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ABSTRACT 

A rapidly growing interest in third generation Personal Communication Networks 

has underlined the importance of wireless multimedia systems that can support voice, 

video, images, files, or any combinations thereof. In order to ensure satisfactory 

quality of service (QoS) for individual multimedia traffic, a new analysis with a new 

user model based on circuit-switched direct-sequence Code Division Multiple Access 

(DS-CDMA) system is presented. The new user model is introduced to allow users 

to transmit data at multiple bit rates and to switch to other bit rates at any time. To 

facilitate performance analysis, each traffic type with rate 5 is assumed a probability 

for user k. 

To ensure satisfactory QoS, a new power control scheme is further proposed for 

a multimedia circuit-switched DS-CDMA system. Specifically, a new closed-form 

power control function is introduced to ensure quality of service for each traffic type 

and to achieve a better overall throughput at the same time. Central to the new 

closed-form power control fimction is a parameter called the traffic exponent. By 

introducing this parameter, the difficulty in obtaining an optimal closed-form power 

control function is reduced which simplifies the information feedback process from 

the base station to the mobile stations. 
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CHAPTER 1 

Introduction 

1.1 Background 

The demand for wireless multimedia communication systems is expected to in

crease rapidly in the future, especially with the emergence of Personal Communica

tion Networks (PCN) [1]. Figure 1.1 shows the evolution of wireless communication 

technologies where the cellular mobile is the mobile telephone service such as car-

phone and cordless phone is the residential cordless phone. The first generation 

system is analog-based and the current second generation uses digital technology. 

Wireless local area network (LAN) is a geographically localized technology targeted 

primarily for business applications, is completely digital and mainly aimed at data 

transactions rather than voice. 

In the third generation multimedia wireless system, the PCN are designed to carry 

multimedia traffic including voice, data, video, images, files, or any combinations 

thereof. In this new multimedia wireless system, different types of traffic will require 

QoS (in this dissertation, QoS is defined to be the BER in transmission) comparable 
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to that provided by wireline networks such as the Integrated Services Digital Networks 

(ISDN). 

To achieve satisfactory QoS, there are two major factors that need to be taken 

into consideration in wireless multimedia systems. First, different traffic types require 

different bit error rates (BER) and access priorities. For example, voice applications 

require low BER but real time transmission with an aggregate delay not exceeding 

100 msec. [1]. This thus requires a high access priority. Bursty data transfer, on 

the other hand, is constrained not by large delays but by a low BER (< 10~^ for 

example). Video transmission requires both high access priority and low BER. To 

meet these different QoS requirements, we need a system design that is not for one 

particular type of traffic but for all traffic types, optimized in QoS and at the same 

time achieves a better total throughput. 

Secondly, unlike the wireline networks, the radio propagation environment has 

strong signal degradation due to channel fading, shadowing, and signal path loss [2]. 

Compounded fiirther by the mobility of the users, these result in poor signal quality 

for the users and as a result, a decrease in the QoS of the users. 

To solve these problems, the code division multiple access (CDMA) technique 

has been widely used in cellular mobile communications, residential, and business 

wireless communications. Its ability to increase users privacy, system capacity, and 

its multipath rejection capabilities, makes it an attractive multiple access technique 

for the mobile wireless applications. 
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To incorporate users with varying traffic types, direct-sequence CDMA (DS-CDMA) 

has been proposed, due to its ability to easily incorporate and support multirate traf

fic. In addition, DS-CDMA can also be exploited for robustness against interference, 

graceful performance degradation and low interference coexistence with other systems 

[2]. 

1.2 Motivation and Objective 

Both packet and circuit-switched DS-CDMA systems have been proposed for wire

less communications [3] and many studies have focused on packet DS-CDMA sys

tems because of the anticipated integration with Broadband ISDN and Asynchronous 

Transfer Mode (ATM) networks [1]. Even though the future PCN has the final goal 

of one protocol which support all needs, the final implementations may offer several 

solutions with separate technologies for wireless digital cellular and wireless local area 

network (WLAN) [13], as shown in Figure l.I. 

With this in mind, the third generation cellular mobile systems must have mul

timedia transmission capability. However, currently available commercial CDMA 

systems based on IS-95 operate in circuit mode for homogeneous, not multirate, 

user population. Analysis of circuit-switched DS-CDMA systems has been well re

searched, but studies have concentrated on circuit-switched DS-CDMA systems with 

single-rate traffic. For the anticipated multimedia traffic with variable traffic rates, 
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Figure l.I: Evolution of Wireless Communication Technologies 

performance analysis of a circuit-switched DS-CDMA system with multirate traffic 

is not only needed but will be required. 

This dissertation presents a new analysis for a circuit-switched DS-CDMA system 

with variable rate traffic using a new user model to allow users to transmit data 

at multiple bit rates and to switch to other bit rates at any time. With this user 

model, the eflfects of the users traffic types can be studied. With this improved 

insight, a wireless circuit-switched multimedia DS-CDMA system based on a new 

closed-form power control function is then proposed. Central to the new closed-form 

power control function is a newly defined parameter called the traffic exponent. By 

introducing this parameter, the difficulty in obtaining an optimal closed-form power 

control function is reduced. As a result, the information feedback process from the 

base station to the mobile stations (MS) can be simplified. 
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1.3 Dissertation Outline 

The remainder of this dissertation will be presented as follows. Chapter 2 will 

present a user model followed by a detailed analysis evaluating the system multi

ple access interference analysis (MAI) and finally the system average signal-to-noise 

(SNR) ratio in a Additive White Gaussian Noise (AWGN) channel. This chapter 

begins with a literature review of previous related studies and concludes with an 

expression of the system SNR. 

In Chapter 3, an approximation assimiing random sequences for the users code 

sequences is proposed. A compact expression of the BER performance is obtained 

and numerical results of the performance of the different traffic types are presented. 

A new closed-form power control function will be proposed in Chapter 4, for a 

Rayleigh-faded, lognormal shadowed DS-CDMA system with path loss. Performance 

of the new function is shown and performance comparison with other proposed power 

control functions will also be given. 

Finally, Chapter 5 provides a summary of the newly proposed user model and the 

system analysis of a multirate DS-CDMA system. The advantages and limitations 

of the new system analysis based on the new user model and the closed-form power 

control fimction will be briefly discussed. This chapter concludes with suggestions 

for future work. 
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CHAPTER 2 

Multiple Access Interference Analysis 

This chapter derives the multiple access interference (MAI) in a multi-rate DS-

CDMA system. The derivation is based on a new model that allows users to randomly 

switch transmission rates with certain apriori probabilities. With additional approx

imation given in the next chapter, the results obtained plus additional degradations 

over a cellular mobile channel such as path loss, Rayleigh fading, and lognormal shad

owing will be used in Chapter 4 to evaluate the performance of the proposed power 

control scheme. 

2.1 Literature Review 

Studies on packet-switched and circuit-switched PCN systems have considered 

[1] packet-switched and circuit-switched DS-CDMA systems, respectively. Although 

both packet and circuit-switched DS-CDMA systems have been proposed for wireless 

multimedia applications, studies have been focused on packet DS-CDMA systems 
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because of the demand for multimedia communications in packet-based wireless net

works such as WLAN. As an example, different admission policies for packet DS-

CDMA systems have been proposed by Yang and Geraniotis [4], Pichna et al. [5] 

and Geraniotis et al. [6]. More recently, Wu and Kohno [7] presented a wireless mul

timedia packet CDMA based on adaptive power control. They obtained improved 

performance in terms of higher capacity and lower delay compared to Time Division 

Multiple Access (TDMA). 

