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ABSTRACT 

A consequence of the exploding demand for wireless multimedia services is the need to 

provide a large number of heterogeneous users with various quality requirements, despite 

the scarcity in the radio spectrum. In light of these considerations, this dissertation address­

es three issues pertaining to integrated wireless access networks which use code division 

multiple access with direct-sequence modulation. 

We first assess the performance of a :flexible multi-chip rate multi-processing gain DS­

CDMA system architecture which supports teletraffic of different information rates via dif­

ferent spreading bandwidths. This evaluation is particularly important due to the anticipat­

ed evolution path of the IWAN architecture from currently proposed 1.25 MHz to wider 

spreading bandwidths. In addition, we provide a method to efficiently integrate multimedia 

traffic while ensuring downward compatibility. 

Subsequently, we develop an analytical framework to evaluate the performance of dif­

ferent pre-detection diversity techniques in various mobile radio environments. As an ex­

ample, antenna diversity reception of spread-spectrum signals is illustrated. It is shown that 

diversity reception is effective for combatting the deep fades experienced on wireless chan­

nels. Besides, in an interference hampered network, mitigation of channel fading through 

the use of diversity can translate into improved interference tolerance. This in turns means 

greater ability to support additional users, and therefore higher system capacity. 

Finally, we devise a simple packet combining mechanism that will enhance the system 

throughput and delay characteristics of slotted DS-CDMA packet radio networks. Empha­

sis is placed on improving the system performance without incurring a substantial penalty 

in terms of implementation complexity or cost. Moreover, the proposed S+I selection 

scheme is well suited for high data rate transmissions because accurate measurements of 

the signal-to-noise ratio becomes difficult or expensive. 
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Chapter 1 

Introduction 

In the information era, communication links are backbones of all large information 

systems. The final frontier in communications is personal wireless communications by 

which multi-media can take place between any persons, anywhere and anytime via a 

pocket size terminal. As we attempt to make wireless technology available for a broader 

range of applications, we are faced with challenges of spectrum overcrowding, privacy 

considerations, fading mobile channel as well as complexities of the propagation environ­

ment inside buildings, safety concerns (e.g., health hazards), to name a few. Many of 

these issues have been tackled for military applications where complex and costly solu­

tions have often been considered acceptable, if the desired performance was achieved. 

Spread spectrum communications has been one of the most intriguing and exciting tech­

nologies to emerge from these efforts. 

Recently, the FCC has allocated 160 MHz spectrum in 1850 to 2200 MHz range to 

the personal communications services due to the congested nature of the frequency spec­

trum in the U.S. This frequency band is currently occupied by microwave users of vari­

ous groups, and spectrum sharing was the only viable option to satisfy the spectrum needs 

of PCS. Most would agree that until the band is completely cleared and exclusively used 

for PCS, interference between the new service users with the primary users, is the pri­

mary concern. Consequently, code-division multiple access (CDMA) technology 

becomes very attractive because of its potential for operation at low-power density, 

which permits overlay communications and therefore is feasible to co-exist with the nar­

rowband microwave traffic. The desirable properties of CDMA include jamming protec­

tion, multipath mitigation, privacy, soft handover, operation at low power spectral 

density, reduced network synchronization (uncoordinated cellular approaches), increased 

capacity by exploiting voice activity (speech pattern), overlay communications and flexi-
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bility in accommodating multi-media traffic. The concept of spectrum sharing and suit­

ability of CDMA technology for such a scenario are backed up by several years of both 

defence and commercial R&D which validate these properties. In 1985, the FCC issued 

Part 15 .24 7 which allows for the unlicensed use of spread-spectrum radios with up to 

one watt of output power in three shared frequency bands [ 49] (Instrumentation, Scien­

tific and Medical bands), as depicted in Table 1.1. This ruling has stimulated a wide 

range of commercial applications for spread-spectrum radios. 

Carrier Frequency 

902 - 928 MHz 

2.4 - 2.4835 GHz 

5.725 - 5.850 GHz 

Bandwidth 

26.0 MHz 

83 .5 MHz 

125.0 MHz 

Table 1.1. FCC Part 15, ISM Frequency Bands 

Future third-generation systems are expected to support several distinct traffic 

types with different source characteristics (information rates, activity factor, burstiness), 

various grades of service and latency requirements through the same bandwidth simulta­

neously. Thus, issues in system architecture and bandwidth management, and methods for 

efficient integration of wireless multi-media traffic are important research topics. More­

over, the severe deep fades experienced on wireless channels deteriorate the system per­

formance significantly, and therefore reduce the system capacity. This thesis discusses 

and analyzes some important issues in this subject, by focusing into the key techniques 

that can be used to facilitate transmission of voice, video and data in offering untethered 

personal communication services (PCS) which will become reality in the near future. 

These include the performance evaluation of a multi-chip rate multi-processing gain 

direct-sequence CDMA network, micro-diversity reception techniques to mitigate multi­

path fading, and finally adaptive retransmission diversity with packet combining for data 

networks that demand stringent bit-error rate requirements but are relatively insensitive 

to delay. 

1.1 Significance of Research 

It is known that error tolerance is media-dependent. Given an allocated frequency 

band for a cellular network, spreading all types of media (voice, data, video services) traf­

fic over the entire available bandwidth can be wasteful since the highest-quality require-
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ments have to be satisfied even for the lowest-quality demanding services. Therefore, we 

investigate the performance of a multi-chip rate DS-CDMA system which supports tele­

traffic of different information rates via different bandwidths. The basic idea of this 

approach is somewhat similar to the radio interface proposed for the third generation uni­

versal mobile and personal communication (UMTS) [1]. However, there is no clear evi­

dence thus far that this subject has been treated analytically except for in [7] where the 

authors studied the performance of a single processing gain system. We extend this work 

in the following manner: (a) by deriving an expression for the more general case of a 

multi-chip rate multi-processing gain network; (b) by investigating the effect of different 

user distributions in various sub-bands on system capacity, and subsequently proposing 

two admission policies that maximize the system capacity or alternatively improve the 

service quality; and ( c) by evaluating the maximum achievable capacity with optimum 

power allocation to various classes of traffic. 

In the proposed system, the traffic of the highest rate occupies the entire system 

bandwidth, while each of other lower-rate traffics uses only a portion of the bandwidth. 

The performance of this hybrid FD MIDS-CDMA network architecture is then compared 

with the conventional single chip-rate system. It is observed that the new system offers 

higher capacity than the latter, and is capable of facilitating different quality of service 

(QoS) contracts for heterogeneous traffic in a multi-media scenario. Alternatively, power 

requirements, e.g., for data services, can be reduced with respect to the CDMA system 

with a single type of media-transparent channel. Various admission policy strategies have 

been examined, which were found to have a strong influence on the system capacity. Fur­

ther capacity enhancement with optimum power control criteria is also presented. 

Next, we have developed a theoretical framework to evaluate the performance of 

different pre-detection diversity techniques in various mobile radio environments. The 

average bit-error rate analysis applies to phase coded spread-spectrum systems, over a 

Nakagami multipath fading channel. A simple and practical selection combining rule has 

been proposed, in which the amplitude of the received composite signal is used in the 

selection diversity process. The scheme lends itself to a low-complexity receiver struc­

ture, and is particularly attractive for high signalling rates. It is also shown that the new 

scheme outperforms the traditional selection diversity model. Further, numerical results 

indicate that this simple scheme exhibits comparable performance with respect to that of 

an optimum linear diversity combiner when the channel does not experience severe fad­

ing (e.g., Rician channels), and for small diversity orders. In brief, the proposed S+I-
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selection scheme improves the system performance significantly while ensuring a low­

complexity receiver structure. 

Finally, we have studied the performance of a slotted DS-CDMA ALOHA system 

with packet combining. In particular, we have derived the expressions that will enable us 

to compute the upper bounds for the average number of retransmissions required before 

a packet is received successfully, and the corresponding lower bounds on the system 

throughput. In this new scheme, the receiver retains and processes all the retransmissions 

of a single data block (packet) using post-demodulation diversity combining, instead of 

discarding those which are detected in error. Simply discarding the noisy packet seems to 

be wasteful in particular when one realizes that a portion of that packet may have been 

received correctly. Therefore, we propose to improve the throughput performance, delay 

characteristics and reliability of the system by using a simple packet combining mecha­

nism. To do so, selection diversity is employed at the bit level to form a more reliable 

block by using the erroneous copies of that packet, which were retained at the receiver. 

