for any other competing path i=1, cf,?] =1 for a number of coded
bits. At this case (3.77) can be described as

CM® = Yim(@- 265 (3.79)

1

JIN

Qow
= Qos

We will denote as d bits in this competing path, the number of the bits that

Cfﬂ =1. Accordingly, in the next section we will find the probability of error for any path

through trellis, which is a distance d from the correct path.
E. PROBABILITY OF BIT ERROR

In order to find the probability of bit error, we will use the procedure described in
[7], finding primarily the first event error probability. This is defined as the probability
that another path that merges with the all zero path at node B has a metric that exceeds
the metric of that all zero path for the first time. If we suppose that the incorrect path that
merges with the all zero path is for example i=1, and differs from the al zero path in d-
bits, then there are d 1's in the path i=1 and the rest are 0's. Then, after [1], [7] the

probability of error in the pairwise comparison of the metrics CM® and CM® is

R@), ., =P{CM® 2 CM®}
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=Pr{CM® - CM© 3 }

;
= Pri-28 & ycl? 0%

T j=1 m=1

.
PrA QA vy.ChE oy. (3.80)

I j=1m=1

If we set a new index | that runs over the set of d bits in which the two paths
differ, we have yg¢=y,, , for ci, =1. Accordingly the first event error probability can be
modified as

13 i
L L L
=Pr{ Y, £ o} . (3.81)

where the random variable Y, is the sum of the independent Gaussian random variables

yd. Theresfter Y, isalso a Gaussian random variable. Its first moment is defined as

E{ Y} =a E{y8

d
= é 2r|2 Po, P Tec (3.82)

=1

As we defined in (2.9), the received power P, from the k" channel can be written

__ R«

T X (3.83)

Adjusting this equation for the coded case, we can modify the fixed terms py; as
follows:

(3.84)
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where X=X, is our lognormal random variable, X, ~L (0, s ). Moreover it has been
shown in [1] that the transformation of X, =1/ X, results in another lognormal random

variable X, ~ L (0,1 s ), with an estimate of

E{X,} = E{V X} = E{ X} =exp(’ SdB

), (3.85)

where m, =l my =0.

Thus, we can modify the estimate of Y, from (3.82) as follows:

&® f O& f
EHYyr=Y = al \/‘fL (d)x% p&L, (d)Xua

_ 2 0'"17t"'cc 9
_—\/LH @ an (3.86)

Accordingly the second moment of Y, isdefined as

Var{y} = éd_ Var{yg =éd. Var{x} =

=1 1=1
d
= & (Var{z(} +Var{g} +Varh})
I=1
§ié& ¥ U
=ajias ZZiCJ +S 291°41 +as zhic,l Y
1=t 1 i=11 i=11 E
§d a1 ‘o't
= 6l = PuTw a a E{RIE{R}I+
=1 | 3N i=1 j=0

6 1 K-1
2 0

1 S
+I T8 & A PERIER)

i=1 j=0 k=0
ki1

1 § 't »
TV ‘mT. a4 a E(RIER)

i=1
Lo 48 o HRIER 3.87
an" a a a b ,ERIE{R} (3.87)

N i1 j=0 k=1
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Eventually, we can now use the moments of Y, that we found in (3.86) and (3.87)

to find the first event error probability from (3.81), as follows,

R@), ,,=P{¥%£9

v2 0
—QQ y i
& S @
Tl LRI o t_f :
QS| L2,(d) &% +
=Q¢ S
g\ gas ZJ+S 914\+ash\21
8 1=1 €i=11 i=11 ﬂ!-a
e (0]
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a, 7}
, (3.88)

where we practically grouped the variances into two terms a, and a,, depending on if the

contain pilot tone or not, as follows:

L2 (d) ¢
= S Z13| +S 1a) | 1 389
& =TT 78 (8% +%i) (3.89)
ad
HOE S o 0
a, = aSa s +s 14.+as % (3.90)
2 f szToi | léllS ’ |1]1_"L1 B

We dso introduced in (3.88) a new random variable z,, which is the sum of d

multiplicative chi-square (with 2 degrees of freedom)-lognormal random variables given
by
d
Zg=an % (3.91)
=1

and a second random variable w;, which is the sum of d squared multiplicative chi-
sguare2- lognormal random variables, defined as
d d
Wy =a (%)*=a n'% (3.92)

=1 1=1
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In order to develop the first event error probability in a more practical form, we

will need to expand the a and a, terms. We will use the estimate of the lognormal
random variable X, and X, defined in (3.85), and we will also normalize the expected

value of the Rayleigh fading parametersto 1, such that E{R%} =1.

We will aso introduce a new variable E_, which represents a baseline received

coded hit energy without the effects of fading or shadowing, such that

£, =20,
Ng
ﬂo flRT - flRch

“&nplL,(d) L,(d)’

(3.93)

where Ey, is the uncoded bit energy.

Consequently, the first event error probability conditioned on r, x and

consequently on z,, w, can be modified from (3.88) as follows:

472 ©
P = + 3.94
@), = é*/aﬁazg (394)

where
aeexpad ’s §Bd 0
¢EPeT2 Lo L,(d) 1aE 6%
=2 G o2 é 0Lu(@) | + (3.95)
al Zd(; 3N i=1 ]:O({ fl QL (D) 2(;’N0g :
§ b
and
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The details of the conversion of a and a, into the above form can be found in

Appendix I11-B.

2
For simplicity we can set a= 45_” . Therefore (3.94) can now be expressed as
at+a,

R,(d)]. =QWa) (3.97)
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We can now remove the conditioning in (3.97) by integrating across the pdf

p,(a), asfollows:

¥

R,(d) = OR(d)], p.(a)da

= ORWa) p,(a)da (3.98)

Summing the point estimates of P»(d) over al the possible distances d between

code words, we can calculate an upper bound of the bit error probability Pe as follows

[7]:

¥
RES & bR(d), (3.99)
k d:dfree
where [y is the total number of information bit errors, assuming that the correct word is

the all- zero code word, and k denotes the number of information bits per level.

Aswe seein (3.99) for any particular convolution encoder we require a series of
P2(d) for d=diee, Oireetl,direet2,... in order to calculate the upper bound on the
probability of bit error Pe . For practical reasons we will use the first five terms only, so
we will have that d=dfee, Oireetl...direet4. In our analysis we will also consider
convolutional encoder with a code rate R, =1/2 and constraint length v=8. Therefore we
assume diee =10, which is a typical value for such encoder. Consequently we can
calculate the values of [ for this particular convolutional code, and find 3;0=2, 311=22,
[32=60, 33=148, [3,=340. Eventually we incorporate the simulated results of P»(d) for
d=10 through 14 into (3.99), and calculate the bounded bit error probability Pe.

Therefore we developed a tight upper bound on the probability of error Pe for the
coded cellular system in the Rayleigh-lognormal channel. In the next section we will use

all these to explore the performance analysis of the DS-CDMA cellular system.
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F. BIT-ERROR ANALYSISOF DS-CDMA WITH FEC

In Section E we developed the probability of bit error of the DS-CDMA channel
with FEC operating in a Rayleigh fading and lognormal shadowing environment. In this

section we are going to anayze its performance over various interference weights.

In order to evaluate the integral in (3.98) we will use the Monte Carlo simulation
method. Thus, we generate d independent samples from the chi-square2 lognormal
distribution. If we sum them, we form one realization for the zy, defined in (3.91). On the
other hand, if we first square each one of the d samples and then sum them we form one
realization of wy, defined in (3.92). Consequently we replace them in (3.98) and we get
one redlization ?1 for P, (d). We repeat this process 10,000 times and form our point

estimate i~ for P; (d) as follows:
F=—23Qqr,. (3.100)

We then introduce the ssimulated first event error probability to (3.99) and get the
tight upper bound of the probability of bit error. Accordingly, we simulate our model for
the case of 2 and 3 users per cell and for sqg=2, and 3 dB. Figure 3.3 depicts the resulted
probability of bit error, versus the average received SNR per bit given by

— 2 \1 1[;] 1 - Eb
= E{R} E%Y%m = E{X}WO, (3.101)

where we normalized E{ Rz} =1.