Circuit-switched DS-CDMA systems have always been studied extensively for 

single-rate bit stream traffic, such as voice traffic. Current commercially available 

CDMA systems based on IS-95 operate in circuit mode and also assume a homo

geneous user population, where all users have the same traffic. System analysis of 

single-rate circuit-switched DS-CDMA systems have been well researched by Pursley 

[8] and Lehnert [9]. However, all these studies concentrated on circuit-switched DS-

CDMA systems with single-rate traffic. Lately, a circuit-switched DS-CDMA system 

with multirate traffic was analyzed by Yao and Geraniotis [10]. Two power control 

functions which can optimize the capacity performance of the system were proposed. 

Although the latter paper considered multirate traffic, each user was limited to fixed 

rate transmission, lacking the flexibility where a user can transmit at multiple bit 

rates and also changing the bit rates at amy time. In this chapter, incorporating 

an improved user model, we will present a preliminary study of a new analysis of a 

circuit-switched DS-CDMA system with variable rate traffic. 
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M Channel Receiver Data Source 

RF 
Oscillator Code Sequence 

Figure 2.1: The DS-CDMA System Model 

2.2 System Model 

The system model for a multirate DS-CDMA system is shown in Figure 2.1. For 

simplicity, a coherent BPSK modulation [8] is assumed and only the reverse link 

(uplink) transmission in a single cell is considered. Assimie the spread bandwidth 

for each connection is fixed at W (Hz) and there are a total number of K active 

users in the system with the ability of transmitting any one of S source bandwidths 

Bo < Bi < ^5-1 (Hz) corresponding to S different types of multimedia traffic. 

The processing gain G  =  W / B  for the S different types of traffic is thus Gq > G\.... > 

Gs-i-

The transmission signal Skit) shown in Figure 2.1 can be expressed as 

Sk{t) = \Ĵ k o-k{t) cos{wct + 9k) (2.1) 

where 0<A;<iiL' — 1, 0<s<5 — 1, P^is the A:"' user transmission power and ak{t) 

is the periodic DS sequence for user k given by 

j=-oo 
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where is the signature periodic sequence of elements (+1, —1), and is 

the chip waveform and it is a time signal limited to [OjTc]. is the baseband 

signal for traffic type s and is an arbitrary phase angle. Since the user may set 

up a call session for a particular traffic type and modify its type during the call, the 

bandwidth Rk for the baseband signal {t) is a discrete random variable equal to 

Bs at a certain prior probability p,. That is, 

R k ^ { B s \ 0 < s < S - l }  ( 2 . 2 )  

with probability Pr{Rk = Bs) = p, and Ps = l-O- Because user k may modify 

its traffic during a call session, its processing gain (PG), Gk = T^/Tc, varies corre

spondingly. In a single-rate DS-CDMA system, the PG of the signal is also the code 

sequence period Z [8]. However, in a multirate DS-CDMA system, Z only needs to 

be greater or equal to the largest PGs. In this paper, we highlight the difference 

between Z and Go, generalizing the analysis. 

The received signal at the base station is given by 

y{i) = S ~ + n{t) (2.3) 
Ar=0 

where is the time delay associated with the signal and n{t) is added white Gaus

sian noise (AWGN) with two-sided spectral density No/2. Channel measurement by 

the receiver through some form of control channels is assumed, enabling the receiver 

to determine the traffic type (e.g., voice or data) from the received signal. Without 

any loss of generality, we assumed that the correlation matched filter is matched to 
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the O"' signal with bit rate, Bm{s = m). The output of the coherent matched filter 

correlator will then be 

T 
^0*"^ = f yit) ao{t) cos{wct + a) dt 

Jo 
rTm 

= N+ V - TfcjaoWcos {Wct + a) dt (2.4) 
A:=0 

where iV is a zero mean AWGN with variance NgTml^ and Tm is the bit period 

corresponding to rate Bm- ot is the phase shift introduced by the receiver and, with 

perfect synchronization is equal to 9q — WcTq for the matched filter. From (2.4), the 

desired signal component of is 

5 = jT \/2^ 60"*^(i - To)aQ{t - To)aQ{t) cos^{wct + a) dt. (2.5) 

For our purpose, only the relative time delays need to be considered, thus Tq = 0. As 

a result, the desired signal {k = 0) is 

S = \J2Pq b''^\t) aQ{t) cos^{wct+ 6q) dt 

= C (2-6) 

where ao(t) = 1 and 60"^ W = for 0 < i < T^. In addition, since Wc»T~^, the 

double frequency components of the integrand can be ignored. The multiple access 

interference (MAI) Ik from user k is given by 

I p ^Xm 
= \/"^ / - Tk)ak{t - Tfc) ao(t) cos<()k dt (2.7) 

H I JQ 

where <l>k = — Wc^k — ct-
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2.3 System Analysis : Multiple Access Interference 

Based on the system model described in the previous section, the multiple access 

interference variance is evaluated in this section. Standard Gaussian approximation 

[8] is used where Ik is assumed random and treated as additional Gaussian noise to 

the system. Hence, the variance of is 

u<ir(Z<"l) = iiV<,T„+cr,„' 

and is the system MAI variance to user 0 with rate m given by 

1^) (2-8) 
k=l a=0 

where £{.) is the expectation operator and Ik is given in (2.7). is the probability 

that user k is transmitting at bit rate s. 

In (2.7), 0fc, Tfc and for 1 < A: < K are assumed to be mutually independent 

since they arise from different physical phenomena, is uniformly distributed over 

the range 0 < r/t < T,, where T, is the bit period of user k and <pk is uniformly 

distributed over [0,27r]. Therefore, averaging over 0^ and r/t, we obtain 

Y Jo -'^k)ak{t-Tk)aQ{t) cos <l)kdtf d<l)kdTk 

= ^ / ^dTk f ^cos^0fc#ifc( /  " ^(t -  Tk)akit -  Tk)ao{t)dtf 
J. JQ i, JO JTT JQ 
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(m) 
IcLiL 

(m) 

bo(t) 

(s) "^Ic < "'in 
bk(t-fK) 

01 •rt. (s) 

^IcO 

(S) 

''k.O 

(s) 
b^(t-TK) 

T. > T„ 

Figure 2.2: b^\t) and — Tk) for Tm < Ts-

where TZ{Tm, Tg, 6^"^) is given by 

H{Tm,Ts,bl^^) = if b^k\^ -  Tk) ak{t -  Tk) aQ{t) dtf d-Tk. (2.10) 
Is Jo JQ 

Because b^^\t) and b^k\^) have different bit rates, 'lZ{Tjn,Ts,bk^) needs to be evalu

ated for two different cases: 1) Tm < T, and 2) Tm > Tj, where Ts is the bit period 

of bl^\t). These two cases are explained below. 

2.3.1 Tm < Ts 

Figure 2.2 shows the time diagram of b^^\t) and bk\t — Tk). Because 0 <Tk <Ts 

and Tm < Ts, the waveform of bk\^ ~ ^k) for Tk < Tm and Tk > Tm. are shown. 