While using each copy alone might not enable the receiver to recover the transmitted 

packet, combining these copies enhances the probability of this recovery. 

Two forms of selection diversity have been investigated. To facilitate the analysis, 

we have derived simple and computationally efficient formulas for evaluating the bit­

error rate of a practical S+I-selection scheme and the computation of the average number 

of transmissions for the packet combining scenario. It is shown that in an interference 

limited environment, the proposed S+I selection scheme outperforms the conventional 

SNIR-selection model. This is particularly interesting in that the proposed packet com­

bining scheme (which focuses on selecting the bit with the largest amplitude of the 

received composite signal) lends itself to a low-cost and reduced complexity receiver 

structure. This scheme is also well suited for high data-rate transmissions because accu­

rate measurements of the signal-to-noise ratio becomes difficult or expensive. Our numer­

ical results show that the proposed adaptive retransmission scheme with a simple packet 

combining method enhances the system performance significantly, and ensures a more 

stable network. Also, it was observed that packet combining is more effective when the 

retransmission rate is high (poor channel conditions), and the application of FEC is cru­

cial to achieve a reasonable system performance in a CDMA network. Moreover, this 

scheme can be readily applied to CDMA wireless data networks with a little added com­

plexity. 
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1.2 Organization of Thesis 

This dissertation consists of five chapters. In Chapter 2, we assess the performance 

of a direct-sequence CDMA with multiple chip rates for an integrated network. This eval­

uation is particularly important due to the anticipated evolution path of the Integrated 

Wireless Access Network (IWAN) architecture from currently proposed 1.25 MHz to 

wider spreading bandwidths. Such a network topology may also exist in the ISM bands 

with different applications supported via different bandwidths in overlapping bands. Two 

admission policies and an optimum power allocation criterion that maximizes the system 

capacity are provided. 

Whereas in Chapter 3, we employ diversity reception techniques to mitigate multi­

path fading experienced in wireless mobile environments. In this chapter, we first ana­

lyze the performance of two different selection schemes in a Nakagami multipath fading 

channel. Nakagami's m-distribution is a versatile statistical model, which can accurately 

fit experimental data for many physical propagation channels. Accurate and time-effi­

cient formulas are derived to evaluate the average bit error probability of a phase-coded 

spread-spectrum receiver with antenna diversity reception. In addition to the SNIR and 

S+I-selection methods, performance of an optimum linear diversity combiner is also eval­

uated for comparison. 

Subsequently, throughput analysis of a slotted DS-CDMA ALOHA with packet 

combining is presented in Chapter 4. Here we restrict our analysis to multipath Rayleigh 

fading channels. Since the time-varying nature of the multi-user interference (i.e. , the 

number of interfering users may be different during the transmission of each of the com­

bined packets) impose considerable analytical and computational difficulties, we resort 

to bounding techniques to investigate the system performance. Finally, in Chapter 5, con­

clusions and suggestions for future work are furnished. 
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Chapter 2 

Evaluation of OS/CDMA Communications with 

Multiple Chip Rates in an Integrated Network 

A gradual evolution of the IWAN (Integrated Wireless Access Network) architec­

ture from the currently proposed 1.23 MHz and 2.5 MHz systems to 5 MHz bandwidths 

(that may be introduced around 1997) and subsequently 15 MHz systems (to follow 

some three years later) near the spectrum space of 2 GHz is expected [6]. An implication 

of this evolutionary picture is that systems with different bandwidths will co-exist and it 

appears desirable that systems be sufficiently flexible so as to allow both terminal and 

base station interfaces to operate at multiple chip rates and processing gain values. We 

offer an open and flexible radio interface to efficiently integrate the heterogeneous traffic 

and fully utilize the available resources, while ensuring downward compatibility. The 

basic idea of this approach is somewhat similar to the radio interface proposed for the 

third generation universal mobile and personal communication (UMTS) [1]. However, 

there is no clear evidence thus far that this subject has been treated analytically except 

for in [7] where the authors studied the performance of a single processing gain system. 

In this study we evaluate the performance of a hybrid FDM/DS-CDMA system sup­

porting heterogeneous traffic, with calls co-existing at different chip-rates (multiple 

spreading bandwidths) in overlapping bands. Our analysis is a natural extension of [7] , 

with an evaluation of a more general case for a multi-chip rate multi-processing gain net­

work. In addition, we also investigate the optimal power allocation criteria and admis­

sion policies that maximize the system capacity. 

Although the conventional CDMA scheme [4][10] is the easiest way to accomplish 

the objective of multi-rate transmission, it does not utilize the bandwidth efficiently. One 

may realize that spreading the multi-media traffic over a single wide RF bandwidth can 
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be wasteful, in particular if the discrepancies between the QoS requirements for these ser­

vices are large [2]. This is because highest quality requirements have to be guaranteed 

even for the lowest quality demanding services. The use of spreading results in a protec­

tion level to external interferences, and is defined by the processing gain. In a multi-pro­

cessing gain (single chip-rate) system, this protection level is not constant. Therefore, all 

the users do not accomplish the same bandwidth efficiency. In order to fully exploit the 

inherent advantages of CDMA (i.e. , better exploitation of multipath diversity), the high 

rate signals are spread over the entire available bandwidth. However, if we require the 

same level of protection for all types of heterogeneous traffic ( e.g. voice, video), a single 

processing gain is sufficient [7). Thus, we say that lower-rate signals are "over-spread" 

(relative to the high rate signals) especially when both these signals need to be supported 

with the same QoS. 

In the proposed scheme, various source rates will be mapped to different chip rates 

based on their symbol information rates and quality requirements. Thus users with differ­

ent rates will have different spreading bandwidths and therefore we can, by the use of fre­

quency division multiplex (FDM), squeeze many such subsystems within the system 

bandwidth. In other words, with the proposed FDM/DS-CDMA signalling scheme, we 

attempt to make optimal use of the available resources (i.e. , bandwidth) and expect an 

increase in the spectrum efficiency. 

2.1 System Description 

The spread-spectrum system model examined in this analysis is similar to that used 

in [5] and [10) , and is depicted in Figure 2.1 for multi-media traffic. A two-rate system 

model is presented to evaluate the feasibility of our new system. This model can be eas­

ily generalized to investigate the performance of a multi-media network with more than 

two chip rates. For convenience, denote the high data rate signal as type v traffic and the 

lower-data rate traffic as types. The high rate signals are spread over the entire available 

bandwidth to gain from multipath and interferer diversity. Then, the processing gain G v 

for the high data rate signal is given by, 

(2.1) 

where Tv and Tcv represent the bit durations of the type v data signals and period of the 

wideband chip waveform respectively. Similarly for the lower-rate signals (type s), the 
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processmg gam 1s defined as Gs = T/ Tcs . Also denote R/ Rs = ns and 

Re/Res = ncs' with Rv = 1/ Tv, Rs = I / Ts, Rev = 1/ Tcv and Res = I / Tes· Note 

that if a single processing gain is assumed, then Gs = G v and n cs = n s . 

Thermal noise (AWGN) 
n(t) 

Threshold 
Detector 

1--~-' ~- d, 11 (t) 

CsJk( ) t . ~ 
T ~ t ) o' (.) . ~- dsjk(t) 

cos( Wcsf + <l'sjk) 

Cvk(t) 

Figure 2.1 DS/SSMA system model. 

It is clear that bandwidth 2 Wss can accommodate Re/ Res subsystems with rate 

Res . To evaluate the performance of the new system, we consider the cases in which 

Res = 2
1

- iR cv (i = 2, 3, . . . ). Thus, ncs = 2i - l subsystems with chip rate Res can fit 

in the bandwidth 2 Wss if the carrier frequencies of the subsystems are suitably chosen. 

Denote the narrowband subsystems by subsystem [s,j] U = 1, 2, ... , ncs ), then the car­

rier frequencies of these subsystems fcsJ are of the form, 

f = r + 2} - 1 W 
csj JI n ss 

cs 
(2.2) 

where fi is the lower boundary of the system bandwidth and Wss corresponds to the 

chipping rate of the wideband subsystem. Also denote the subsystem which supports 

high rate traffic by subsystem [ v] with carrier frequency fcv = Ji + Wss. Hence, the sys­

tem under investigation consists of 1 + ncs subsystems. Figure 2.2 describes the test sys­

tems for multi-rate schemes evaluation and the allocation of carrier frequencies for each 

of these systems. 
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------- 2w,, ------

SYSTEM I (Convent ional OS-CDMA) 

± ,,,. , s;,a,I rv fcs Types Signal 

f 
f 

SYSTEM II (FDM/DS-CDMA) 

i ,,,. 's;'"'' t fcs l r t fc,2 

Types Signal 

f Wss/2 

i ,,,,. ' s;'"'' 
Types Signal 

t fcs l rv ! fc,2 _ t fcs3 r cs4 

SYSTEM Ill (FDM/DS-CDMA) f w ,;2 Wss/4 f -± ,,,. 'g;'"'' 
Types Signal 

SYSTEM IV (FDM/DS-CDMA) 
f 

Figure 2.2 System architecture of the test systems for multi-rate schemes evaluation. 