As shown in Figure 3.3, the probability of bit error using FEC is quite poor,
bellow the minimum standards (Pe»103~10), even for a very small number of users or a
light-shadowing environment. The cause of the poor performance can be focused on the
great amount of interference at the pilot recovery tone, which deteriorates the

demodulation of the signal.
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Figure 3.3.  Probability of Bit Error for DS-CDMA in Various Channel Conditions
with 2 and 3 Users per Cell, using a Rate %2 Convolutional Encoder with v=8.

G. APPLYING FILTERING AT THE PILOT TONE ACQUISITION
BRANCH

In Section F we analyzed the performance of the forward channel in a DS-CDMA
cellular system. As we saw in the smulated results the performance of the system
athough we used FEC turned out to be quite poor. (Pe<<1073).

The solution to the poor performance of the system can be focused on the
elimination of the interfering terms. As we saw in Section A the interfering terms g, (t),
z,(t), hy(t) in the pilot signa p(t) are spread spectrum signals, compared to the
narrowband component |, (t) . However, as it was proved their interference at the signal

performance is still very large. Therefore, in order to eliminate this we apply a narrow
bandpass filter at the pilot recovery branch centered at the carrier frequency f¢, as seenin
Figure 3.4.
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Figure3.4.  Block Diagram of the Mobile User Receiver using a Narrow Bandpass
Filter at the Pilot Acquisition Branch.

Accordingly, the performance of the DS-CDMA channel would depend on the
characteristics of the filter, such as type or bandwidth. For practical reasons we are not
going to specify a particular type of filter. Instead we are going to let the reader decide
what are the characteristics of the filter he wants for optimum performance. What we are
going to specify is a practica variable B, which corresponds to the power of the
interference passing through the filter, and is directly proportional to the bandwidth and
the type of the filter. This variable takes values from O to 1, corresponding to al the
possible states between two cases. The first case where B=0, represents the idea filtering

case where 0% of the interference passes through the filter, while the desired pilot tone
signal |, (t) remains unchanged, and has been thoroughly analyzed in [1]. The second case
where B=1, corresponds to the no-filtering case, where 100% of the interference passes
through the filter, and has already been examined in Sections C to F.

Conseguently, we are going to adopt for our analysis the already developed in
Section E moments of the signal y, and eliminate the power of all the interfering terms
by avalue of B. The only terms that will pass unchanged through the filter are the pilot
tone terms. Therefore the terms z,1,, h, 1, and consequently their integrated products z .,

h,,, are the only terms that will not be attenuated by the filter.
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Another difference in the analysis can be spotted in the integrated intracell

interference product g,9,, described in (3.40) as follows:

0= Q9| =r7fpop,Toy+rT g8 /PR B~
T k=2 (]

G4

Iy Py

:Yl+gl4

The product of the intracell interfering terms resulted to another Y; term, which
doubled the power of the desired signal. However, using the narrowband filter on the data
recovery channel, we reduce the effect of al the non-pilot terms coming from the pilot
recovery channel, including the loss of the additional Y; term. Consequently this term
will no longer aid the demodulation, but on the contrary it will act as interference.
Accordingly, in order to get an as more as possible redlistic anaysis, we will subtract it

from the information signal terms and apply it to the filtered interfering terms.

Thus, the estimate of Y, from (3.86) will have the Y1 term from the product of the

pilot terms 111o only, and will be modified as follows:

o _g o) f 0% f
VY=Y _a:- \/QL (d)x ﬂeL (d)X|g

— ‘\/ fOfIRch éd r_I2~
L,(d) 5
(3.102)
Accordingly the second moment of Y, will be defined as
2
= 14% fozf R e (3.104)
L, (d)

Eventually, we can now use the moments of Y, that we found in and (3.104) to

modify the first event error probability from (3.88), as follows,

R@, ,, =Pr{¥£9
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=1
The details of the conversion of a and a, into the above forms can be found in
Appendix I11-B.

The unconditioned first event error probability has been defined in (3.98). We
simulate the first event probability of error the same way we did in Sections E and F,
using Monte Carlo simulation method. Eventually we introduce our results to (3.99) and
get an upper bound in the probability of bit error.

Before we proceed to the analysis of the BER of the filtered case we will test our
simulation model. Thus, we allow only the desired pilot tone to pass through the narrow
bandpass filter, while all the interfering terms are being eliminated (0% Interference-
B=0). For comparison reasons, we simulated our model for the case of 20 users per cell
and for sqz=2 to 9. The resulted probability of error is depicted in Figure 3.5, where we
observe that our simulation products track identically the results of [1], verifying both our

calculations and our ssimulation mode!.
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Figure3.5.  Comparison of Probability of Bit Error for DS-CDMA in Various Channel
Conditions, using a Rate %2 Convolutional Encoder with v=8.

In order to further improve the performance, we can limit the amount of
interference by sectoring the cells into 3 or 6 sectors of 120° or 60° sectors respectively.
This ssimply reduces the number of sectored users in the cell i to Ki/S where S is the
number of sectors. As we see in Figure 3.6, the performance of our DS-CDMA cellular
system is greatly improved with sectoring. Accordingly we will use 60° sectoring to

optimize the performance.
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Figure3.6.  Comparison of Bit Error for DS-CDMA using Sectoring with 20 Users per
Cell.

Eventually, since we tested our simulation model, we can vary the interference at
the pilot recovery channel and check the effects on the bit error probability. We
performed the simulation of the bit error probability for 20 users per cell in an

environment with lognormal s , =5dB. The resulted probability of bit error is depicted

in Figure 3.7. As we see, when we increase the amount of interference that passes
through the pilot filter, the probability of error drifts away from that of the ideal filtering
case, while the performance of the system is reduced according to the amount of
interference that gets through, or generalizing to the bandwidth of the filter.

Similar graphical results for various channel conditions are also provided in
Appendix I11-C.
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Figure3.7.  Probability of Bit Error for coded DS-CDMA with Rayleigh Fading and
Lognormal Shadowing (s 4 =5) with 20 Users per Cell, using 60° Sectoring.

Summarizing, we can observe in the simulated results that an increase either in
the number of users per cell and the amount of the lognormal shadowing or in the pilot
channel interference (bandwidth of filter), deteriorates furthermore the performance of
the system. Thus, in the next section we will try to further improve the performance by

adding power control at the pilot tone channel.
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APPENDIX I11-A. DEVELOPING THE VARIANCES OF THE
INTERFERENCE TERMS

1. Variance of Intercell Interference

a 2,=1/BQ é’16ElREQ(t>uj(t+ti>wj(t+ti)q(t+ti>o(t) cosfj )t

=r/p Q) & gl RR by (t+t,)w; (t+t,)G (t+t )d,(hcosj (3.109)

i=1 j=0

where d, (t) =b ¢ )c(t) is aspread spectrum PN sequence.

Let 1, =) Ry, T+ ), (1+1,)6 1+ Jocosi (3110

be the contribution to the interference terms from the individual channel j, in the adjacent

cdl i.

Accordingly, (3.109) can be modified using (3.110) as follows:

We can smplify I; asfollows:

J

R
lj =Ry5cosl i Q & (t+t)dOct, (3.111)
where g (t) =b, (t)w;(t) G(t) isaso aPN sequence.
The variance of z,, can be now defined as
8
s, ’=2r’pa as,’. (3.112)
assuming that the contributions of the |, terms are independent each other.