Referring to the figure, 'R,{J'm,T„b^k^) can be evaluated as 

K(T'„,r.,6L'') = jr{ (.f^" !>'•;'{t-rt)a„[t-n)a„(t)dtfdT^ 

+ / ([ - Tk)aQ{t)dtf dTk) 
JTm. •'0 
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= akit - Tk)aQ{t)dt + - Tk)aoit)dt)^ 

+  f  ' i f  -  T k ) a o { t ) d t f  d T k  }  
JTrtt *'0 

Averaging over all the possible values of and b^kl where Pr{bl^^ = — 1) = 

Pr{b^^^ = +1) = 1/2, we get 

1 firn n n{T^,T.) = - i^,„(Tt)+<„{rt,r„)iTt 
I3 Jo 

+ ^ fj'ii:%(n,T„)dn (2.11) 
•^5 •'*m 

where Rk^iTk), Rkfi{Tk,Tm) and R'{.Q{Tk.,Tm) are the continuous-time partial-period 

cross-correlation functions defined by 

Rk,o{rk) = [ akit - Tk)aQ{t) dt, (2.12) 
Jo 

T 
P!k,o{Tk,Tm) = [ ak{t - Tk)aQ{t) dt, (2.13) 

Jrk 

and 

kfi{rk,Tm) = ! akit - Tk)aQ{t) dt. (2.14) 
Jo 

2.3.2 Tm > Ts 

Figure 2.3 shows the time waveform for b^\t) and b^k\^ ~ "^k) when > T, 

By letting x = [(T^ - Tk)/Ta\, 1liTm,Ts, b^k^) can be expanded into 

1 r"^' 
TC(r„,T„6<") =  r  a t { t - r ^ ) a o ( t ) d t  +  

J ^ Jq JQ 

+ 4!o r ' akit-Tk) Ooit) dt->r ... 
Jrk 
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(m) 
''o.o 

(m) 
bo(t) ••t 

(s) 
''k.O 

(s) 
bk(t--Ck) •-t 

Figure 2.3: and - r^) for Tm > Z-

+ ^U-1 / ^k(t -  Tk)ao{t) dt 

T 
+ 6^. f ak{t -  Tk) ao(t) dtf dvk 

JTk+xT, 

Similarly, averaging over all the possible values of 6fc^Li, 6^^, we obtain 

1l{Tm,Ts) = ̂  f Rl^oiTk)+Rk,oirk,Tm,Tj,y) dTk (2.16) 
Is Jo 

where 

T 
Rkfii'^k, Tm, Ts, y) = {[ ak{t -  rk)ao(t) dtf 

JTk+xT, 

-E- fTk+yTt 
+ IT ( /  ak(t - Tk)ao(t) dt)^ 

i?50,y=l J'^t+(V-WTs 

and /2fc,o(Tfc) is as defined in (2.12). 

Therefore, combining both cases, the MAI variance is given by 

(2.15) 

(2.17) 

<:=l 5=0 
(2.18) 
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where r(T„i, T,) is given by-

Jo''" Rl,oiTk) + ^m) dTk 

+ & R'toirk, Tm) dTk Tm < Z 
(2.19) r(T^,r,) = . 

So' Rloi'^k) + Rk,o{Tk Ts, y )  dTk Tm>Ts. 

Let ITc < Tk < (l + l)rc where I = and Tk = ITc + r'. For example, we have 

0 < I <Gs when 0 < < T,. With this, RkA'^k), R'k,oi'^k,Tjn), R"k,o{Tk,Tm) and 

Rk,oiTk,TTn,T3,y) are derived in Appendix A and the results shown below. We have 

RkArk) = Ci(OTe + [C,{1 + 1) - Ci(0]T', (2.20) 

R'kfiirk, Tm) = C2(Z, Gra)Tc + [C2{1 + 1, G^) - C^il, Gm)]r', (2.21) 

R!'k,oiTk, Tm) = C3(/, Gm)T. + [Cz{l + 1, Gm) - C3(Z, Gm)]T', (2.22) 

and 

Rk,oiTkiTm,Ts,y) = (C2(/+ xG,, C?m)rc + [C'2(Z + 1 + <?„,) 

- C2(Z + xG„G^)]r')'+ f; {C^{l,y,G,)Tc 
T^Q,y=l 

+ [C^{l  + l ,y ,Gs)-C,{l ,y ,Gs )]T') t\2 

(2.23) 

where the discrete partial-period aperiodic cross-correlation fimctions Ci (/), C2(Z, Gm), 

Cz{l,Gm) and C^{l,y,Gs) are defined by 

C.(i)=E4'J,af, (2.24) 
j=o 
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and 

j=i 

C3V,G„) = °^'af],af> 
j=0 

l-^yGs—I 
C,il,y,G,)= Yi 

j=l+(y-l)Gs 

Using (2.20)-(2.23), r{J'jn,Ta) can be written as 

s:P=3"' KoM + r„) dTt 

+ EfeJ; /g-'® r„) dn 
r{Tm,Ts) = -

(2.25) 

(2.26) 

(2.27) 

Tm<T, 
(2.28) 

E&o"'fll.o('it) + RkAn,T„,T„y) dn T„ > T. 
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and carrying out the integration followed by substitution using (2.24)-(2.27), we have 

+c?(( +1)+c,(/)c.(i+1) 

+C^(l,G„)+C^{t + l,G„)+ C2(i, G„)C2(( + 1, G„)| 

+ E&IoPIC. G„) + C5{i +1, (3„) 

+C3((,GJC3{i + l,G„)]} 

T„<T, 

r{Tm, Ts) = < 

? (0 + c?(i +1) + ci(()c,(; +1) 

+C2 (/ + xGa, Grrt) + C"!+ 1 + xGj, Gm) 

+02(1 + arG,, Gtji).C2{1 + 1 + xG,, G^) 

+ E Wi[C|a, y, Gs) + Clii +1, y, c?,) 

+C4(Z, y, Gs)Ci{l +-1, y, Ga)]} 

where x = [(Gm - O/G^sJ-

2.4 MAI Variance 

> Ts 

(2.29) 

Substituting r(Tm, Tj) into (2.18), we obtain 

K—l S—\. p <713 
''L = E 

k=l s=0 

= E EpS" 
ife=l J=0 

4T, 3 

' 12G3 
(2.30) 



30 

where 

/-t  ̂
^3) — 2̂  

"3" 

Finally, the signal to noise ratio ( S N R )  of the 0^ user with rate R m  is simply 

V^NRp = -y=£ = (2.31) 
v/F 

and F is given by 

2PnT 1 
= +fipr=rE «"•(<?..G,) (2.32) 

l\o ifc=i 5=0 

2.5 Discussion 

In (2.31) and (2.32), we have obtained the SNR for user 0 with bit rate m, where 

m can be any of the S bit rates, we showed that the MAI variance is a function of 

user k transmitted power, G, (or T,), Gm and the probability p[''K This new result 

uses a user model which has with the capability of transmitting at multiple bit rates, 

each with apriori probability . As a result, users with different traffic patterns 

from each other can be easily considered. 
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CHAPTER 3 

An Approximation to Interuser Correlation 

In the previous chapter, we have derived the SNR expression for a multi-rate DS-

CDMA system with arbitrary code sequences afK The results in (2.30)-(2.32) involve 

the computation of the partial-period cross-correlation functions Ci(l), €2(1, Gm), 

03(1, Gm), and 04(1, y, Gj) of the sequences. 