Consider a binary direct-sequence CDMA system with a rectangular chip shaping wave­

form. Let Uv and UsJ denote the number of active users in subsystem [ v] and subsystem 

[s, j] respectively; then the kth transmitted signal of subsystem [ v] , s vk (1 s k s U) , 

and k th transmitted signal of subsystem [ s , j] , s sJk ( 1 s k s Us) are of the form, 

(2.3) 

(2.4) 

where P v and Ps denote the transmitted power of the type v and type s traffic respec­

tively. 0vk and esJk are the phase angles introduced by the k-th PSK modulators, and are 

modeled as i.i .d random variables uniformly distributed over [O, 2n). The data wave­

forms dvk (t) and dsJk (t) consist of sequences of mutually independent rectangular 

pulses of duration Tv = l I Rv and Ts = l / Rs with amplitude taking values from 

{± 1} with equal probability. The signature sequences, cvk(t) and csJk(t) having 

amplitude { + 1,-1 } with equal probability, are modelled as mutually independent random 

binary sequences of duration Tcv and Tes respectively. The system is assumed to be syn­

chronous with respect to the chip durations. This assumption can be relaxed and is only 

made in order to simplify the evaluations. 
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2.2 Performance Analysis 

2.2.1 Wideband DS-CDMA Waveforms 

Given U = U + " U . active users transmit information simultaneously in an AWGN 
V ~ SJ 

j= l 

channel, the received signal at the input of type v receiver is [2] , 

UV n cs u s) 

rv (t) = L svk (t - Tvk) + L L ssjk (t - Tsjk)+n(t) (2.5) 

k=l j= lk = l 

where -r vk and 1 sJk are the k-th signal time delays, and n ( t) is a zero-mean white Gaus­

sian noise process with two-sided spectral density N0/ 2. For coherent reception and cor­

relation receiver matched to the l -th signal, the output is [3][10] , 

TV 

gv/T) = fr v (t) cv/t) COS ( WcJ) dt 

0 

(2.6) 

If ro » 1 / T , then a practical spread spectrum receiver is such that the double fre-cv CV 

quency components of integrand (2 .6) can be ignored. Consequently, equation (2 .6) can 

be re-written as [2] , 

(2.7) 

where d~~) is the desired signal in decision interval [O, Tv], ri v is a zero-mean Gaussian 

random variable with variance N0 / 2Ebv and Iv is the multiple access interference 

(MAI) term. 

(2.8) 

where Cvk (t) and CsJk (t) denote the product of the data and the spreading signature 

sequences of the wideband and narrowband subsystems respectively, 1.e., 
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c vk (t) = d vk (t)cvk(t) and c sjk (t) = d sjk (t)csjk (t) . The random phase angles in 

(2.8) are given by <pvk = 8 vk - co cv 't vk and cp sjk = 8 sjk - co cs) 't sjk with co sJ expressed as, 

- - 2 [ (2) - l - n cs ) Wss] co - co - co - 7t sj cs) cv n 
cs 

(2.9) 

We assume the receiver is synchronized with the / -th CDMA signal, so there is no 

loss in generality in assuming -r vl = 0, -rsJI = 0 , <p vt = 0 and cpsJI = 0 because we are 

only concerned with the relative time delays and phase angles. In addition, it is shown in 

[10] that cp vk and cpsJk are uniformly distributed over [0, 2n); -r vk and -r sJk are 

assumed to be integer multiples of chip waveform periods and uniformly distributed over 

[ 0, T cv ) and [ 0, T es ) respectively. Re-arranging the rectangular pulse functions out­

side the integration, the expression for Iv in equation (2.8) reduces to, 

k=l , k,tc./g=O 

- - 1 G - n - - 1 - I Gs ( Gs J 
n U n v cs n 

cs sj l ~ s s s 

LL T p L c sjk, (h) L cvl,(nci+m)Asj,(h,m)( cpsjk)(2 .10) 
j=lk= l v vh=O m=O 

where 4 . ( h ) ( cp .k) is given by the expression, SJ , , m SJ 

(2.11) 

Since cv, (t) is a random signature sequence and the period of cos cos/ and 

sincos/ is n cs T cv l l2J-l-ncsl' we can replace A s), (h,m) (cpsjk) with A s), (m) (cpsjk). 

Note that C vk, (.) take values of+ 1 or -1 with equal probability, so the statistical proper­

ties of the first term in equation (2.10) remain unchanged regardless of which c vl, (.) 

sequences are selected. Hence, this first term and the second term of (2.10) can be re­

written as, 

(2.12) 
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(2.13) 

(m + I ) T 

where As}, (m) ( q>sjk) = LT cv cosros/ cosq>sjk- sinros/ sinq>sjkdt. 
CV 

A prerequisite to the application of Gaussian approximation [ 1 O] is the knowledge 

of the variance of multiple access interference (MAI). It can be easily shown that 

E [Iv] = 0, and thus Var {Iv} = E[ I~] = E[ 8~] + E[ n~] because 8v and nv are 

mutually statistically independent random variables and are uncorrelated. 

E[82] = I I E cosq> vk 2 = Uv-1 U G-1 ( J 
, k=l,k,lg =O [ G, ] 20, 

(2.14) 

(2.15) 

2 

G -n (Gs_ lJ-2 
V CS n 

s 

I: 
m = 0 

G - n (Gs_ lJ-1 
v cs ns (p C C J L s vi, (m) vi, (m') 

m'=m+l p v~ 

(2.16) 

Since cvl, (.) is assumed to be a random signature sequence, the second term of equation 

(2.16) disappears after averaging with respect to cvl, ( .) , 
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(2.17) 

Averaging with respect to cp, 

(2.18) 

where a . ( ) and P . ( ) are defined as, SJ, m SJ, m 

(2.19) 

(m + 1) Tc 
P = f v sin ( co .t) dt 

sj, (m) mT SJ 
CV 

(2.20) 

Using equations (2.14), (2.18), (2.19) and (2.20), the variance of Iv can be expressed as, 

(2.21) 

Consequently, the average bit error rate computed via the Gaussian approximation 

method [ 1 O] for type v traffic is given by, 

where Q (.) corresponds to the complementary error function , 

2 
00 - u 

Q (x) = ~f e 
2 

du = ~erfc( Ji ) 
X 

2.2.2 Narrowband OS-CDMA Waveforms 

(2.22) 

(2.23) 

When analyzing the performance of the narrowband DS-CDMA subsystems, we assume 

that neighboring subsystems do not interfere with each other [see Appendix A]. Then, 

the MAI is contributed by other users in its own subsystem and that from subsystem [ v]. 
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Hence, the received waveform at the input to the narrowband receiver is given by [2] , 

UV 

= L svk (t - 't vk) + 
k == I 

u sj 

L ssjk(t - 't sjk) + n (t) 
k == I 

Then the output of the correlation receiver (matched filter) is, 

T
5 H g .1(T)= fr .(t) c .1(t)cos(ro .t)dt = .-!.T (d (01) +I _+,,) 

SJ S SJ SJ CS) 2 S SJ SJ 'I s 

0 

with the multiple access interference term given by, 

(2.24) 

(2.25) 

(2.26) 

Following the procedures that we have described above to evaluate the variance of MAI 

in the wideband subsystem, IsJ shown in (2.26) can be re-written as, 

I . = 
SJ 

G - I I c sjk, (g) . COS<psjk + 
Gs 

k==l ,bd g ==O 

Uv i nsGv- 1 

I ; p v I c vk, (h)csjl, (l hl nsJ) Bsj, (h) (<p vk) 
k== I s s h==O 

(2.27) 

(h+l )T 

with Bsj, (h) (cp vk) = Lr c v cosros/coscp vk + sinros/sincpvkdt and a s}, (.), J3sj, (.) 
CV 

as defined in (2.19) and (2.20) respectively. 