Now, we'll find the moments of | :

J

=Ry o8 § &+ ) (0ck

Let

J

X=Q a;(t+t;)d, ¢t )at

52



Then,

ED=ESY a(t+t)dt)at]
= ) Ega (t+t,)d,(0)dty=0
Accordingly,

E{Iij} :E_I'_R — (cos; i)xy
P V2 b

:EF R i(cosj i)yE{x} =0,
(A b
since E{x} =0.

Thevariance of |, can be calculated as follows:

EEP,

*=e{1,7} =

20
E gR HE &R EIS
4
where we determined E[cosf;] =/2, assuming that j ; is uniformly distributed between
(0,2p).

Therefore we will find the variance of x, as follows;

bkl 12 gos’j s,

: (3.113)

s/ =EDFT=E) Q3 (t+)d®a,( +t)d(1) dtd

- QTQTEQQJ (t+t)a (I +t,)fE[d,¢)dy(!)]dt dl

We observe that d, (t) and a, (t) which we defined in (3.109) and (3.111) are PN

signals independent from each other, with the same chip period T, and with

autocorrel ation

N £T/N
HEEES or || £T/ (3.114)

fo , elsewhere

53



Accordingly, we can write the variance of x as
2 \T \T 2
S, =QQ be(t-1) dtdl
We change the variables as follows:
u=t-1| ,and v=t+l ,
and we solvefort, ?:
u+tv=2tb t=1/2(u+v)
u-v=-21 b | =1/2(v- u)
We calculate the Jacobian determinant of the transformation as follows:
ot o 1o
(; - (;_ T A+
3, =det¢™ Mo_gag? 2
My b1
é‘ﬂu ug 2 292

The new limits of integration are determined to be

-1
2

-T <u<T and |u[<v<2T -],
as shown in Figure 3.8.

Applying the changes of variables we find that

T 2T

2 _ N \ Pl 2
S, _OT(B| b“(u)J, dvdu

- A ‘le'lul bz(u)% dv du.
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Figure3.8.  Transformation of the Limits of Integration (t,?)® (u,v).

We assume that the region of integration is symmetric about the v axis, as shown
in Figure 3.8, so
J 2T-u 1
=2¢ b?(u)=dv du
Q0 (u) >
= (‘9 b ?(u)(2T - 2u) du

= 2(5 b 2(u)(T - u) du (3.115)

Accordingly, applying the autocorrelation function b (u)which we defined
(3.114), we can modify (3.115) as follows:

29/ ?wE(T u)du
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since N =128>>1.

2 2 2
L B (3.116)

Eventually we can use (3.116) to modify (3.113) as follows:

AR 2 NE 4D N 2
. EERUEER

S|.. -
ij 4
_ eR28EéF?iE|, 21°
4 3N
EeRZUE RYT?
& tEEnH (3.117)
6N

The variance of |;; givenin (3.117) will be used, as we'll see in the calculation of

variance of other interference terms too.

We can now use (3.117) to derive the variance of 21 from (3.112), as follows:
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GKl

=T pT°4 & ERER Y (3.118)
i=1 j=0
b 2,=rQ& & & RyYRRB (L+)BOW (41,0, O 6(t+,)(t)cos]
CR N — |
=10 d & RyPRB(E )W, (t+1,)6 (+t,Je, (Bcos]
i1 j=0

Xx
'—‘O

where w,,,(t) = w, (t) w(t) w(t) is another Walsh sequence, and g,,,(t) = w,4,(t)c(t) isa
PN signal.

We consider again the contribution of each interference term individually, so we

=8 Ry, (H W, ()G 4 e, hcos] ot

Accordingly z,, can be written as

g, Ké—l}gl
ra a. ‘\jzpkluk
i=1 j=0 ilzg)

Thevariance of |, hasbeen calculated in (3.117) and is

E gl iizk H: ! EgzzNEIE 8FI)J H (3.119)

The variance of z,, can be writtenas

_28 8o 2
=r‘aa 2ps,, (3.120)

i=1 j=0

Applying (3.119) to (3.120) we can find the variance of z,, as follows:

2 22 z N
S :rzg ‘glg 2p T"EgR'HEERH
Z1 k
i=1 j=0 lf(f:? 6N
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1,88t
= Ta8a PERHERY (3:121)
3N i=l j=0 tlztlJ
T g Ki-1
¢ 2u=1R Q& & RYRB(L+)w (4 w6t +t oft)cos( ot

=rJpQ) 84 RJRiby (t+ )W (t +t,)c (t+t,)g (Beosj (dt,

i=1 j=0

where ¢ (t) =w, ¢ x(t)isanother PN signal.

We consider again the contribution of each interference term individualy, so we

T P
I =0R %Q;(t +t)wy (E+t)G (t+t;)e(dcosj

So z,, can be modified as

é? 55 153 1
213 =:r‘V 2!F5 Ei Ei Ei Iuk
i=1 j=0 Efg

assuming that the |, terms are independent one with each other.

Using the variance of |, that has been calculated in (3.117), we can derive s ZBZ as

follows:
s K 1EER*UEEP fT?
2 2 0 © e'u ij
S, =2r'p
R Y
:irZTZpée‘Ka‘i’;lEéRzlllE’ > (3.122)
3N 0 21 j20 etru E; ij tj '
J 8§ ekt
dz,=rga a a RyPRb E+t)B ) w t+1) W () * 6 (t+t;)ot)cos] ;dt
i=1 j=0 k4
. .
:rQ a aa R\/ PP b (t+t)w, (t+t)c(t+t;)e,,(cosj dt,
k=1 i4 =0
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where w4, (t) = w, (t) w(t) w(t), is another Walsh sequence, and €, (t) = w,4,(t)c(t) a
PN signal. We al'so set

= § Ryt (4w, (416 (14 o Boos]

So z,, can be written as

§ s —
Z :ra a 2pklljk
|:1]:0i1:§)

é_t PEERHEER B (3.123)

=Z. +zl51, (3.124)
where we considered two cases, z,., forp=i, andz,, forp?ti

QT aG-KalKa-l R Fi)il:i)qhi (t+ti)wii(t+ti)cl (t +ti)hq(t+ti)vviq(t +ti)Ci(t +ti)WL(t) COS(i i'j i)
=Q A& A RUPRB W 0, )W EH)WO,

since clz(t+ti)—1.

We let again

RiRq B (1)l (€ +t) w; (E +1)w, (t +t,)w; (hoos(0) dt
b a
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.
=Q R*JRRbawdcos(,)dt,

where b =by (t+t )b, (t +t;), a, =w;(t+t;)w, (t+t;) and f=0.

We consider |, as the standard form used in (3.117) with the following

119

transformation:

fFe

Accordingly the variance of |;;,can be modified as follows:

Ed zjqu_ T? 2E 6|\IE &R R,

where we did the following transformation

2 R

R ®RAP

S0 we can express z,, intermsof 1, asfollows:

I QJoo,

et
a a Iijq’

0 a=0

while the variance of z,, is

06 K. -1 1 i i
j=0 p=l gq=
For smplicity weset RR, = R,, ww, =w,_, cosj  =cos(-j ,)

ip?

Also we set g, (t) =b;(t)w; (1) G(1) , and e, (t) = b, ()w,,(t)c,(t) , which are PN

sequences.

Then we modify z,., asfollows:
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ling = R/ Fi R €OSI ipd Wi (1) Gt +t;)ey (t+t; )t

Accordingly z 5, can be expressed internsof |, as

Kg—l

6
[*]
a Liipg

0 p=1q=0

-1

o

6
[o]
151 a.