Two factors contribute to the difficulty in computing these parameters. First, 

the summations defined in these partial-period cross-correlation functions are less 

than the period Z of the code sequence. Second, the sequence akit) (of a period 

Gs) used in calculation in general does not have a fixed starting point. As a result, 

the partial-period cross-correlations are not only a function of the delay I, but also 

depend upon the starting point (s) of the sequence(s) in the summation. Therefore, 

the exact calculation of the MAI variance and consequently the system BER is not 

straightforward. 

In the past, various approximation methods for single rate CDMA systems have 

been proposed, including (1) upper bound approximation [8][9], (2) improved method 
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approximation [13], (3) Monte Carlo simulation, and lately (4) importance sampling 

[14]. 

To facilitate the performance evaluation for the power control method in a multi-

rate DS-CDMA system proposed in the next chapter, this chapter presents an ap

proximation method to the interuser correlations or cross-correlations by assuming 

random code sequences. This allows us to obtain a much simplified SNR expression 

and the BER performance. 

3.1 Random Sequence Approximation 

The random code sequence approximation is used by [8]. There are three reasons 

for using this same approximation in multi-rate DS-CDMA systems. 

• First, when the sequence periods are short, it may be possible to evaluate 

the partial-period correlations for each I and different starting points in the 

summation. For large sequences, however, this is too computation intensive 

and practically impossible. Therefore, modeling the sequences as a random 

process is one of the most viable alternatives. 

• Second, modeling the sequences as random may also be desirable for a satisfac

tory representation of sequences that are unknown or hard to evaluate. 
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• Finally, an approximation provides a better insight into the derived SNR ex

pression. Such an insight is useful to optimize system performance as discussed 

at the end of this chapter. 

3.2 Approximation Analysis 

When the sequences zire random, each ak(t) consists of a sequence of mutually in

dependent random variables taking values in [+1,-1] with equal probability, and the 

sequences assigned to different users are mutually independent. With these assump

tions, the expectation of Cf(l), 0^(1, Gm), 0^(1, Gm) and G'l{l,y,Gs) are derived in 

Appendix D and the results are given below. 

f [cf(;)i = (, (3.1) 

f[C|(i,G„)] = C?„-l, (3.2) 

£[Cf((,G„)] = G„, (3.3) 

and 

e[Cl{l,y,G,)\=G,. (3.4) 

From these results, r(Grn, Gg) can be approximated by its expected value or ensemble 

average. Taking the expectation of T{Gjn, Gg) and substituting the above results into 

(3.1)-(3.4), we obtain 
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£[r(G^,G.)] = 

2GmGs Tjn < Ts 

(3.5) 

2GmGs Tjn>Ts. 

We see the expected value of r{Gm,Gs) is the same for both Tm < Ts and Tm > Tg. 

This is intuitively meaningful because the randomness of the sequences meant that 

the partial-period cross-correlation is independent of the user code sequence period. 

The above result is also consistent with the the well known result obtained by [8] for 

the single-rate DS-CDMA system when we substitute G, with Gm-

Using the above approximation result, we can obtain the SNR given in (2.31) with 

F approximated by 

OPT' 1 K—l 5—1 
1 ^ (3-6) 

1^0 JtJm-n) k=l 5=0 

3.3 Bit Error Rate Evaluation 

From the above approximation, the BER in a coherent BPSK system can be 

calculated. First, the BER can be expressed in terms of the Q function 

pfl = (3(\/SNR^) (3.7) 

where is the bit error rate (BER) of traffic type m and Q{.) is the standard Q 

function defined by 

Q{x) = -1= r du. (3.8) 
V 27r Jx 
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Let Eb^rnax = PTq. Since To is the largest bit period, £^6,max is the maximum bit 

energy among all different traffic types. If we assume a perfect power control at the 

the receiver or the bcise station, we have Pk = Pq. In this case, F can be simplified 

to 

F = + 

where = PT^ and 7^ = Tm/To = Gm/Go-

The BER's versus i?6,mai/-^o are shown in Figure 3.1 at different values of K and 

random sequence period Gm- We can see the BER performance is improved with a 

larger PG or Gm- Figure 3.2 shows the BER's versus K a.t a. fixed Eb^max/^o of 10 

dB. It shows that when K increases, the BER increases rapidly. 

Therefore, the system design is to optimize the PG and bit energy E^"^^ to achieve 

a given SNR or BER for a given number of users K and noise density No/2. 
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CHAPTER 4 

Power Control for Multirate Traffic 

In Chapter 2 and 3, we studied a multirate DS-CDMA system and derived the 

average SNR and its BER performance. The average SNR derived is based on general 

users' code sequences and random sequences in Chapters 2 and 3, respectively. 

Based on the random sequence result from Chapter 3, this chapter derives the 

system average SNR in a mobile radio environment that assumes a Rayleigh fading 

channel with lognormal shadowing and and path loss. FVom the result, a new power 

control function is introduced and its performance is analyzed. 

4.1 Background 

A DS-CDMA system is susceptible to near-far interference, which occurs when 

the receiver input includes one or more other CDMA signals that are stronger than 

the desired signal. The stronger signals will overwhelm the weaker desired signal 

before the receiver has a chance to despread the desired signal. Power control has 

been used in the reverse channel in a single-rate DS-CDMA system to combat this 

near-far effect. 
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However, in a multi-rate DS-CDMA system, because of the varying traffic that is 

distinctive in each of their bit rates, required bit error rate (BER), and their access 

priorities, power control is used to facilitate the transmission of this different traffic. 

In a multi-rate DS-CDMA system employing the conventional power control scheme, 

signals of different traffic types are received with equal power at the BS [19]. If the 

spread bandwidth is fixed in a CDMA system, traffic with a lower bit rate has a larger 

PG than traffic with higher bit rates. In the previous chapter, we have shown that 

a higher PG results in a lower BER and vice versa. Thus, video and image, which 

have higher bit rates, will have higher BERs than voice, which has a lower bit rate. 

However, the BER requirement (QoS) of voice and video/image in practice are the 

reverse of the above observation. If the minimum acceptable BER of a multimedia 

DS-CDMA system is set to the video/image BER, it would thus create an inefficient 

use of transmission power by the voice traffic. 

As a result, many approaches using various power control schemes have been 

proposed for CDMA-based wireless multimedia systems. A review of previous studies 

is given in the next section. 

4.2 Literature Review 

Wireless CDMA systems based on transmission power control have attracted much 

interest, both for packet-based CDMA systems and circuit-based CDMA systems. 

Wu and Geraniotis [17], and Wu and Kohno [18] have considered different reverse 
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link power control strategies for slotted packet CDMA multimedia networks. Many 

other studies on multimedia packet-based CDMA systems have been conducted, in

vestigating the optimal admission policies of the varying traffic [4], [5] and proposing 

various power control methods [6], [7] and [16]. 

In [11], Yao and Geraniotis proposed equal received bit-energy power control func

tions for multimedia multirate circuit-switched CDMA systems, where the receiver 

maintains equal received bit energy to noise ratio for each mobile regardless of what 

transmission rate it uses. More recently, they [10] proposed an optimal discretized 

power control function where the optimal power distribution obtained through chan

nel measurement is transmitted in real time to every base station (BS) via a command 

control channel. In all the above studies, power control is implemented for two main 

purposes: 

• to compensate the effect of processing gain (PG) reduction for higher bit rate 

traffic and 

• to maintain different quality of services (QoS) for different types of traffic. 

In this chapter, we will propose a new closed-form power control fimction for a 

DS-CDMA system. By proposing a closed-form function, we achieve the following 

objectives: 

• The real-time power feedback information from the BS to the MS is eliminated, 

reducing the complexity of the feedback control channel. 
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• With a known power function, the MS receiver design is simplified, thus lowering 

the power consumption and the weight of a MS transceiver. 