U .- 1 
SJ 

2Gs 
(2.28) 

Since E[n~J is statistically independent of the random signature sequence csJt(.), 

then E[ n~1lcsJI, (.)' <p] = E[ n~1lcp]. 
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(2.29) 

Subsequently averaging (2.29) with respect to cp, we obtain, 

(2.30) 

Using equations (2.28) and (2.30), the variance of IsJ can be expressed as, 

(2.31) 

Similar to equation (2.22), the average bit error probability computed via the standard 

Gaussian approximation method for the type s traffic is, 

(2 .32) 

where Q ( .) is the complementary error function as defined in (2.23), and SNRsJ denotes 

the average signal-to-noise ratio. 

2.2.3 Conventional OS-CDMA 

The performance of the conventional single-chip rate DS-CDMA scheme can be 

obtained from the expressions derived in Sections 2.2.1 and 2.2.2. By substituting 

n cs = 1 in (2.21) and (2.31 ), the variance for MAI of the type v and type s traffic can be 

expressed as, 

U .-1 (p JU 
Var{Is (conv)}= re + pv 2d 

s s s 

(2.33) 

(2.34) 

Then the average bit-error rate (BER) expressions for type v and types traffic are given by, 
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(2.35) 

(2.36) 

2.3 Optimum Power Distribution 

In this section, performance of the integrated services is analyzed and compared under dif­

ferent power control strategies based on equal signal strength (ESS) and equal error prob­

ability (EEP) rules. The ESS scheme maintains the power of received signals of all users 

at a fixed level. One possible choice is to keep the bit energy for all types of users at the 

same level, i.e. , 

(2.37) 

However, the ESS rule does not balance well with the natural dissimilarity between 

different quality requirements for type v and type s traffic. Hence, the performance of 

more vulnerable traffic degrades drastically as the number of active users supported by 

the network increases. In contrast, the equal error probability rule ensures that the bit­

error rate of all the users is maintained at the minimum required level. In [11] , it is 

shown that the optimum power allocation is mainly determined by the quality require­

ments of the heterogeneous traffic, and a simple way to estimate the optimal power 

assignment was suggested. Therefore, based on the EEP rule, 

(2.38) 

where QRv and QR
5 

denote the quality requirement for type v and types traffic, respec­

tively. 

The performance of different power control strategies described here can be evalu­

ated by substituting appropriate values for the power ratio P / P s , and the bit energy in 

(2.21 ), (2.22), (2.31) and (2.32). 
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2.4 Numerical Results 

In this section, we provide some representative numerical curves illustrating the capaci­

ties of multi-rate multi-service DS-CDMA systems, based on analytical results derived in 

the preceding sections. We construct four test systems as shown in Figure 2.2 to evaluate 

and compare the performance variations between these different multi-rate systems. 

Notice that System I corresponds to the conventional phase-coded spread-spectrum radio 

interface architecture. It is also assumed that power spectral density for all spread signals 

in the system is maintained at the same level (i.e., the ESS power control law 1s 

employed) for both conventional and new system topologies, unless stated otherwise. 

It is apparent from Figure 2.2 (refer to test System II) that subsystems [2, 1] and 

[2,2] are symmetric. Consequently, the quality of these subsystems will be identical pro­

vided each of them supports the same number of users. In contrast, System III and System 

IV consist of a mix of symmetric and nonsymmetric subsystems, and therefore average 

bit-error probabilities may be different for any two nonsymmetric subsystems with a 

fixed number of active users in the system. As an example, performance of the nonsym­

metric subsystems in test System IV have been analyzed and the results are depicted in 

Figure 2.3. We plot the maximum value of Uv for each given Us, while ensuring the bit­

error rate for all users in the system is below 10-3. For instance, to evaluate the quality of 

subsystems [4,4] and [4,5], we assign Us1=Us2=Us3=Us6=Us7=Uss=0, and Us4=Uss if Us 

is even, else Us4=Us5+ 1 when Us is odd. An interesting point can be derived from this 

analysis. The results indicate that the larger the carrier frequency offset co sJ (i.e. , the far­

ther the carrier frequency of type s users in a particular subsystem from the type v users ' 

carrier frequency), the lower the magnitude of interference experienced in that particular 

subsystem, and thus lower the bit-error rate the corresponding subsystem can provide. 

This is because the cos (- cos/+ cpvk) term in (2.26) causes different levels of interfer­

ence for different j . A similar observation was noticed in [7] . Hence by using nonsym­

metric channels, flexible quality of service can be achieved even for information of the 

same rate. 

Figures 2.4 and 2.5 illustrate the capacities offered by test System III with various 

distributions of type s traffic, for single-bound and multi-bound of bit-error rate respec­

tively. Based on our earlier discussions, the system capacity of the hybrid FDM/DS­

CDMA approach is related to the distribution of the type s users in the system. Thus, we 

evaluate the impact of three different allocations of type s users on the system capacity: 
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(a) Uniform (equal) distribution of all the admitted types users to every subsystem. 

(b) Allocate the new calls to the appropriate subsystems such that the average interfer­

ence of the entire system is minimized. 

( c) Allocate the new incoming calls first to the subsystems with the carrier frequency 

farthest away from the type v user carrier frequency until the interference threshold 

limit for that particular subsystem is reached, and then to other subsystems in a sim­

ilar fashion. 

Although higher capacities are observed for all three types of distribution, admis­

sion policies based on criteria (b) and ( c) mark a significant improvement. Criterion ( c) 

remains optimal (for both cases of single and multiple bit-error rate bounds), in terms of 

maximizing the number of type v users supported by the system for a fixed number of 

typ e s users occupying the system. On the other hand, criterion (b) ensures that the multi­

user interference experienced by all the users in the system is at the minimum level, i.e., 

provides the best service quality. Hence, the new hybrid scheme in conjunction with any 

of these two different options for implementing the admission protocol will maximize 

the system capacity and improve the offered grade of service. Therefore, either of these 

approaches can be selected based on complexity, ease of implementation (reduced task 

of the resource manager) or other relevant factors. Furthermore, the capacity improve­

ment is more pronounced in a multi-service scenario. This suggests that the proposed 

hybrid radio interface topology is capable of facilitating different QoS contracts for 

multi-media networks . 

In Figure 2.6, the average bit-error probability of System III (b) is plotted as a func­

tion of E bl N0 for fixed numbers of type v and type s users occupying the system. It is 

evident that the new system architecture outperforms the traditional spreading approach 

by providing a higher grade of service for all the users in the system. Subsequently in 

Figure 2.7, the number of type s active users in test System III (c) is plotted as a function 

of Eb/ N0 , for different values of type v users. The performance of the conventional sin­

gle chip-rate scheme is also shown for comparison. From this analysis, we can conclude 

that the capacity of the new system is more robust to variations in the ratio of Eb/ E bs 

than the latter, and therefore is less susceptible to power control errors. In addition, an 

estimate for the optimum power assignment in System I suggested by [ 11] ( described in 

(2.38)) is also apparent from this figure. We confirm that this simple estimation is also 

valid for our new multi-chip rate system. 
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Notice that results presented in Figures 2.3-2.7 correspond to the performance of a 

single processing gain network architecture. However, systems with multiple chip-rates 

and processing gain values are anticipated to exist in future, in particular because they 

offer greater flexibility in designing an integrated network. Besides, such network topol­

ogy may also exist in the ISM band with different applications supported via different 

bandwidths in overlapping bands. Moreover, it would be interesting to find out how the 

interference in between these subsystems may affect the system capacity and transmis­

sion quality while moving away from this single processing gain restriction. These 

results are illustrated in Figures 2.8-2.11. 

Figure 2.8 compares the performance of System I-IV with a single quality of service 

requirement both traffic types, whereas in Figure 2.9, the grade of service for the high­

rate traffic is more stringent than the lower-rate traffic. Subsequently, the system capaci­

ties for different multi-rate system architectures are illustrated in Figure 2.10 when the 

bit-error rate requirements for these two traffic classes are interchanged. Results pre­

sented in Figures 2.8, 2.9 and 2.10 suggest that the capacity gain increases as we increase 

the number of narrowband CDMA subsystems but gets saturated afterwards. Therefore, 

system 111 will be preferred for the system parameters considered in this analysis because 

it yields a good trade-off between performance and system complexity. Consequently, 

increasing the number of subsystems beyond the five subsystems topology makes the sys­

tem design less profitable. 