II
o)

and since the contributing terms .. are independent we can write that

ijpg

1
2

ijpa

K-16
b o
aa
1 j=0p=1q=0

= Eg' iipa
—EeR2R2 >, COS’j poQ wE)wi(l g (t+t,)c (I +t)e, (t+t e, (I +t )dtdl g

1
2 —
Z151

. QJ%
9305

= E[R’IE[R,‘IE[RIE[P,

z

QTQ E[w.t)w(l )] Ege (t+t,)g (I +t )Eg,(t+t,)e,( +t )gdtdl

Nll—‘

= zQTd E[w t)w (1 )] b2 -1 )otdl
where for simplicity we set z :% E[R’IE[R ’IE[RIE[P,.] . (3.125)
We know that the autocorrelation function a,(t- 1) =E[wt)w(l)] of any
particular Walsh function is dependent on which user channel we are considering.

Accordingly in order to make our model norrchannel specific we will use the

average of al the autocorrelation functions, which can be calculated as [1]:

ulN
T
0, elsewhere

.
- forlulEg (3.126)
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As we see the average a,(u)is the same with b(t)

Accordingly we modify (3.125) as follows:

2 \T \T 3
si =z Q bi(t-1)dd

We change the variables as follows:

u=t-|I
v=t+]|

Sos; canbewritten as
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If we replace z back to its original form from (3.125), we get:

T T

2 =20 bi(t-1 )l

]aé.o T2
Foa 82 2N

CEADP2NE &b 21
_EgR HEng HE[F?J]E[qu]m

=EERUEER, UEIRIE[

Finaly, we can find the variance of 1, as follows:

1 Kp-1
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Therefore the variance of z,., setin (3.124) as z,. = z,., + Z,.,, Will can be now

defined as:
& & EERHEERIE R

5
. -

a EERYE &R: HE &R HE &P, Bl (3.127)
%]

2. Variance of Intracell I nterference

The intracell interference is expressed by g,, term only, defined as
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&’ 0

Guy =1°T gdl JPcPabb, =

k=2 2
We'll find the moments of g,,:

| at —— 0l
El9.,]1= E,:,\ r'Tca Px pkAlQh(Al%

k=2
_ o 0_
=r’Tca E{\/ Py pkAl} E{b} E{h«m}g—o
k=2

L o é 5 u
59214 :Egm H:Eér4T a a P bj ijlbjAl\/ pkbx‘\lpkAlbkAll;I
N i
We spit the sumsinto two cases, j =k ,and j ! k:
! o420 Ao~
89214 :r4T2 a- pkEgl:)(szkAlEg)EAlH-'-
-1

K
[¢}
+a

=2

-1

J_ E&, B/p E[bk]MEsmlaJmTE[am]_

XT\I— QJOX

= r“nga o pm+0-

= I’4T2 a Pk Pz

k=2
3. Variance of Noise I nterference

a h,= r@T J2p bt et n(t)cos2p f,tot

We'll find the moments of h,,
El.]=E§Q v2pbt X On(t)cos fiatl
=r2p,Q) bt LOEN(®)]cos f,tdt =0

S, = Edunf
=r22 gEe‘Td b (Db (1 ), )e(l Yn(t)n( )cosZp ftcosd fl didl H

Q bt)o (1 e t)c(l E[n(t)n( )]cos2p fitcosdp fl dtdl

<O’—|
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We know that the autocorrelation function of noise is given by

N —_—
E[n(t)n(l )]:%d(t_ | ) 7, fort =1

1
[
I
{o, elsewhere
Accordingly (3.129)can be modified as follows:

2

SZ =T 2plQQ —d(t- )b )by (1 )c,¢)c,(l )cos(2p ft)cosp fl dtdl
=r°2 plg —Q (t)e,"(hcos(2p f,t)dt

=r22p e b2()c?(cosi(2p T

@/

=r22p 0y bA(t)c ()= [1+ cos4p f t] ot

|OZN|ZN|
@/

|
N
o
O

(L+cosfp f,)dt

z &
o

4oftu
4pr i)
sinépchl;l

u

I

—
N
N

o)

I
=
N
N
e
m:@|q>~ m:quu

4>|OZ 4>|
ol

1

—
N
N

o

Nop
4

]
il
o
Z
—

(3.130)

0

N[
N}

where we assumed that f_ = ?k :

b, hy=rg & V2R W WA En(Mcos(2p 1)t

=& 2P, Q) bW (W (3 O cos(2p f 1)t

We'll find the moments of h,,:

Elh.]=Ela r2p. bK(t)wkcwlta;(t)w(t)cos(aoft)dty
fize b
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-1

& 12p.Q b Ow, LW ¥ E[n(®)]cos(2p f.1)ct =0,

K=
kl

since E[n()] =0.

Shz12 = Eg‘éﬂ

&1k T T l;I
=£4 & r’2p.Q bOB( wW( IwOW 1) n(tn @ )cos(2p f.t)cos(2p il et

& 12 g
:f_i é_i r22p,Q Q BB )W OW( M Ow( el JE[n(tn( )] cos(2p ft)cos(2p.I ) i
:é- é r22pdeT b (OB (1w Ow(l wt)w () (t)ed ) d (t- 1 )cos(2p f.t)cos(2p,l )dtdl

r22p, 22 Gb,OBO WOWOW (I X2 Goos (2 f)dt. (313D

The Walsh functions w, (t) and w (t) are orthogonal with each other, so

i0, fork?t|

QuOmOd=E"

Accordingly we can split the integral into two cases, for k=I,and k|, and
rewrite (3.131) as follows:

:é iz No 2kabK(t)V\z(t)cos (20 f,t)dt +

:0
11
-1

+d r*22p, bW Ob Ow Ocos (2 f.j

k=
kt

"O

%t L, N, J1 ¢ tld
—ar 2pk?95[1+cos4p tlat+o

k=0
ki1
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' N, é
=Q r2p2d
k=0 4 e 4pfc u
ki1l
K-1
=a rZZQ%T
k=0 4
ki1l
1., 1
==r‘N,7a Py (3.132)
2 k=0
k1l
k
where we assumed that f ?

g R 2R by (t+t )w, (t+t )G (t +t,)wy @ N(t)cos(2p ft+j )t

C hlgzdé6
:.56 5 Q R/2R b, (+1)W, (+1,)6 -+t Jwi € N(t)cos(2p ft+] )

Let N. be the noise contribution to the interference terms from the individual

channel j, in the adjacent cell I, where

= Q) RaJ2Rb -+ )W (t+,)c (t+t,)wOn() cos(2p ft+] )t

R\/7®R\/§D R’ ®2R

Then h,, can be expressed intermsof N, asfollows:

Accordingly, we'll find the moments of N, .

EgN, j=E§ RJZ_R,b (t+t)w, (t+t,)c (E+t, )w ¢ n(t)cos(2p it +j ,)dt ¥

O Ry2R, L+ )W, (£ +8,)6 (t+8,)wg 0 ) [0(1)] cos(2p Tt +] )elt
:O,
since E[n)] =0.
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s2 :EENUZE EIRZZPJQQ by -+t (1w (t 4w (1 +)

“e(tHt)e(l +t)wt)w () n(tnd )cos(2p fi+j )cos(2p fl +j ;)dtdl }
=R2R Q) by t+t )by (1 +t)w (t + )w; (1 +t))’
“o(t+t)e (1 +)wtw( )E[nEN()]cos(2p ft+j,)cos(2p fl +j el
=R2P, Q) by L+, (1 +t )t w1 +t,)°
To(t+t)e (o + ) wt)w( )%d(t- | )cos(2p f.t+] )cos(2p fI +j ,)dtdl

= 2EER’ HE@PJ ‘ b (t+t vt +t,)G (t+t,)w (O cos’ (2p ft+] ,)dt
=EgRHEER HNOQ (1+cos(4pft+21 )dt)

=EERUEQR 2 Lroosdp 11+ )k

oo Ny sin(4pft+2 U
=E EéP p—2a+ 2
FT+2 . e

We assume again that f —?k , SO we can simplify the sinusoid termsin (3.133) as

follows:

sn?p_:fT+21 I;S|n2] .