Central to the new closed-form function is a parameter called the traffic exponent 

that can be optimized for maximum throughput and ensures the QoS (which is the 

BER in this paper) at the same time. By introducing this parameter, the diflBculty 

in obtaining an optimal closed-form power control function faced by [10] is overcome. 

In the next section, the system model for a multirate DS-CDMA system in a 

Rayleigh faded, lognormal shadowed channel is developed. The BER expression is 

then derived. Then, the proposed power control function will be presented and finally, 

results of the new power control function will be shown. 

4.3 System Model 

The system model, shown in Figure 2.1, for a multirate DS-CDMA system was 

given in Section 2.2. Therefore, only a brief summary will be repeated here. However, 

in this chapter, in order to better represent the mobile radio environment, the channel 

is modeled as Rayleigh fading with lognormal shadowing and path loss. 

The transmission signal Sk{t) shown in Figure 2.1 caji be expressed as 

S j f c ( t )  =  C O S ( W c t  +  d k )  (4.1) 

where 0<A: < / i ! r — 1 , 0 < 5 < 5 — 1 ,  P i f c =  g k ^ P  is the transmission power of user 

k controlled by the power control function akit) is the periodic OS sequence for 
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user k, and is the baseband signal for traffic type s. Since the user may set 

up a call session for a particular traffic type and modify its type during the call, the 

bandwidth Rk for the baseband signal 6^ ^ (t) is a discrete random variable equal to 

Bs at a certain prior probabiHty That is, 

; 0 < s < 5 - 1} (4.2) 

with probability Pr{Rk = Eg) = and = 1.0. 

4.3.1 Channel Model 

Figure 4.1 illustrates the mobile environment where the channel is modeled as 

Rayleigh fading with lognormal shadowing, in addition to the path loss that exists 

between the MS and the BS. The received signal at the BS shown in Figure 2.1 is 

given by 
K-l 

yii) = S - Tk) cuk + n(t} (4.3) 
*:=0 

where n(t) is the added white Gaussian noise (AWGN) with two-sided spectral density 

No/2, is due to path loss with t] being the propagation exponent dependent on 

the envirooment and dk being the distance between the BS and the MS, is the 

propagation delay of the fc"' user, and ak is due to the multipath signals arriving at 

the MS, which is modeled as Rayleigh fading with the probability density function 

given by 

p(a) = 
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The variance of a is S(a^) = 2a^. The factor in (4.3) represents the effect of 

the lognonnal shadowing. From Appendix C, /3fc is a Gaussian random variable with 

zero mean and variance 

4.3.2 Receiver Model 

The output of the coherent matched filter correlator is given by 

= f y{t) ao{t) cos(wct + a) dt 
Jq 

rTm. 
= N+ ^ Sk{t — Tk)akeP''^'^d^^^^ao{t) COS {wct + a) dt (4.4) 

k=Q 

The derivation to obtain the system SNR is similar to the analysis presented in 

Section 2.2 and thus will not be repeated here. However, the results are simimarized 

and given here. From (4.4), the desired signal S is 

s=\f^ (4.5) 

and the system MAI variance to user 0 can be written as 

S I®) 
*:=! 4=0 

where 

- Tk)d^'^'^o.k{t - Tk) ao(t) cos 0fc dt (4.7) y z Jo 

and (pk=^k~ "^cTk ~ O!-

The Rayleigh fading and the lognormal shadowing are assumed to be mutually 

independent and independent of k. They are also assumed to be invariant during the 
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data bit duration, which occurs during flat or slow fading. Thus, we can write 

^ S{ll |5) (4.8) 
fc=l 5=0 

where S{a^) = 2a^ and from Appendix C, we have 

e{e^) = 

The MAI variance, following the derivation presented in Section 2.2 , is given by 

~ 12G^ ^\Gm,Gs) 

where Sd{-) is the ensemble average over all the possible distances dk; the distance 

between the MS and the BS. The SNR for user 0 is 

SNRt' = 

where 

^ = '3—K ' ^5gi;(W£ 

=  [ — < i .  1  +  3 G ^ „ ( P . ^ " )  S  h  

(4.10) 

d = -, (4.11) 
a 

/3 = ^ - Y ('tis) 
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^6.max P{2a^){e''^"')T, 
No No ^ ^ 

and 

lm = ^ (4.14) 
-^0 

4.3.3 Bit Error Probability 

The BER of the system, averaging over a and /? is expressed as 

pW = r  r  Q^^SNRt')  p{&) v0)  da d0 
J—oo JQ 

= / 5[1 - -7=7=1 V0) d ('t is) 

where F is given in (4.10) and /? is a Gaussian distributed random variable with mean 

and variance cr^. 

Finally, forward error correction is provided by an (n, A;) block code capable of 

correcting up to e errors. In particular, we assume the (23,12) Golay code is used, 

which can correct up to 3 channel errors. The BER can then be approximated by 

H « -  E  ( 4 1 6 )  
^ i=e+l \^/ 

To obtain a perspective on the BER expression derived, is computed and 

results shown in Figure 4.2 and 4.3. In both graphs and also in all subsequent results, 

random users' sequences are assumed. Thus, the results obtained in Chapter 3 can be 

applied. Specifically, r(Gm, Ga) in (4.10) will be approximated by its expected value 

£[r{Gm, Ga)] ~ 2GtrG,. Figure 4.2 shows the BER for various K values for a channel 

with AWGN and Rayleigh fading. The effects of different channel conditions on the 
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BER axe shown in Figure 4.3 and the improvement in the BER performance when 

Golay code is used is also shown. In both figures, the conventional power control 

function explained in the next section is applied. 

Figure 4.2 shows the BER (po*"^) performance vs. ^b.max/^o for various A 

AWGN channel with Rayleigh fading is assumed. It shows that when the increases, 

the BER performance improves. This is due to the increase in the instantaneous 

power of the fading amplitude, S[p?^ = 2cr^ which increases the bit energy . 

In Figure 4.3, the system BER performance is compared among different channel 

environment given by the following: channel with AWGN, channel with AWGN and 

Rayleigh fading, and channel with AWGN, Rayleigh fading and lognormal shadowing. 

It shows the system performance degradation as the channel becomes more hostile. 

However, also shown is the significant BER improvement when a (23,12) Golay code 

is used. 

4.4 Previous Power Control Function 

The conventional power control function that is used in the single-rate DS-CDMA 

systems and the function for the equal bit energy method [11] are given here. First, 

the conventional power control function is given by 

(4.17) 

where only the path loss of the MS signal is compensated without any adjustment 

for the different bit rates. 
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Yao and Geraniotis proposed an equal received bit-energy power control function 

for multimedia multirate circuit-switched CDMA systems [10], where the receiver 

maintains equal received bit energy to noise ratio for each mobile regardless of the 

transmission rate it uses. This power control fimction is 

(4.18) 

with 75 = TJTq = GJGq. 

4.5 Proposed Power Control Function 

The key strategy towards power control in a multi-rate DS-CDMA system is based 

on reducing the transmission power of the traffic with higher PG while still maintain

ing its required minimum BER or QoS. Therefore, a "forced" near-far effect among 

the different traffic types is intentionally applied, where the received signal power of 

the different traffic types are unequal. This is achieve by controlling the transmission 

power level of each of the different types of traffic and at the same time attempting 

to maximize the system capacity. 