Figure 2.11 depicts the performance of test System I-IV carrying multimedia traffic 

with optimized power assignment. As expected, the system capacity and grade of service 

are further enhanced by employing the EEP power control strategy. Furthermore, compar­

ison between results exhibited in Figure 2.9 and Figure 2.11 implies that ESS rule do not 

balance well the natural dissimilarities between the different quality requirements for the 

heterogeneous traffic. While maintaining the received energy per bit to be equal (based on 

ESS strategy) for all the users, performance of more vulnerable traffic degrades drasti­

cally as the number of simultaneous users supported by the network increases. In con­

trast, the EEP rule ensures that the bit-error rate of all the users is maintained at the 

minimum required level. 
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2.5 Conclusions 

In summary, we have presented a hybrid signalling scheme which simultaneously 

minimizes interference and provides variable quality of service (QoS) contracts for the 

heterogeneous traffic in a OS-CDMA network. Using the Gaussian approximation 

method, we have derived the average bit-error rate expressions, and estimate the number 

of users that can simultaneously transmit without exceeding a predetermined performance 

measure for each different class of traffic. The analysis presented in this paper is essen­

tial in view of the gradual evolution of an IWAN architecture which is anticipated in the 

very near future . In particular, we have investigated how user distributions in various sub­

systems affect the system capacity and transmission quality. Subsequently, two different 

options for implementing the admission policy were suggested to maximize the system 

capacity. Different power control strategies based on ESS and EEP ru les were presented 

and analyzed. The EEP rule offers higher capacity provided that resources and interfer­

ence budgets are not exceeded. It has been shown that the proposed FDM/DS-CDMA 

network architecture is superior to the conventional single chip-rate system, both in 

terms of system capacity and flexibility in facilitating different service requirements in a 

multi-media scenario, regardless which type of power control strategy is employed. Our 

results recommend the multiple chip rates radio interface as an attractive alternative to 

achieve the goal of improving spectrum uti lization of the future multi-rate multi-service 

CDMA personal communication systems. 
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Figure 2. 10 Performance of System I-IV carrying multi-media traffic with 
different QoS requirements, and power control strategy based on ESS criteria. 
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Figure 2.11 Performance of System I-IV carrying multi-media traffic (multi-rate multi­
service requirements) with optimized power allocation (EEP power control strategy). 
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Chapter 3 

Micro-diversity Reception Techniques for Phase 

Coded Spread-Spectrum Signals 

Diversity reception has long been recognized as an effective technique for combat­

ting the detrimental effects of channel fading. The underlying premise is that if several 

uncorrelated replicas of a signal are received over multiple diversity branches with com­

parable strengths, then it is improbable that these signals will experience simultaneous 

deep fades. Diversity methods can be employed either at the base station (macroscopic 

diversity or macro-diversity) or at the mobile (microscopic diversity or micro-diversity), 

although the antenna separation required differs for each case [31]. In practice, micro­

diversity reception combats the fast fading variations in the received signal strength 

caused by multipath fading, whereas macro-diversity combats the slower fading varia­

tions caused by shadowing [12]. 

To capitalize on the improvement in signal statistics due to diversity, several com­

bining techniques have been proposed, and they can be categorized into two main 

groups, namely switched combining and gain combining. Among these approaches, 

selecting the best diversity reception is the simplest and perhaps the most frequently used 

form of diversity combining [21]. It is also worth mentioning here that the improvements 

achieved through diversity reception are usually at the expense of increased system com­

plexity. For instance, in a signal-to-noise ratio based diversity scheme, some type of SNR 

measuring device is required or a pilot tone calibration scheme may be employed [12]. 

Therefore, techniques of improving the system performance without incurring a substan­

tial penalty in terms of implementation complexity or cost are of practical interest. 

The conventional selection diversity system measures the signal-to-noise plus inter­

ference ratio (SNIR) at each branch (i.e., antenna) and chooses the branch with the high­

est SNIR value for data recovery. Thus, if M th order diversity is employed and the mean 
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noise power is assumed to be identical for all branches, then the decision criterion 

reduces to max [ a J , i = 1, . .. , M , where a i is the channel gain from the i th branch 

[14]. However in practice, measurements of SNIR may be difficult or expensive [12] , 

especially for high data rate transmissions. To be most effective, the system should be 

able to make its selection in a period of time equal to or less than the interval of the short­

est signal that will be transmitted. Consequently, the branch with the largest amplitude of 

the received composite signal is chosen. 

In a related work [14] , Chyi et. al. evaluated the performance of two receiver struc­

tures for M-ary orthogonal signalling over a frequency non-selective Rayleigh fading 

channel. They have shown that the traditionally accepted analysis which selects the 

branch with the highest SNR produces inferior performance indication of an S+N selec­

tion system. Subsequently in [17] , an explanation for this observation was furnished, 

with the reason being that the conventional selection diversity model does not take into 

account the stochastic nature of the noise. In [ 15], we studied the performance of two dif­

ferent selection diversity schemes for slotted DS/CDMA packet radio communications 

over a frequency-selective Rayleigh fading channel. A simple and practical selection 

combining rule has been proposed, in which the amplitude of the received composite sig­

nal is used in the selection diversity process. The scheme lends itself to a low-complexity 

receiver structure [ 15], and is particularly attractive for high signalling rates. 

In this chapter, we first analyze the performance of various pre-detection diversity 

techniques in a Nakagami multipath fading channel. Nakagami 's m-distribution is aver­

satile statistical model, which can accurately fit experimental data for many physical 

propagation channels. Computationally efficient formulas are derived to evaluate the 

average bit error probability of a phase-coded spread-spectrum receiver with antenna 

(spatial) diversity reception. In addition to the SNIR and S+I-selection methods, perfor­

mance of an optimum linear diversity combiner is also evaluated for comparison. Empha­

sis is placed on simpler models that yield to analysis and that allow for unique insights, 

without being too unrealistic. We show that these insights apply to actual systems. The 

analysis presented here is also valid for frequency and time-diversity schemes. Subse­

quently, we investigate the effects of unequal mean signal strengths on the bit-error rate 

performance. 



3.1 System Description 
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Figure 3.1 System model for a DS/CDMA network operating over a frequency-selective 
multipath fading channel. 

3.1.1 Transmitter Model 

The system model to be considered consists of K active users transmitting binary 

data simultaneously to a central-station (the first user being the reference user whose per­

formance is to be evaluated), as depicted in Figure 3.1. Each transmitter or user is 

assigned a unique long PN sequence which modulates the data waveform along with the 

carrier. Then the transmitted signal of the kth user can be expressed as, 

(3 .1) 

where bk ( t) is the data sequence of unit amplitude, antipodal rectangular pulses of dura­

tion Tb and ak (t) corresponds to the spreading waveform which consists of periodic 

antipodal binary sequences of duration Tc . Pk and co c denote the transmitted power by 

the k th user and common angular carrier frequency respectively. 0 k is the phase angle 

introduced by the kth PSK modulator and is modeled as an i.i.d. random variable uni­

formly distributed over [ 0, 2 n ) . The data signal of the k th user may be written as, 

00 

bk(t) = I bk,JPTb (t - JTb) (3.2) 
j = -00 

and the spreading signature waveform as, 
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CX) 

ak(t) = L ak,JPTc (t - JTc) (3.3) 

j = ---00 

where bk . and ak . denote the jth bit from the kth user's source and signature wave-,; ' ,) 

forms respectively, and are assumed to be mutually independent antipodal binary 

sequences with amplitude taking values from { ± 1} with equal probability. We assume 

the chip waveform PT to be a rectangular pulse, i.e., PT = 1 for O ~ t ~ Tx, P Tx = 0 
X X 

otherwise. 

3.1.2 Channel Model 

Here we characterize the link between a transmitter and its receiver as a Nakagami 

multipath fading channel. The Nakagami's m-distribution [24] is a generalized statistical 

distribution which can model different fading environments. This analytical model 

assumes that the received signal is a sum of vectors with random strengths and phases. As 

a consequence, this distribution provides greater flexibility and accuracy in matching 

some experimental data statistics [24]. For example, Suzuki [25] and Braun and Dersch 

[27] have shown that Nakagami distributions fit some urban radio multipath channel data 

better than Rayleigh, Rice, or lognormal distributions. It also has the advantage of includ­

ing the Rayleigh and one-sided Gaussian distribution as special cases. Furthermore, it 

can be used to model fading conditions that are less or more severe than those modelled 

by the Rayleigh distribution [ 13]. 