Therefore (3.133) can be written as

-ERHER a7°T
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Eventually, we can find the variance of h,,, assuming that N; are independent as

follows:
-1

6 K
-2 Q 2
=ad a Sy,

-0

 EGRHEER B

[LLY

11
£ Qoo
T Qo”
2

I
N |-
OZ

_|
Qoo

°_7<
[

| EERHEER § (3.134)

'u‘
II
o

d. hy=ry2p,Q) N(HAYw(Hcos it

s =Egip-

T

= EngZpOQTQ n(tn( )c(t)ed )w t)w( )cos(2p f.t)cos(2p f,l )dtdl lgj

=r22p0(5(§ E[n(tn0)]c(t)et )wE)w(l Ycos(2p ft)cos(2p T )ddl
= r22pod(§ %d(t- I )e(t)e @ wy(t)w (1 )cos(2p f.t)cos(2p f,I ) dtdl

- r22p0%dcz (OW () cos® 2p .t

N, 71
=r?2p,—2 A =|1+cos(4p f t
P+ Q5L+ costp fit]

- %r PNT, (3.135)

where we assumed that f_ = ?k :

e hg=rQ é’} 2D, B ()W OO Y cos(2p £ 1) ot
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1

I
Qo7

rd V2Pt Wit Wt W § ¢ n(t)cos(2p f.t)ot

o

K-1
[o]

=& Q) V2B W (WL F On(h cos(2p ft)ct

since w,(t) =1.

We observe that h,; isthe same as h,,, apart from the limits of the sum, which

are not significant at the calculation of the variance. Thus working the same way as h,,

we obtain

1 Kl
s ==r’N,T A pe

k=1

I\)

Lohe=Q A é R/ZRb, -+ ), (41, -+, g On( cos(2p ft+] )t

i=1
We observethat hisequa to h,,. Therefore from (3.134) we have that

108 St
=s;, =5 NT a EERHEEH (3.136)

1 j=0

2
Sty
[

.
g hy=Q h*Owdd
We'll find the moments of h,,

Eh,] =EZ(fQ wb)dt

_ Ny T _
=—2Q W)t =0

since we know that for any Walsh sequence (5Wk (tdt=0

E§117ZH=E86 Q O mOw( )dtdlg

Weset y(t) = n?(t) and we apply the square law:
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Edy, §= (5(5 E[y(®) y( )]wit)w( )dtdl

T

Q GT’ (RO+2R(t-1))w®)w(l )dtdl

—

QG ROWOwW()ddl +20) ¢ Rt 1w e)w(I) el

2
Stz

2

2
= +
S hi7 S hi7o ?

where R, (t- | ) isthe autocorrelation function of h(t), such that

R(t- 1)=E[h{th( )]:%d(t- .

Accordingly we can find s asfollows:
2 JJT o
St =Q Q R (Ow()w (I )dtdl

T éNg
“QQ gd (O)H w(t)w, (I )dtdll

NTOC‘;; QT (w(t)d (0))(ws (1 )d (0) ) cltdl

N,’
4

@T QT w, (0)d (t)w, (0)d (I )dtdl

N°2Vf(o) Q0 4O dtd

N,’
4

T
2
S, =2¢
172
T

O Ret-tw(Owy(l)ddl
=28 %d (t- | )g w,t)w, (1 )dtdl
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N2°2 QTQT d(t- 1)d(t- 1 )w)w(l )dtd (3.139)

We know that x(t)d (t) = x(0)d(t) . (3.140)

Let x(t) =d(t), then (3.140) can be written as
d(t)d(t) =d(0)d(1)

Accordingly we form the terms of (3.139) into groups, and we obtain

2
o T

s? :7(35 d (O)wy(t)d (t- 1 )w, (1 )d! dt

Nzozé d@w0)dtg) d(t- 1wl el

N2° § dOW

P
> (0)¢ d(t)dt

N,’
: 3.141
, ( )

since W/ (t) =1, and éd(t)dt =1.

Finally we can find the variance of h,,adding (3.138) and (3.141), and obtain

2

2 2
= +
Shy Shy TSy,

== (3.142)

72



APPENDIX I11-B. DEVELOPING THE & AND &, TERMSIN SNIR

In order to develop the terms a, and a,, we are going to introduce a new random

variable Z, = z,, which is the sum of d multiplicative chi-square (with 2 degrees of
freedom)-lognormal random variables given by
d o
Zg=anh X,
1=1
and another random variable W, =w, , which is the sum of d squared multiplicative chi-

sguare(with 2 degrees of freedom)-lognormal random variables, given by
d 4o 8, 2.2
=ah 5?2=a(n %)
=1 =1
We are also going to use the identity for the lognormal random variable X; from
(3.85):

(X} = E{V X} = E{ X} = exp(. SdB

),

and we will normalize the Rayleigh random variables R , such that

E(R'} = E{R} =E{R} =1

We finally introduce a new random variable E = f,RT_/L,(d), which

represents a baseline received coded bit energy without the effects of fading or
shadowing, or E, =(k/n)E,, where Ey is the uncoded bit energy.

Theterm a, defined in (3.89) can be written as

L) &/ 2
a1 = S 73 +S hia
f f,PT? .al( )
L2 d d
T, fli("?'z as f fH;%2 as i (3:143)
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Expanding each term of a, separately we get:

L2 (d) a _ 9 213
"t f poT2 s 24 2
ff,PT2S f,f,P7T

L, (d)

1
N
. > (D~
i
3 Qe
7 Qo
I.I.I
——
A
)
h
Q
—
T
—_
O
N—r
——
—
oo\ C

(3.144)

@D D> (D> D D
w
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'I__I‘
1 Qo
=
—h "
il
T
~~
O
| —
OO OO O C

L . 1=E0
f0f 1Pt2ch2 29 No ﬂ
Ly“(d)

-1
leeE O
B ngoa
(3.145)

So after (3.144) and (3.145) the term a, from (3.143) can be expressed as:

Lid) 82 2
S 73 +S 2
T P2 ‘E‘l( s
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Theterm a, defined in (3.90) can be written as

padzszt}
2y
3N

L7, (d)

d =

_ @)
fO flR TCC

 OLu(d) |

1aE 6

g Es

O(;O
TR S

i=11
it14

2 2 2 2 2
+s hiy) *+S “hgy S “hg, TS hy, TS h1c7,|)'

aS Z|J +S 9111 +aS h||

I
éll 13

2
(S P2 +S Z12| +S 27 +S Z ) +S 911 +S hic,11+

“eef
izljzog ﬂl- (D) ZgNoﬂ

Q.|..|. .|. o:

Expanding each term of a, separately we get:
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& = ¢13 & ERIER)
B L) @NEE "G
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=Zgz—a a E{R E1X%
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6

(SEEIE
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K-
“a o+ (3.149)

2o, 6 L, (d)
ngzL (D))

Klaef oo

E{x}a

k= Oefoﬂﬂ

K1 oef
= “a c—
g fl !Z!LH (Di) k=0 gf

=

o
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&-I-IQII Al O

(3.150)
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So after (3.148) through (3.158), the term a, from (3.147) can be expressed as:

L2

d
[o]
|

RO e
%=t tprzd g,"’}ls
j113

17

Z|+S 914|+as h|;

i=11
it14

79



o™ S8 oot 550
L THe g 2 géﬁgl af, 6 L, (d) & 2 Bé’glaef_,QLH(d),gl &f, 6,
8 3N i=1 j=0 efobLH(D|) 3N i=1 i=08f1bLH(Di) Iﬁlzf gfof.a
expad 520
- .. .. o1 .
N § 2 zéﬁ K‘é;lgELgLH(d),gléﬂngg?Eg geﬁgr
3N i=1 jzoeflﬂLH(Di) k=Oef0ﬂ 2e ] efoﬂ
0
JLaE 075 @, 0 1aE 0 flad, 0
28N, g =0 gfoﬂ 2N, g kﬂgfoﬂa
*o toef, oaef
+Wda. - :f\l +t
k=2 lo ze a
TR
Lgl€ 2 %5 gl gl 2ef, Oeef, 62eL,, (d) O
i
1 3N i=1 j=0 qg=0 gfo ﬂeQleeL (D)Qi
;
)
, 2
€ oS
gexi)g 5 K1 & K-l N . . .
é a0 & vt 8§ g e, O%fi O&L (d) 6eeL,(d) o
+ a aa a ¢grigig ot
NS 0 s Ehgkh L, (D) LD,
u
20
oafco $ 'steef; O L, (d) Q3% oaeECo i (3.150)
é 2 02 lﬂjogf_ﬂl- (>)) 4gfozeQWoz?/ '
i
p

80



APPENDIX I11-C COMPARISON OF PROBABILITY OF BIT ERROR FOR
THE RAYLEIGH-LOGNORMAL CHANNEL USING 60°
ANTENNA SECTORING, FEC AND PILOT TONE

FILTERING
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Figure3.9.  Probability of Bit Error for Coded DS-CDMA with Rayleigh Fading and
Lognormal Shadowing (s  =2) with 20 Users per Cell, using 60° Sectoring.
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Figure 3.10. Probability of Bit Error for Coded DS-CDMA with Rayleigh Fading and
Lognormal Shadowing (s 4 =3) with 20 Users per Cell, using 60° Sectoring.
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Figure 3.11. Probability of Bit Error for Coded DS-CDMA with Rayleigh Fading and
Lognormal Shadowing (s & =4) with 20 Users per Cell, using 60° Sectoring.
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Figure 3.12.  Probability of Bit Error for Coded DS-CDMA with Rayleigh Fading and
Lognormal Shadowing (s 4 =5) with 20 Users per Cell, using 60° Sectoring.
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Figure 3.13.  Probability of Bit Error for Coded DS-CDMA with Rayleigh Fading and
Lognormal Shadowing (s & =6) with 20 Users per Cell, using 60° Sectoring.
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Figure 3.14.  Probability of Bit Error for Coded DS-CDMA with Rayleigh Fading and
Lognormal Shadowing (s & =7) with 20 Users per Cell, using 60° Sectoring.
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Figure 3.15.  Probability of Bit Error for Coded DS-CDMA with Rayleigh Fading and
Lognormal Shadowing (s 4 =8) with 20 Users per Cell, using 60° Sectoring.
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V. APPLYING POWER CONTROL AT THE PILOT TONE
SIGNAL

In Chapter Il we analyzed the performance of the forward channel in a DS-
CDMA cdlular system implying a narrow bandpass filter at the pilot recovery branch.
We developed an upper bound of the probability of bit error in Rayleigh fading
lognormal shadowing environment with forward error correction. As we saw in the
simulated results, when we increased either the number of usersin the cell, or the amount
of interference that passes through the filter, the performance of the system turned out to

be quite poor.

In this chapter we will try to optimize the performance by adjusting the pilot tone
power in the center cell. Increasing the power in the pilot channel will enhance
synchronization between the base station and the mobile user ard therefore help the

demodulation of the information signal.
As seen in (2.8) the signal power P; in each channel k is defined as:
Re = 1R, (4.1)
where

f, = the power factor used to adjust

the power in the k™ channel,
P = the baseline signal power

If we assume that the base station transmits a limited amount of total power Pt to

al the channels, then we can write

k=0 (4.2)
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In our analysis we assume that the power transmitted by the base station is equal
for al the channels, except the pilot tone channel, which means that f,=1 for al k0.
Moreover there is a constant Cp, such that B =C,R. Thus we can modify (4.2) as

follows:
CoR =(f, +(K, - f,)R
or
C,=f,+(K -Df, 4.3

At the equal power case that we examined in Chapter 111 we assumed that the
signal powers were equa for all the channels, which using (4.1) implies that fo=fi=1
Applying that to (4.3) we can find the constant Cp as follows:

C, =1+K, - 1=K, (4.4)

As we see the constant Cp equals to the number of users or channels in the cell.
Applying (4.4) to (4.3), we get a general form for the power factor fy that adjusts the

power at the other channels, given by

K, - f
fo=—1_ ¢ 4.5
KT (45)

The amount of power allocated to the pilot channel can be derived from (4.1) and

P e&ef,0

p

We also see in (4.6) that the ratio of the allocated power at the pilot tone B, to

the total power B, isequal to

fO
ra 4.7)

0

Rf :&:
P



In our analysis we assumed that the transmitted power is limited. Therefore, when
the pilot tone power is increased, the power distributed to the other channels is going to
be reduced by

DR, =P - Pt(E

=3 P

_g Ki'lﬂt gKi'lgt

aR K -16

=¢ 1 +P. (4.8)
e i (4]

Normalizing the reduction to the baseline signal power we have:

[R,k — RfOKi -1 (49)
P Ko-1~ '

t

Aswe'll seelater in our analysis, in order to improve performance sometimesit is
required to allocate up to 30 % of the total power at the pilot tone depending on the

channel conditions, which means that R, =0.3. Accordingly the reduction in the power

allocated to the other channels given by (4.9) is going to be minor, assuming a large
number of users in the cell. Thus the credit for any improvement in the performance

analysis would exclusively belong to the pilot tone power allocation.

For a certain percentage (ratio) of power allocated at the pilot channel we can
calculate fo from (4.7) and then introduce the result to (4.5) and find f1. We apply these
values to first event bit error probability calculated in (3.105) and simulate the integral of
(3.98) exactly aswe did in Chapter I11. Accordingly, we find the tight upper bound on the
bit error probability defined in (3.99).

Figure 4.1 compares the probability of bit error for a cellular system using pilot
power control with the equal power case analyzed in Section Ill. In an average case of

10% of pilot channel interference, and 20 users per cell in a shadowing environment with

S g = 7 dB, we observe that the advantage in the performance using power control is
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considerable. However, there is a cut-off power, where the power control no longer
provides an improvement in the performance. As we see the cut-off occurs when we
alocate to the pilot tone around 40 % of the total power, depending on the channel

conditions.

Appendix 1V provides graphical results similar to Figure 4.1 for various channel
conditions verifying the statement that power control in the pilot channel dramatically

improves the performance.

Figure 4.2 depicts the performance of the DS-CDMA system summarizing al the
three cases we' ve already analyzed. As we can see in figure, originally the performance is
quite poor, even if we take into account a small amount of interference at the pilot
channel. However when we add power control to the pilot channel the probability of bit

error we achieve is quite satisfactory for an average SNR of 15 dB (Pe»107).
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0 IE 1:0 1I5 20 2I5 3»IEI 35

SHR per bit (dE)
Figure4.1l.  Comparison of Probability of Bit Error for DS-CDMA with Rayleigh
Lognormal (s 4 = 7) Channel and FEC (R.c=1/2 and ?=8), assuming 1% Pilot Channel

Interference, 20 Users/Cell and using 60° Sectoring.
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Figure4.2.  Comparison of Probability of Bit Error for DS-CDMA with Rayleigh
Lognormal (S = 7) Channel and FEC (Re.=1/2 and ?=8), 20 Users/Cell and 60°
Sectoring.