Firstly, two of the three parameters in the proposed power control function will 

be explained. The first parameter, is the power compensation due to path loss 

between the MS and the BS. This is the only power compensation considered in the 

conventional power control function. The objective of 77*^ is to increased the bit 

energy of traffic with lower bit energy. Therefore, the bit energy of higher bit rate 

traffic will be increased to the same level as the bit energy of the traffic with lowest 
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bit rate (s = 0). The overall objective of the second parameter is therefore to achieve 

equal bit energy among all the different traflSc tjrpes that have different bit rates. 

Before introducing the new power control fimction, let's define 

^5 *= traffic exponent 

where /z, is a positive unit-less parameter that is a function of the traffic s. The 

proposed power control function for the user with traffic type s is 

9 k ^  = ('I-IS) 

where 

def Hk 

Bs-l Bs-l 

is the normalized bit rate (0 < r, < 1). Since Bs-i is the maximum bit rate, is less 

than or equal to 1.0 and as result, < 1. Thus, depending on fij, the transmission 

power level of each traffic type is reduced proportionately. 

The objective is thus to effectively reduce the transmission power of lower bit 

rate traffic while still maintaining its QoS and at the same time, increase the overall 

system capacity. 

4.6 Optimization 

In the previous sections, we have derived the BER expression for a multi-rate DS-

CDMA system with matched filter detection of BPSK, and we have proposed a new 

closed-form power control function based on the newly defined parameter fXa. Given 
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the QoS of traffic s, QoS,, the proposed power control function should meet the 

corresponding QoS requirement. Under these constraints, the power control function 

must be able to find the optimum /i, so that the objective of maximizing the system 

capacity can be achieved. 

Using nonlinear programming, the objective fimction and the constraints are de

fined. The objective of power control is to maximize the average number of users 

max A'; s G [0,5 - 1] (4.20) 
lis,K 

by optimizing /is under the QoS constraints 

Pe^'^<QoS, ; 5 G [0,5-1] (4.21) 

and 

K > 1  

A successive quadratic programming algorithm available through IMSL is adapted 

to perform the optimization. 

4.7 Results and Discussion 

The performance of the new power control function will be evaluated in this sec

tion, comparing it with other proposed methods. In addition, the effects and advan

tages of the new function will also be highlighted. 

In order to evaluate the proposed power control function, we apply the multirate 

DS-CDMA system to the FCC's unlicensed band at 1.91-1.93 GHz with 20 MHz 
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bandwidth. We first assumed a dual-rate system with two different traffic types, 

labeled by the different medium number 0 and 1. Medium 0 could be voice traffic 

and medium 1 could the data traffic. Table 4.1 shows the system parameters for the 

two different traffic types. 

Medium Number 0 1 
Transmission prob. Po Pi 
Transmission rate 157/2 {kbps) 157 (kbps) 

Processing gain Go = 255 Gi = 127 
Maximum allowed BER QoSo = 10"'^ QoSi = 5(10-'») 

Table 4.1: System parameters: Dual-rate System, Case 1. 

Figures 4.4 and 4.5 show the BER performance of this dual-rate system for medium 

0 and 1 respectively, when both medium 0 and 1 have equal probabilities. The three 

different power control functions are compared: the conventional, the equal bit energy, 

and the newly proposed power control functions. The QoS for each medium is given 

in Table 4.1 and an arbitrary traffic exponent ^ = 1.0 is used for the new power 

control function. Therefore, = 1.0 are unoptimized values. The optimum ^ 

for each medium can be obtained using optimization technique explain in the previous 

section. Optimized values of fi's will be given in later results. 

Figure 4.4 shows a comparison of the BER performance for medium 0 when the 

three different power control functions are used. We can see that the conventional 

method yields the best performance and the new method the worst. The equal bit 
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energy method yields intermediary performance. Because <1.0 for medium 0, 

its bit energy is reduced, resulting in higher BER. 

Figure 4.5 shows a comparison of the BER performance for medium 1 when the 

three different power control functions are used. Contrary to medium 0, the BER 

performance when conventional and new power control functions are used, are re

versed for medium 1. This improvement is due to the reduction in the system total 

MAI variance when the bit energy of medium 0 is reduced. Lower MAI variance 

contributes to the better BER performance. For the equal bit energy power control 

method, both medium 0 and 1 have the same BER, as a result of the objective of 

maintaining equal BER for all traffic types. 

Figures 4.4 and 4.5 showed the effect on the medium BER with the three power 

control functions. An additional advantage of the new power control function is its 

ability to take into consideration situations when the user has different and unequal 

traflSc probabilities. Some results on those situations are shown next. 

Figures 4.6-4.8 show the BER performance for both medium 0 and 1 using the 

three power control functions and with three different sets of users' traffic probabili

ties. Specifically, (po>Pi) = (0.5,0.5), (0.7,0.3) and (0.3,0.7) are used. 

Using a different Eb^max/^o equals to 20 dB compared to Figure 4.4 and 4.5, Figure 

4.6 shows the BER performance of both medium 0 and 1 for the three power control 

functions when the traffic probabilities are equal. 



56 

CO ja o 
a! 
w o 

iB 
ffl 

0.1 

0.01 

' 
-I 1 1 1 

Conventional PC o 
Equal Bit Energy PC + 

• 

New PC • 

I 1 1 . 1 _ I 
10 20 30 

Number of Users, K 
40 50 

Fi^re 4.5: BER vs. Number of Users, K for medium 1 in a dual rate system with 
Po = = 0-5- Gi = 127, Eb^max/^o = 10 dB, = 0.5 and = 2 dB. 



•57 

0.1 

0.01 

0.001 

0.0001 

1 —I— 1 1 1 : 
Conventional PC « 

Equal Bit Energy PC + 
New PC Q 

Medium 0 
Medium 1 

Medium 0 & 1 

jir'' 

X ' J3'''̂  ' 
' / ^ ' /a' / P 

/ / • 

^ PJ / ^ * 9 
.• / yT 

" .y/ 
_ * t / . / / • 

• '  /  »  » /  /  
• 

•  ' '  /  
•  /  /  

'  . '  /  
• '  /  +// 

/ 

I .. L 1 1 1 
10 20 30 

Number of Users, K 
40 50 
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= 0.3. Eb,maxfNo = 20 dB, = 0.5 and = 2 dB. 
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In Figure 4.7, traffic probabilities equal to (po,Pi) = (0.7,0.3) is used. Comparing 

Figure 4.6 and 4.7, we see that when the probability of the medium 0 (medium with 

larger PG) is increased, the BER of both medium 0 and 1 also decreases when the new 

power control function is used. This is due to the reduction in bit energy of medium 

0 which resulted in higher reduction in total power when the probability of medium 

0 increases. This reduction in system total variance will also lead to better BER 

performance and eventually, higher capacity as will be shown later. The increase 

in BER can be observed in Figure 4.8 when the traffic probabilities are changed to 

(Po,Pi) = (0.3,0.7). 

Previous graphs show the effects of different traffic probabilities on the traffic BER 

when different power control functions are used. Figures 4.9-4.11 show the effect on 

the system capacity for a dual-rate system. Figure 4.9 compares the capacity of the 

system when the three different power control functions are employed. Equal traffic 

probabilities for medium 0 and 1 is used. The new power control functions clearly 

achieve higher capacity than the other two methods. 