The multipath fading channel is modelled as frequency selective in that the chip rate 

1 / Tc is higher than the channel coherence bandwidth. In this case, the discrete multi­

path components in the received signal are resolvable with a resolution in time delay of 

Tc, the chip duration. The maximum number of resolvable paths is, 

(3.4) 

where Tm is the maximum multipath delay spread. Tm is assumed to be less than the 

symbol duration to avoid intersymbol interference [18]. The complex low-pass equiva­

lent impulse response of the channel for the link between the kth user transmitter and its 

receiver 1s, 

L 

hk (t) = L Pk1exp U<h1) o (t - -r:k1) 
I= l 

(3.5) 
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where 8 ( .) is the Dirac impulse response while ~kl , 't kl, <I> kl are the / th path gain, time 

delay and phase delay respectively of the kth user. In (3.5), <!>kt and 'tkl are assumed to be 

uniform in [O, 2n) and [O, Tb) respectively. This will naturally result in a worst-case 

scenario, rendering the results conservative [20]. We assume ~kl is a Nakagami random 

variable, and has probability density function (p.d.f.) in the form, 

(3.6) 

where u ( .) denotes the unit-step function and r (.) corresponds to the Gamma function. 

The scalar parameter m in (3.6) is defined as the ratio of moments, called the fading fig­

ure [24] , 

m = Q2 > ! 
- 2 

E[(R2 - Q)2] 
(3.7) 

where Q = E[R
2
], and E [.] represents the mean function. The Rayleigh p.d.f. is 

obtained for m = I , and m = 0.5 gives the p.d.f. for one-sided Gaussian random vari-

ables. The nonfading case corresponds to m = oo. The average power of the desired sig­

nal is given by Q / 2. 

The output signal y ( t) produced by the multipath fading channel model consists of 

a sum of delayed, phase shifted, attenuated replicas of the input signal, and therefore can 

be expressed as, 

L 

yk (t) = IRe{ ~klsk(t - 't k1)expU<l>k1 ) } 
I = I 

where Re { . } denotes the real part. 

3.1.3 Receiver Model 

(3 .8) 

The channel output y ( t) is further corrupted by multiple access interference as 

well as system thermal noise, which is modeled as additive white Gaussian noise n ( t) 

with two-sided spectral density N
0
/ 2 . Therefore, the received signal at the base-station 

is given by (see Figure 3.1), 
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K 

r(t) = LYk(t) +n( t) 

k= 1 (3.9) 
K L 

= L IP.~klak(t- 1 k1)bk(t - 1 k1)cos(w/+<pkl) + n(t) 
k=l/=1 

where cp kl = 0 k + <I> kl - w c 1 kl . In our analysis, we have assumed a correlation receiver 

(matched filter) as in [19]-[20]. It is worth noting that any diversity combining technique 

employed to combine the multipaths will also enhance the overall performance of our 

system. 

For coherent reception, we can assume that the reference Receiver 1 can recover the 

carrier phase and ideally delay lock onto the first arriving signal path. For mathematical 

simplification and with no loss in generality, let us also assume 1 11 = 0 and cp 11 = 0, 

because we are only concerned with relative time delays and phase angles. After the cor­

relation operation that collapses the wideband coded signal into a narrowband modulated 

signal and the demodulation process, a signal sample at the receiver low-pass filter out­

put can be expressed as, 

(3.10) 

where b 1, 0 1s the polarity of the data bit that needs to be detected, and 

T 
ri = f 6 

n ( t) a 1 ( t) cos ( ro t) . I corresponds to the multiuser interference, 
Q C m 

(3.11) 

and Fm is due to multipath interference, 

K L A 

L L [
bk - I Rk I (k, 1k,) + bk O Rk I (k, 1 kt) l 

F = ~ ' ' ' ' cos ( cp ) 
m kl T kl 

k= 1/=2 b 

(3.12) 

Here bk, _1 and bk, 0 denote the previous and current data bit of the kth user, respectively. 

R ki ( 1) and R ki ( 1) are the continuous time partial cross-correlation functions, and are 

defined as in [ 1 O]. 
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(3.13) 

(3.14) 

In arriving at (3.10), we have assumed that average power control is employed, which 

means that on the average, the same power is received from each active user. The first 

term in equation (3 .10) represents the desired signal to be detected while the final term 

is a Gaussian random variable with zero mean and variance (power) N0 Tb/ 4 , due to 

AWGN. 

3.2 Error Probability Analysis 

In this section, analytical expressions are derived to evaluate the bit error probabili­

ties of a correlation receiver with antenna diversity reception, by modelling the multiple 

access interference (MAI) as a Gaussian process. The efficacy of selection diversity is 

studied by considering two different combining rules, namely SNIR and S+I selection 

diversity. Performance of an optimum linear diversity combiner is also evaluated for 

comparison. The standard Gaussian approximation method for MAI is very attractive 

due to its simplicity. It also yields reasonably accurate results, especially for high bit-error 

rates (BER), small signal-to-noise ratio (SNR) and processing gain values, and if SNR is 

conditioned on fading random variable [20]. 

A prerequisite to the application of Gaussian approximation is the knowledge of 

the variance of multiple access interference. Variance of the cross-correlation function 

for Gold codes has been derived in [10] , and is given by, 

(3.15) 

where a y E { ± 1 } , y = {-1, 0 } , are independent and identically distributed binary 

random variables. N denotes the system processing gain, and therefore each bit is 

encoded with N chips. Following the central limit theorem, the total interference is 

assumed to be Gaussian distributed with zero mean, and variance equal to the sum of 

variances of all the terms that contribute to multiple access interference in (3 .10). 
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(3.16) 

Hence, the signal-to noise plus interference ratio is given by, 

(3.17) 

where yb denotes the received signal-to-noise ratio (usually referred as SNR per bit [13]). 

The sample ( decision statistic) of the received composite signal described in (3 .10) can be 

further simplified and re-written in a more compact form, 

(, . = a . b0 + n . 
'J J J 

(3.18) 

where a. = JP / 2 Tb~. is the fading sample, n . is the MAI (multipath and multi-user 
J J J 

interference plus AWGN noise) sample with variance cr} , and b0 is the polarity of the 

data bit being detected. Also, a1 and n1 are assumed to be independent and identically 

distributed Nakagami and Gaussian random variables, respectively. Subscript j corre­

sponds to the j th copy of a signal available at the receiver for detection, 

j E { 1, 2, ... , M } , where M denotes the diversity order. 

3.2.1 SNIR-Selection Diversity 

The conventional selection diversity model specifies that of M diversity branches, 

the one providing the largest signal-to-noise plus interference ratio (SNIR) be selected 

for data recovery. Improvement in signal reception is achieved by the uncorrelated nature 

of the signals from the multiple antennas, i.e., the likelihood that all of the M signals fade 

simultaneously is much lower than the fading probability of any signal from a single 

branch. If we assume that b0 = + 1 was transmitted, then the conditional error probabil­

ity is given by, 

(3.19) 

In [18] , statistics from the self-interference, multiple-access interference, and Gaus­

sian noise are assumed to be same on each diversity branch. Consequently, the selection 
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diversity process is simplified by considering the largest path gain as the best estimate of 

the transmitted signal, Pm ax = max { P 11 }, 1 ~} ~ M . 

With the assumption that all p 11 , j E { 1, 2, ... , M}, are independent and identically dis­

tributed Nakagami random variables, the probability density function of Pmax can be 

evaluated by, 

(3.20) 

where fp is described in (3.6), and its cumulative distribution function is given by, 

(Ip (y)dy = r (2m) (~)m(/m-1 exp( _;{2)dy 

= I-exp(-;;') [ I:J n;Ok l m E {;nteger) 

(3.21) 

Assuming that the data bits are equiprobable, and owing to the statistical symmetry prop­

erty of the decision variable, we can compute the bit error rate as follows, 

(3.22) 

where yb and fp max are described in (3.17) and (3 .20), respectively. Q(.) denotes the 

complementary error function, which is defined as, 

( 2) 1 00 - U 1 X 
Q (x) = -f exp - du = -erfc(-) 

J2ir_ X 2 2 J2 (3.23) 

If the effects of unequal mean signal strengths are taken into account, then the average 

bit error rate can be evaluated by [see Appendix B], 

M m m - 1 ( J m y. - my . 
Pb = L C Q(fi_;) r ( J) _m exp y J 

1 = I m Y1 J 

M [ (-my .] m - l l (my.Jk] IJ 1 - exp ~ I 1 ~ dy . 
y . k. y . J 

i= l , i ic-J I k=O I 

(3.24) 

where y1 = aJ I a; and y1 denote the instantaneous received signal-to-noise plus inter­

ference ratio (SNIR) of the j th diversity branch and its mean value, respectively. 
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3.2.2 S+ I Selection Diversity 

In an S+I selection scheme, the branch with the largest amplitude of the received 

composite signal is chosen for data recovery. Consequently, the scheme lends itself to a 

low-complexity receiver structure, and is particularly attractive for high data rate traffic. 