Accordingly, we have shown that by carefully adding power control to the pilot
channel, we can greatly improve the performance of our DS-CDMA cellular system

operating in a Raleigh- Lognormal channdl.
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APPENDIX IV.

COMPARISON OF PROBABILITY OF BIT ERROR FOR
RAYLEIGH-LOGNORMAL CHANNEL USING  60°
SECTORING, FEC AND PILOT TONE POWER CONTROL
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pifot control =10 %

15 %

...l"'-h__. —
\ NN 20%

AV 1 1

Figure 4.3.

20 25
SR per bit (dE)

Comparison of Probability of Bit Error for DS_CDMA with Rayleigh-

Lognormal (s 4 = 2) Channel and FEC (R..=1/2 and ?=8), assuming 1% Pilot Channel

Interference, 20 Users/Cell and using 60° Sectoring.
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Figure4.4.  Comparison of Probability of Bit Error for DS_CDMA with Rayleigh
Lognormal (s 4 =3) Channel and FEC (R..=1/2 and ?=8), assuming 1% Pilot Channel
Interference, 20 Users/Cell and using 60° Sectoring.
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Figure4.5.  Comparison of Probability of Bit Error for DS_CDMA with Rayleigh
Lognormal (s 4 = 4) Channel and FEC (Rc=1/2 and ?=8), assuming 1% Pilot Channel

Interference, 20 Users/Cell and using 60° Sectoring.

96



1¢”

T T =]
. Mo pilof confrol 1
10" .
107 L 5
pifet ecnlral =10 % ]
107 :
w |
_ ]
-4

L 15 % El
5| 20 users per cell 1
107 F ) . |
B=1% S~ 0% ]
S —_— 4
, ‘\\"‘ {
weE = RN |
- kY |
g xe,xﬁ_;::,ﬁ %
b e oy e |

107 i i i L | i
a =] 10 15 20 28 30 35

SR per bit (dB)

Figure4.6.  Comparison of Probability of Bit Error for DS CDMA with Rayleigh
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Figure4.9.  Comparison of Probability of Bit Error for DS CDMA with Rayleigh-
Lognormal (s 4 =8) Channel and FEC (R..=1/2 and ?=8), assuming 1% Pilot Channel

Interference, 20 Users/Cell and using 60° Sectoring.
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V. SINGLE CELL MODEL PERFORMANCE ANALYSIS

In Chapter 11l we analyzed the performance of the forward channel in a DS-
CDMA cdlular system for a large number of users, using a hexagonal sevencell cluster
model. However there are cases such as in academic, industrial or military environments
where port-to-port communication between very small numbers of users is required. In
this case, since the use of a complex seven-cell cluster is not necessary we reduce the
number of cells to one only, establishing a type of an Intracell Network, while the
advantages of DS-CDMA such as the high-speed connection, are preserved. In this
section we are going to anayze the performance of the single-cell environment, adapting
the analysis we' ve already done for the seventcell cluster to the single cell case.

A. PROBABILITY OF BIT ERROR FOR SINGLE-CELL DS-CDMA

In a single-cdl DS-CDMA system, as its name denotes, there is only one cell
used, thus there is no co-channel interference from adjacent cells. Accordingly, the

received signa r(t) is going to contain the traffic intended for the mobile user, the

interfering signals for the other users and the AWGN only. Accordingly, we can modify
(2.13) asfollows:

r(t) = () + n(t)
= é Ry2RD, ¢ )wi € X (t)cos(2p fct) +n(t) - (5.1)

The despread signal v, (t) at theinformation signal branch can be expressed as:
yi(t) =r()d 9 w9
=5 EO)w(t) +n()d § w(t)

11(t)+g1(t) hy(t)

=1,() +g,(1) +h, (1), (5.2)

where |, contains the information signal, ?; the intracell interference and h, the AWGN,

following the procedure we analytically described in Chapter A of Section lIl.
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Thedespread signa p(t) in the pilot recovery branch can be expressed by

p(t) =r() ) w(o
= 5 (t)e(t)w (1) + n(t)c(t)wy (1)
lo(t)+0o (1) ho (t)

= 1,(t) +,(t) +ho (1) (5.3)

In the single cell case when small number of users is present, the amount of total

interference is not expected to be so large compared with the seven-cell case. Therefore,
we will first try to analyze the performance without using the narrow bandpass filter in

the pilot recovery branch.
Accordingly, the demodulated signal y»(t) is going to be expressed by
Y0 =y.tp )
=11, +Lg, +1)h, +9,1, +99, +9,h, +h,1, +h,g, +hh, (5.9)
As we observe, y»(t) is the same with the sevencell case defined in (3.17), if the co-

channel interference products are eliminated.

Similarly, the decision statistic Y can be defined as follows:

Ty Py

.
Y], =Q (Ot

T T T T T T T T T
— )\ \ 2 \
- dlIO + dlgo + dlho + (91' 0 + &go + (91ho + d)llo + d)lgo + @1h0
0 TPy 0 Py 0 r.py 0 r.p, 0 rp, 0 rp, 0 rp, 0 rp, 0 r.p,

Yl g]l h u ng g]S h12 4 5 h17

where the integrals comprising Y have been thoroughly analyzed in (3.35) through (3.50).

Moreover, we apply the same Forward Error Correction (Rc=1/2, v=8) in order to
improve the performance. Consequently the first event error probability from (3.94) can

be adjusted as follows:

&
¢ I 4

R, , =Q% :

2 |Zd'Wd ¢ ﬂg‘ (S ?hgy TS Zg, +S B, +S G, +S g, +S G, ) +
AR | | | | s

2

g e el O

(5.5)

Q
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where the variances of the intercell interfering terms have been ignored, while the terms
appearing in the denominator have been thoroughly calculated in Appendix IlI-A, B.
Accordingly the first event error probability can be expressed by

&
¢
¢
¢
¢
¢
2
R, ,, =QS 22
22 Mz ¢l 1 y U
C 1‘1aeEC0 laE, 6 "o 0, laeeE 0 Klaef 0, leeE o i L oef ef, O]
¢|%Io8N: T28N. 5 &1 5 28N ¢t 2 %N ac¢ o
C 1 e'N g 0d e'o @ oﬂ t—oe 09 e o@k 21)
¢
K-1
¢ +Wdaaef_oeefkAl dsaef ié"eao
g kzefg 1 9 4 foﬂaNoz
(5.6)
2
For simplicity we can set a= 42 . Therefore (5.6) can now be expressed as
ata,
R(d)], =QWa) (57

We can now remove the conditioning in (3.97) by integrating across the pdf

p,(a) asfollows:
R(d) = 9R.(d), p.(a)da

= ORWa) p.(a)da (5.8)

Accordingly, we will simulate the first event error probability exactly as we did in
Chapter 111, using 10,000 Monte Carlo simulation trials, and consequently we'll find the
upper power on the bit error probability Peas follows:

1 dfree +4

PE= Q b,R(d) (5.9)

d=dfee
We should also note that in the smple single cell case there is no need to

implement sectoring to the antennas, since we don’t have any intercell interference.
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In Figure 5.1 the probability of bit error versus the average SNR defined in (8.1),
is represented for a Rayleigh-Lognormal environment with s , =3. As we observe, the

performance of the single cell system proved to be quite satisfactory for 2 users in the
cell. However when we increase the number of users to 3, the performance deteriorates

dramatically due to the introduced intracell interference.
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Figure5.1.  Probability of Bit Error for Single Cell DS-CDMA in a Rayleigh-
Lognormal (s 4 =3) Channel using FEC (R.c.=1/2 ard v=8).

Figure 5.2 depicts performance results for various lognorma shadowing
conditions with two users in the cell. As we see the probability of bit error is quite

satisfactory for two usersin the cell in amost all the channel conditions.
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Figure5.2.  Probability of Bit Error for a Single-Cell DS-CDMA in a Rayleigh Fading
Lognormal Shadowing Channel with 2 Usersin the Cell, using FEC (R:=1/2 and v=8).