The effects of different traffic probabilities on the capacity are shown in Figure 

4.10 and 4.11. As the users transmit more medium 0 than medium 1 (po > Pi), from 

Figure 4.9 and 4.10, the number of users that can be supported at £'6,mai/^o = 22 

dB increases from 8 users to 11. Increase in capacity is possible because of the higher 

reduction is system MAI variance when po is larger. For the same reason, capacity 

improvement is less when po is small, as shown in Figure 4.11 for po = 0.3. 
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Nevertheless, in all three cases the new power control function achieves higher 

capacity than both the equal bit energy and conventional power control methods. 

For example, Figure 4.9 shows capacity improvement is up by 166% compared to 

conventional method at po = pi =0.5, and up by 33% compared to equal bit energy 

method when Eb,maxfNo = 22 dB. 

In the following results, the power control function is applied to a system with three 

different bit rates. Three different cases for traffic with varying QoS are analyzed. 

The system parameter (Case II) for a tri-rate system is shown in Table 4.2. The 

three different medium 0,1 and 2 are differentiated by their different PG and their 

QoS requirements. Medium 2 represents the traffic with the highest bit rate (lowest 

PG) and highest QoS requirement and medium 0 the lowest bit rate traffic with the 

lowest QoS. 

Medium Number 0 1 2 
Transmission prob. Po Pi P2 
Transmission rate 157/2 {kbps) 157 (kbps) 317 {kbps) 
Processing gain Go = 255 Gi = 127 G2 = 63 

Maximum allowed BER QoSo = 10-2 QoSi = 10-3 Q0S2 = 5(10-'') 

Table 4.2: System parameters: Tri-rate System, Case II 

The system capacity for different medium probability are compared for different 

power control methods in Figures 4.12-4.14. Higher system capacity is achieved 

with the new power control function, compared to both the conventional and equal 

bit energy power control function. As in the dual-rate system, higher capacity is 
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Figure 4.12: Case II. System capacity comparisoa of a tri-rate DS-CDMA system 
with po = Pi = p2 = 1/3, = 0.5 and (Tg = 0.5. 

obtained when the medium with the larger PG has a larger probability than medium 

with lower PG. Therefore, a tri-rate system which transmits predominantly voice will 

be able to support more users with the new power control function. 

In the following, two different scenarios of traffic with different QoS requirements 

are analyzed. They are labeled as Case III and Case IV. In Table 4.3, the new medium 

3 and 4 are defined. Medium 3 represents low bit rate traffic that requires a high 
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Figure 4.14: Case II. System capacity compsirison of a tri-rate DS-CDMA system 
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Medium Number 3 4 
Transmission prob. Pz P4 

Transmission rate 157/2 {kbps) 317 {kbps) 
Processing gain Gz = 255 II C

O
 

Maximum allowed BER QoSo = 5(10-'') QoSi = 5(10-^) 

Table 4.3: System parameters: Medium 3 and 4. 

QoS and medium 4 represents high bit rate traffic with a low QoS. They represent 

two possible extreme situations. 

The performance of the new power control on these two cases will not be shown 

here but instead, the effect of the new power control method on the three cases will 

be shown. Figure 4.15 compares the system capacity of the different cases, where 

for Case III and IV, medium 2 of Case II is replaced by mediimi 3 and medium 4, 

respectively. In both cases, because of the different PG and QoS requirements of the 

third medium, the system capacity are different. 

Comparing medium 2 and 3, the PG has increased from 63 to 255 although their 

QoS remziin the same. Since higher PG traflSc has lower BER, Case III it is able to 

satisfy the QoS requirement specified in Table 4.3 better than Case II. In Case IV, 

the QoS is 5(10"^) compared to 5(10"'') in Case II. A lower QoS means that the BER 

of users c£in be higher which occurs when more users are supported by the system. 

Therefore, Case IV will also performs better than Case II, in terms of capacity. Figure 

4.15 show that Case III and IV yield higher number of users that can be supported 
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in the system. This is a direct result of the different medium in the system and their 

different QoS. 

On the other hand, the comparison between Case III and Case IV is much more 

complicated. Figure 4.15 shows Case IV with higher capacity at Eb,max/^o < 18 

dB and Case III with capacity at Ef,,max/No > 18 dB. Further studies are needed to 

explain this and to predict their performance relative to different QoS and PG. 

Finally, the optimum values of /x' for the different cases are shown in Table 4.4 for 

the dual-rate DS-CDMA system (Case I) and the different tri-rate DS-CDMA systems 

(Case II,III and FV). These values are obtained using the optimization technique with 

the objective and constraints explained earlier. We see that different values of /z's 

are obtained for Case II, III and IV, because of the different PG and QoS of the third 

medium. Therefore, different PG and QoS cause the optimum /z of all other traffic 

tj'pes to vary as well. 

Case Ml /i2 /Z4 

I 1.67 0.0 - - -

II 0.835 0.342 0.0 - -

III 1.67 0.0 - 0.0 -

IV 0.663 0.0 - - 0.0 

Table 4.4: Optimum n's. 

high G, traffic function SNR 
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CHAPTER 5 

Conclusions and Future Work 

5.1 Conclusions 

This dissertation introduces a new multirate DS-CDMA model and derives the 

average SNR. To the best knowledge of the author, the derivation is mostly original. 

A closed-form power control function is then proposed to achieve satisfactory quality 

of services for the different types of multimedia traffic. 

The new multirate model assumes a probability for each traffic type at bit rate 

s and of user k. Average SNR is then derived in terms of these probabilities. The 

result is found to depend on the partial-period cross-correlations between the direct 

sequences of the interested channel and the interfering channels. To further apply the 

result to multirate traffic power control, an approximation is performed that assumes 

each direct sequence in the DS-CDMA system as a stationary and random binary 

sequence. 
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With the average SNR derived and simplified, a new power control function is in

troduced with a parameter called the traffic exponent This new function greatly sim

plifies computation in adapting transmission power. Consequently, the MS transceiver 

design complexity is much reduced. 

The new power control also provides better performance in a multirate system 

than both the equal bit-energy and conventional power control methods. Higher 

user capacity is achieved when lower bit rate trafl5c that has larger PCs can tolerate 

higher BERs. By reducing the transmission power of this traflSc type, the total 

system interference power is reduced. As a result, more users can be simultaneously 

supported while maintaining the same QoS requirements. 

5.2 Future Work 

Both the system analysis and power control for a multirate CDMA system can be 

extended in various directions. 

In the area of system analysis, a computationally feasible method to calculate the 

average SNR can be investigated for better accuracy. Secondly, since only a single-

cell mobile environment is considered, it is important and more realistic to extend 

the study to a multiple cell environment. Third, to mitigate the fading effects, Rake 

receivers that provide multipath diversity can be used. The corresponding analysis 

then needs to be extended. 
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In the area of power control, the effect of imperfect power control on the system 

performance can be further investigated. For example, because the optimum /x's 

depends on the varying trafl&c composition, it is important to know the sensitivity 

of the system capacity to error in computation of these parameters. Secondly, to 

apply to bursty multimedia traflBc, it is useful to extend the work to packed-switched 

CDMA system. 
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Appendix A 

k,oi'^ki1m)i R kfii'^ki'Irn) ^nd RkSiiTktTjji^Ts^y^ 

A.l RkSiiTk) 

Let ITc < Tjfc < (/ + l)Tc and = ITc + t". Figure A.l shows the sequences of 

ak(t — Tfc) and ao(t). Rk,oiTk) can be written as 

RkfiiTk) = / ak{t - Tk)aoit) dt 
Jo 

= 51 r - t') dt + 
j=0 

^ ^ f - T')dt 
j=Q 

(A.1) 

ao(t) 

ak(t-'fK) 

r' 

{j-l)Tc jVc 

cr r 

0'+I)Tc 
I 
I 
I 

(j-l)Tc JTc (j+l)Tc 

Figure A.l: Time diagram of ao{t) and akit — Tk). 
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where it is expressed in terms of the sequence-dependent component and chip-waveform 

component [8]. From Figure A.l, one bit of the sequence ao(i), overlaps two bits 

of the sequence ak(t — Tk), both and Therefore, i?fc,o(Tfc) can be expressed 

in two terms: the integral over [0, /] and [r^, Tc]. 