It should be noted that in our scheme, selection diversity is employed at the bit level to 

increase the reliability of the signal being detected. While using the signals from each 

diversity branch alone might not enable the receiver to recover the transmitted data, com­

bining these replicas enhances the probability of this recovery. Then the average probabil­

ity of bit error is given by, 

M 

Pb = l - IProb {l;:j> Olbo=+l , lsJl > lsil ' i-:t:-j} 
j=! 

M 00 M I.;, 

= 1- IJ0/1.;,(s) IT [f~ _f1.;, (s i)dsi]dsj 
)=! i=l , i -1c-j Y 

(3.25) 

where f1.;, (x) denotes the probability density function of the decision variable l;:1. To facil­

itate the analysis, the transformation z
1 

= l;:
1
/ cr

1 
, j = 1, 2, ... , M, is considered, with­

out affecting the results. Consequently, equation (3 .25) can be re-stated as, 

(3.26) 

Assuming that b0 = + l was transmitted, the random variable z
1 

is the sum of a Gaussian 

random variable and a Nakagami distributed random variable. Therefore, the p.d.f. of 

g i.;, (x) can be easily obtained through convolution of their individual density functions, 

oo l (-(z -x) 2J 2 m 2m - l ( 2 J 
g l.;, (z;) = f ~ exp J 2 m x m exp -mx 2 dx 

0,,;2 rc r(m)[n
1
1cr}J n11 a1 

(3.27) 

After some mathematical manipulations, equation (3 .27) can be re-written as [refer to 

Appendix C], 

2mm[(2m) (2m+y.J-m (-/(4m+y.)J ( ~-- J 
g (z.) = ----- 1 exp 1 1 D -z. 1 (3 28) 

I.;, } Jinr(m)y .m 'Yj 4(2m+y) - 2m J 2m+yj . 
J 
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where D_v (z) is the function of the parabolic cylinder [29] of order v and argument z . 

It is worth noting that D_2m (z) can be computed efficiently using the following recur­

rence relationship, 

Dp+ 1 (z) - zDP (z) + pDp - l (z) = 0 (3.29) 

with specific cases D_1 (z) and D_2 (z) given by (3.30) and (3.31), respectively. 

(3.30) 

D (z) = exp (-z2)-zexp (z2) G.erfc(_:__ ) 
- 2 4 4 ✓ 2 Ji . (3.31) 

A numerical integration (Gaussian quadrature [23]) technique is applied to compute the 

average probability of bit error described in (3.26). 

3.2.3 Maximum-Ratio Diversity 

Maximum-ratio combining is known to be optimum in the sense that it yields the 

best statistical reduction of fading in any linear diversity combiner. In this technique, the 

M diversity branches are first co-phased and then weighted proportional to their signal 

level before summing. The output of the maximum-ratio combiner can be expressed as a 

single decision variable in the form, 

( 

M 2] M a . a . n. 
U= "...1.. b + "....L....l. 

~ 2 0 ~ 2 
j = I (Ji i = l (Ji 

(3.32) 

For a fixed set of { ai} , the decision 
M 

variable U is Gaussian with mean, 

" 2 2 E [ U] = ~ ai I cri = y . Subsequently, the average probability of bit error can be 
i=I 

expressed as [see Appendix D] , 

p b = 'Q(jy Yrm rc (y) dy 

= i £ Aik [ i (1 - µ)r i 1 

(k- \ + i) [ i (1 +µ)Ji 
(3.33) 

j =l k =l i = O 
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where µ1 = J y11 (2m + Y) , and AJk is defined as, 

(- m) m - k dm - k [ ( yix )-m] 
AJ.k = -----'-----'-- -- [I 1 - -

( - k)I - m - k d m - k i *) m m . y1 x 
(3.34) 

If we assume that a
1 

and n
1

, j = 1, 2, .. . , M, are statistically mutually independent and 

identically distributed Nakagami and Gaussian random variables respectively, then equa­

tion (3 .33) can be simplified as, 

p b = [ 1 ( 1 - µ)] mM mt I ( mM ~ 1 + i) [ 1 ( 1 + µ )] i (3 .35) 

i = 0 

where µ = J y I ( 2m + y ) , and y is the mean SNIR (which is the same on every 

branch). For the particular case of m = 1 and M = I, (3 .35) reduces to the familiar 

expression for Pb in a Rayleigh fading channel with no diversity. Also notice that when 

m = 1 , the bit error rate for M-diversity maximum ratio combiner in Rayleigh fading is 

equivalent to the expression given in Proakis [ 12, 14-4-15]. 

3.3 Numerical Results and Discussions 

In this section, we provide some representative numerical curves illustrating the 

performance of a DS/CDMA network over a Nakagami multipath fading channel, based 

on the analytical results derived in the preceding sections. Figure 3.2 illustrates the proba­

bility of error of binary PSK signals with fading figure m as a parameter. Recall that 

m = 1 corresponds to Rayleigh fading. The system performance improves as m 

increased above unity, which is indicative of the fact that fading is less severe. We have 

also verified that when the average signal power is zero (i.e., y b = 0 or 

y b ( in dB) ➔ -oo ), the probability of bit-error is 0.5 (not shown in this figure) , which is 

anticipated for BPSK signals. 

We now discuss the system performance with micro-diversity reception. First con­

sider Figure 3.3, which compares the bit-error rate (BER) performance of BPSK signals 

with different combining techniques and varying diversity order M={l, 2, 3, 4}, over a 

Rayleigh fading channel. Obviously, all of the diversity combining methods yield identi­

cal results for a single diversity branch. It is also apparent from this figure that the largest 

diversity gain is obtained using 2-branch diversity and diminishing returns are obtained 
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with increasing order of M. This is typical for all diversity techniques. Another interest­

ing point to note is that the proposed S+I selection rule outperforms the traditional selec­

tion scheme. The explanation for this observation has been furnished in [ 17]. This result 

is also intuitively satisfying because there is opportunity for at least one of the samples to 

be less noisy than the mean of the samples, owing to the stochastic nature of the noise . As 

an example, the differences in required SNR per bit predicted by the S+I selection model 

with respect to the conventional selection scheme for dual-diversity and four-fold diver­

sity systems are 0.9 dB and 1.4 dB respectively, at an average BER of 10-3. As we can 

see, the difference becomes more evident with a larger number of diversity branches. 

This may be attributed to the increased number of choices among statistically indepen­

dent Gaussian-distributed multiple access interference samples. 

Figure 3.4 depicts the bit error performance for binary PSK signals over a Nakag­

ami fading channel with fading figure m = 2. Similar trends as in the Rayleigh fading 

case were observed here, with an exception that the results are slightly better. Also notice 

that the results in these figures clearly illustrate the advantage of diversity as a means of 

overcoming the severe penalty in SNR/bit caused by fading. A few important conclu­

sions can be drawn by comparing Figures 3.3 and 3.4. First, the fade distribution affects 

the diversity gain. The relative advantage of diversity is greater for Rayleigh than Rician 

fading because as the fading figure m increases, there is less difference between the 

instantaneous receiver SNR on the various diversity branches. However, the performance 

is always better with Rician fading than Rayleigh fading for a given average received sig­

nal-to-noise ratio and diversity order. Next, the discrepancy between the SNIR and S+I 

selection systems becomes more pronounced in environments that have strong specular 

paths (larger m ) . Finally it is observed that the performance of an S+I scheme is much 

closer to the maximum-ratio diversity than the conventional selection scheme for small 

diversity orders. This observation becomes more noticeable in good channel conditions. 

However, the reverse is true when the number of diversity branches grows (refer to Fig­

ure 3.7). 