Accordingly we showed that communication between two users in a single cell
DS-CDMA Rayleigh fading and Lognormal shadowing channel can be quite effective.
However the performance of the system turned out to be quite poor when the number of
the users in the cell was further increased. Consequently, in the next chapter we will try
to increase the capacity of the single cell system cutting down the interference from the
other users with a narrowband filter.

B. APPLYING FILTERING AT THE PILOT TONE ACQUISITION
BRANCH

Aswe saw in Section B the performance of the single cell system turned out to be
quite poor even for three users per cell. Therefore, in this chapter we will add a
narrowband filter at the pilot tone acquisition branch to limit down the interference from

the other users and the noise.
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We will follow the analysis we did in Section G of Chapter |1l using the variable
B to define the amount of interference passing through the filter, which is directly
proportiona to the bandwidth and the type of the filter. Consequently, we can adopt the
first event error probability from (3.105), and ignore the contribution of the intercell

interfering terms as follows:

2

R, ,, =
&®
¢ >
=Qg’ L2 (d) [ (d) 8 ZZd 2 2 2 2 2
—H g% +B —H o (S %, +S %s, +S B, +S hp, +S he, +S he, |V T
é\/ fo flRZTZ hia) ':‘fo f1R Ci 2[( Gha) O15 hy hi3, his, hiz, )g_
& o)
¢
¢
¢
¢
;
(; 2
:Qg \I = Zd - - N
K-1 22 KA1 =
¢ [z, 220 +Bf} ¢12E 0 ?{?f 04150 QO ITED BT+
g "2¢&N, o i éZeNoﬂ éfog 2&N, g Efgefoz 2&N, g kzlefoﬂg +
¢f 1 N
oef, oaef 3 &ef, GeeE, 6° f
é W, d g k“* 28t SN Ty
—ze 0 1 (%] ok'N g

(SHEE

(5.10)

For simplicity we can set
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a=
® i ] -
¢, 188" [ 1 ClEE Ol 0, 16,6 ', 0 1 6’ e, 02,
g ZgN % gngoﬂ efob ZgNoﬂ tfngO‘Z’ 28 oé kzlgf_oté%
¢ )
G *é,laef Ocefyy, O  32ef, Goek, 6
+W - +Wdy
é k28fﬂg f ﬂ 481‘ éNoﬂ p
(5.112)
Therefore (5.10) can now be expressed as
R ), =QWa) (5.12)

We can now remove the conditioning in (5.12) by integrating across the pdf

p,(a) asfollows:

¥

R,(d) = OR(d)], p.(a)da

= ORWa) p,(a)da (5.13)

Accordingly, we'll simulate the first event error probability exactly as we did in
Chapter 111, using 10,000 Monte Carlo smulation trials, and consequently we'll find the

upper power on the bit error probability Peas follows:

1 dfrge+4

PE= A

e
d=dee

b,F,(d)

The performance results of the system using the filter turned out to be quite good.
As depicted in Figure 5.3, the probability of bit error decreases dramatically as the
interference diminishes, allowing the system to operate effectively at worse channel

conditions and greater capacities.
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(Rec=1/2 and v=8).

Therefore, we use a narrower filter and check the performance of the system in all

the channel conditions for a larger number of users. As we see in Figure 5.4, the system

can now operate with an acceptable performance in an environment with 5 users per cell

[imiting the amount of interfering power at 1%.
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Figure5.4.  Probability of Bit Error for a Single-Cell DS-CDMA in a Rayleigh Fading
Lognormal Shadowing Channel with 5 Usersin the Cell, using FEC (R:=1/2 and v=38)
and Pilot Tone Filtering.

Accordingly, we've shown that the communication between small numbers of
users in a single cell environment is effective, and that the use of narrowband filtering at

the pilot tone can increase the performance and the capacity of the system.
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VI. CONCLUSIONSAND FUTURE WORK

In this thesis we analyzed the performance of the forward channel of aDS CDMA
cellular system operating in a Rayleigh-fading, Lognormal-shadowing environment. We
optimized the performance using various techniques, such as pilot tone filtering,
sectoring, convolutional encoding and pilot channel power control. Finally, we presented
a smple case of DS-CDMA system operating in only one cell in the form of port-to-port
communication between small numbers of users.

A. CONCLUSIONS

In Chapter 11 we set up aforward channel for the DS-CDMA cellular system. We
also built an information signal and we propagated it through the medium channel,
applying al the appropriate losses, effects and interferences. We used the extended Hata
model to predict the large-scae path loss and we further incorporated lognormal
shadowing. Moreover, we used Rayleigh fading to include small-scale propagation
effects. Finally we formed the total received signal by the examined user, including the
intracell and intercell interference, as well as the Additive White Gaussian Noise
(AWGN).

In Chapter 111 we set the mobile user in a position in the center cell of the seven
cell cluster assuming the worst-case scenario. We demodulated the received signal and
we developed a Signal to Noise plus Interference Ratio (SNIR), taking into account all
the interfering terms. We then incorporated Forward Error Correction (FEC) and
developed a tight upper bound on the bit error probability for the coded system. We
simulated the probability of bit error using Monte Carlo simulation method and we
compared the performance results with previous work done. The resulted performance
was found quite poor, even for a small number of users due to the large amount of
interference imported from the pilot recovery branch. Therefore, we applied a
narrowband filter in order to limit down the power of the interference terms and we
revised the already developed probability of error. Finally we further reduced the intercell
interference by adding antenna sectoring. The performance we achieved was quite
acceptable. However, whenever we increased the amount of interference passing through
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the filter, (in other words, the bandwidth of the filter), applied “heavy” shadowing
conditions, or augmented the number of users per cell, the performance of the system
diminished, much below the acceptable standards.

In Chapter IV we further optimized the performance of the system by introducing
power control to the pilot tone channel. We derived a relation between the power
alocated to the pilot channel and the other channels and we simulated again the
probability of bit error. The performance of the system was greatly improved using pilot
tone power control. However in heavy conditions or when we use increased the
bandwidth of the filter, 20 or even 30 % of the total power needed to be alocated at the
pilot channel for optimum results. Finally a comparison the resulted probability of bit

error with previous and related work done is done.

In Chapter V, we presented a simple case of a single cell environment, where a
port-to-port communication between two or three users is required. We adopted the
already developed probability of bit error for the seven-cell cluster, revising it to a much
simpler form where intercell interference is eliminated. Moreover, the use of antenna
sectoring or narrowband pilot tone filtering was not required. We developed the
probability of bit error and we simulated it using Monte Carlo simulation method. The
performance of the system turned out to be acceptable for two users in the cell and “light”
shadowing conditions. Further improvement in the performance was achieved by using a
bandpass filter at the pilot tone branch .The capacity of the cell increased to five users for
an average 1% of interference passing through the filter.

B. FUTURE WORK

The analysis we followed could be easily adapted for a lot of research in the DS-
CDMA cdlular systems. For example, performance analysis in a Nakagami or a Ricean
instead of a Rayleigh fading channel could be done, using the same procedure and the

same probability of error that we derived.

Moreover, in Chapter V we implemented pilot tone power control to enhance the
performance. Fast power control could be applied instead, and a comparison of the

performance could be made.
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Furthermore, in our analysis we placed the receiving mobile user at the edge of

the hexagona cell examining the worst-case scenario. A probability of error based on
different user distribution could also be derived.

Finally, a not so practical performance analysis choosing a particular type of filter
a the pilot tone branch could be done in Chapter 1V, where the resulted probability of
error would be directly proportional to the bandwidth of the filter.
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