For square chip-waveform, the partial autocorrelation functions for the chip wave

form are given by 

— T') dt = Tc — r' 

and 

/ + Tc — r') dt = T' 
Jo 

Substituting into Rk,o{Tk), we obtain 

RkM = Ci{l + l)T' + Cdl){Tc-r') 

= C,{l)n + [C,il + l)-C,il)]r' (A.2) 

where 

Ci (I) = ̂  af2iaf^ 0<1<Z-1 (A.3) 
i=o 

A.2 R'k,Q{Tk,Tm) 

The waveform of sequences ak{t — Tk) and ao(i) are shown in Figure A.2. As 

explained above, integrating over the two separate intervals: [r', Tc] and [0,7^], we 

have 

R'k,o{'^k,Tm) = f ak{t - Tk)ao{t) dt 
J-rk 
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ao(t) 

ak(t-''^ic) 

1 
jTc 
hf* 

O'+DTc 

a'" 

jTc 
hf* 

fTc (j+l)Tc 

Figure A.2: Time diagram of aoit) and ak{t — rjt). 

Gm-l 
E 
i=i 

f ~ T')ip{t) dt 
-•_/  Jt' 

53 f - IT' ~ Tc])fP(.t) dt 
_;_i_i •'0 j=l+l 

= C2(Z,GJ(T,-r')+C2(Z + l,G^)r' 

= C2(^ Gm)Tc + [C2(Z + 1, Cm) " G^)]r' (A.4) 

where 

C2((,G„)=°f:'of,af 
j=l 

(A.5) 
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A.3 R"k,oiTk,Tm) 

The waveform of signals ak{t — t") and ao{t) can also be represented by Figure 

A.l. As in previous section, integrating over two separate intervals, we get 

R"k,o{Tk,Tm) = [ ak{t - TK)ao{t) dt 
Jo 

= ^ r tit + Tc-T')ip{t) dt 
j=0 

I 
S f ~ dt 
i=Q Jr' 

= C3(/, G^)r' + [C,{1, Gra) - C3(/, Gm)m ' t') 

= C^il, Gm)Tc + [Czil + 1, Gm) - C^il, Gm)]r' (A.6) 

Cz{l,Grn) (A.7) 
J=0 

A.4 Rk,Q{rk,Tjn,Ts,y) 

From (2.17), Rk,oi'^k,Tm,Ts,y) is defined as 

RkfiiTk, Tm, Ts, y) = {f ak{t - rfc)ao(t) dt)^ 
JTt+iT. 

where 

'Tk+xrr, 
^ r-k+yTs 

+ 
x^O. 

^ l^k+yTs 
51 (/ akit-Tk)aQit) dt)^. (A.8) 

The two integrals are evaluated below. First, for y < x and referring to Figure A.2, 

we can write 

rk+yT. l+y^-i .Tc 
/ ak{t - Tk)aQ{t)dt = Y1 ~ T')'ip{t) dt + 
Jt^HV-DTs j=iHy-i)G, 
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^•i-yGs 
+ 

— l)Gj+1 

where 

£ I ipit - [r' - Tc])^{t)dt 

= C,il,y,Gsm-T')+C,il + l,y,Gs)r' 

= Ci{l, y, Gs)Tc + \Ci{l + 1, y, Gg) — C\{1, y, GS)\t' 

(A.9) 

(+yGj — I 
Ct(l,y,G,)= ^ af2,afK (A.IO) 

j—l+(y—l)Gs 

Similarly, for y = x, we obtained the following: 

f Ukit - Tk)ao{t)dt = ^2 f ~ d.^ + 
Jn+xT, j=l+xGs 

j='+xG*+l 

= C2il+yGsm-T')+C2{l + l + yGs)r' 

= C2(Z + yGJTe + [C2{1 + 1 + yGs) - C2{1 + yG.)]r'. 

(A.11) 
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Appendix B 

Variance of N 

The noise output of the matched filter is given by 

N= f n{t)aQ{t) cos(wct + a) (B.l) 
Jo 

Because n{t) is zero mean, S{N) = 0, and the variance of N is 

2 r'^rn rim 
^ n{t)ao{t)cos{wct + a)dt / n(s)ao(s) cos(wc5 + Q:)rfs} 

Jo Jo 
r^m rTfti. 

— / ^[n(£)n(s)]ao(t)ao(5)cos(ti;ci + Q:)cos(u;cS + Q:) rfirfs 
Jo Jo 

pTm 
' / Rn{t — s)ao{t)ao{s) cos{Wct + a) cos{wcS + a) dtds 
0 Jo 

Nq rTm 
= — / / S(t — s)ao(t)ao{s)cos(wct-\-a)cos{'WcS + a) dtds 

2 Jo Jo 

= ^ f CLoit) COS^{Wct + OL)dt 
2 Jo 

N T 
" (B.2) 

where aKt) = 1.0, Rnit) is the autocorrelation function of the noise n{t) and S{t) is 

the unit impulse function or delta function. 
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Appendix C 

Lognormal Shadowing 

Lognonnal shodowing can be represented by 

y = IQVIO 

where A is Gaussian distributed with zero mean and standard deviation ax. Therefore, 

X{dB) = IQlogioy would be Gaussian (normal) distributed with probability density 

function given by 

P(Amb)) = (C.I) 
^2-Kax 

If we let = 10'^/^°, then 0 is also Gaussian distributed because 

o _ InjlO) , 
10 

£ind /? would then have a Gaussian distribution with zero mean and variance <j^ given 

by 

A parameter of interest is the expectation of e^, derived below. 

S[eP] = f e^piP) dp 
J—OO 
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r e^— 
y27ra| 

•'-«' ^27ra| 

e'i/s (C.2) 
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Appendix D 

Second Moment of Ci{l), C2{1, Gm), C^il, Gm) and C^il, y, Gs) 

Lets define 
I 

Ck,oio=T,4yp^ (D-i) 
j=0 

then the second moment of Ck,Q{l) is 

I I 
eiciM = f{EE4-Vf«134°'} 

j=0 1=0 

j=0 j=0 i^j 

where for i ̂  j 

and 

Therefore, 

=0 

f{[4-Vf 1'} = 1-

(D.2) 

f(C|.„(i)] = El (D.3) 
j=0 

= 1 + 1 (D.4) 
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The second moment of Ci(Z), Cl{l,Gm) and Cl{l,y,Gs) can therefore 

be obtained easily, giving 

e[cui)] = I (D.5) 

e[CUl.Gm)]=Gm-l,  (D.6) 

S[Cl{l ,Gm)]=Gm (D.7) 

and 

e[Clil,y,Gs)]=Gs. (D.8) 
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