It is worth noting that the results presented in Figures 3.3 and 3.4 are directly appli­

cable for the noise-limited environments, whereas Figures 3.5 and 3.6 correspond to the 

interference limited scenarios. For the Nakagami multipath fading model, we assume 

that the number of the resolvable paths L to be 3, having relative path strengths (0 dB, -

9 .5 dB, -12 dB) as suggested in [28]. This 3-ray model (based on channel measurements 

in downtown Ottawa) is applicable for system bandwidths of 5 MHz in an urban outdoor 
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rnicrocellular or 20 MHz in an indoor rnicrocellular. Figure 3.5 and Figure 3.6 illustrate 

the average bit error rate performance of a micro-diversity DS/SSMA network in differ­

ent fading environments. The normalized background (thermal) noise and processing gain 

are assumed to be 15 dB and 63 , respectively. Once again, the largest diversity gain is 

achieved with 2-branch diversity and diminishing returns are realized with increasing M. 

Other main conclusions drawn from Figures 3 and 4 are also apparent by looking at these 

figures . 

Figure 3.6 shows that the dual diversity S+I system supports almost as many active 

users as the optimum linear diversity combiner with the same order at the average BER of 

1 o-3 or lower. Also notice that the same qualitative result can be obtained from Figure 

3.4 in terms of average SNR/bit. This is particularly interesting in that the dual-diversity 

systems are by far the more common in current applications. However for higher orders 

of the diversity, maximum-ratio combiner remains optimum in terms of performance. 

Next in Figure 3.7, we illustrate the performance trend for the three diversity combining 

techniques, as the number of diversity branches increases. To create this plot, an average 

SNR/bit of 7 dB was chosen as being representative of the mobile communications envi­

ronment. Notice that when fading becomes lighter, the performance improvement with 

the traditional selection diversity saturates much faster than the S+I-selection or maxi­

mum-ratio combining counterparts, as the diversity order grows. 

We shall now describe the effects of unequal mean signal strengths among the sta­

tistically independent diversity branches on the error performance of a DS/CDMA net­

work. To facilitate this analysis, we introduce a simple tolerance model that adds a small 

amount of perturbation c: to the average sum of the SNIR y . Consequently, the mean 

SNIR of the j th branch is given by, 

{ 
y if j = 1 M / 2 l and M odd 

y -
(1 - c:)y if J < 1 M 12 l and M odd 

j - (l+c:)y if j > I M / 27 

(1 - c:)y if j ~ M / 2 and M even 

(3.36) 

where y1 = 0.11 <Jj and y = ( ~ '/jJ/ M. 

J = 1 

It is important in our study to investigate the effect of variations in the average 

long-term noise power cr
2 

and unequal mean received signal power Q separately. One 

may anticipate some difference in the performance of an S+I selection scheme, in particu-
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lar realizing that the ratio cr/ cr1 in (3 .26) is different for both cases. As expected, there 

is some loss in diversity gain due to unequal mean signal strengths. The penalty is more 

apparent in channels that experience severe deep fades . Similar trends were also 

observed for higher orders of M . From Table 3 .1, it appears that S+I selection is more 

vulnerable to the variations in the long-term average noise and interference power cr 
2 

than the SNIR-selection scheme. Consequently, the discrepancy between S+I and tradi­

tional selection diversity diminishes as E becomes larger. If E is allowed to be very large 

(e.g. , E = ±75 % ) beyond the cross-over tolerance, then it is found that S+I system 

exhibits poorer performance than the SNIR-selection model. As an example, for dual­

diversity S+I system, the cross-over tolerance is 53% in a Rayleigh fading channel. 

In summary, our results indicate that the S+I selection rule outperforms the tradi­

tional selection model if the differences in mean signal strength among the independent 

diversity branches are small. However, when the variation is extremely large, a very 

noisy branch can easily upset the system performance because it introduces ambiguity in 

the selection process. Fortunately in practice, the variation in mean signal strength is rela­

tively small for micro-diversity reception (the assumption of constant noise power in all 

diversity branches is valid at most instances, and the deviation in the mean signal power 

is usually small). Consequently, the proposed SH-selection scheme will always perform 

better than the conventional selection diversity when realistic practical conditions are 

considered for the microscopic diversity reception. In contrast, this conclusion may not 

necessarily hold true at all times for packet radio communications with packet combining 

because the interference level experienced by each of the combined packets may vary 

substantially due to the time-varying nature of the multi-user interference. 

Comparison between Table 3.2 and Table 3.1 reveals an interesting insight about the 

selection diversity systems. It was observed that S+I selection scheme is less susceptible 

to the variations in the mean received signal power levels compared to the fluctuations of 

the average long-term noise power. In contrast, the conventional selection diversity per­

forms identically to the variations in cr 
2 

or n , which is anticipated. 
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3.4 Concluding Remarks 

The efficacy of selection diversity has been studied by comparing the performance 

of two receiver structures employing BPSK signalling over a Nakagami multipath fading 

channel. First, an accurate analytical expression to evaluate the performance of a practical 

S+l-selection diversity scheme on various mobile radio environments has been pre­

sented. An attractive feature of the S+l-selection rule is that it is much easier and cheaper 

to implement in practice. Further, it has been shown that the new scheme outperforms 

the conventional selection diversity model. The difference becomes more evident with a 

larger number of diversity branches and in environments that do not experience severe 

fading. Next we have examined the effects of unequal mean signal strengths on the bit 

error rate performance. The difference between the S+I and SNIR selection techniques 

diminishes as the variation in the mean signal strengths among the diversity branches 

becomes larger. It was also observed that the S+I selection scheme is less susceptible to 

the variations in the mean received signal power levels compared to the fluctuations of 

the average long-term noise power. Finally, our results indicate that the proposed S+I 

selection scheme exhibits comparable performance with that of an optimum linear diver­

sity combiner in environments where a strong specular path is available, and for small 

diversity orders. This is particularly interesting in that the dual-diversity systems are by 

far more common in current applications. 
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Figure 3.4 Bit error rate performance for binary PSK signals over a Nakagami fading 
channel with fading figure m=2, as a function of mean received signal-to-noise ratio. 
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Average Bit-Error Probability, Pb 
Diversity Variation in 

m = I (Rayleigh) m=2 m= 3 
Order y. due to cr2 

J SNIR S+I s IR S+l SNIR S+I 

0% 9.669 X 10-3 6.966 X 10·3 3.387 x 1 o·3 J.276 X 10-3 2.02 1 X 10-3 4.554 x I o-4 

± 10% 9.73 1 X 10-3 7.084 X 10·3 3.41 I x 10-3 l.314x 10-3 2.031 X 10-3 4.733 X 10-4 

±20 % 9.922 X 10·3 7.458 X 10"3 3.484 x I o-3 1.436 X 10-3 2.06 1 X 10-3 5.319 X 10-4 

M=2 ±30% J.026 X 10·2 8. 151 X 10·3 3.609 X 10·3 l.672x 10-3 2. 111 X 10-3 6.496 X 10-4 

±50% 1.1 50 x I o-2 J.11 6 X 10·2 4.045 X 10·3 2.845 X 10-3 2.258 X 10-3 1.295 X 10-3 

±60 % 1.253 X 10-2 1.433 X 10·2 4.371 X 10·3 4.298 X 10-3 2.343 X 10-3 2.194 X 10-3 

±75% 1.499 X 10-2 2.5 16 X 10·2 4.999 X 10·3 J.056 X 10-2 2.429 X 10-3 6.728 X 10-3 

0 % 3. 123x 10-3 1.630 X 10·3 J.141 X 10·3 1.762 x I o-4 7.484 X 10-4 4.560 X 10-5 

± 10% 3. 141 X 10-3 1.666 X 10-3 1.1 46 X 10·3 J.837 x I o-4 7.494 X 10-4 4.835 X 10-5 

M=3 ±20% 3.193x 10-3 J.78 1 X J0-3 1.1 61 X 10-3 2.084 X 10-4 7.5 19x 10-4 5.780x 10-5 

±30 % 3.283 x I o·3 2.002 X J0·3 J.1 86 X 10·3 2.598 X 10-4 7.550 X 10-4 7.863 X 10·5 

±50% 3.607 X 10-3 3.010 x I o-3 J.264 X 10·3 5.673 X 10-4 7.574x 10-4 2.255 X 10-4 

Table 3.1 Average error probability taking into account of the variation m the long-term 

average noise power crJ among the statistically independent diversity branches. It is assumed 

that the mean SNR/bit y b = 7 dB, and 0 1 are identical on every diversity branch. 

Variation in Average Bit-Error Probabili ty, Pb 
Diversity 

y. due to m = I (Rayleigh) m =2 m =3 
Order J 

n = £ [a2 J s IR S+I s IR S+I s IR S+I 

± 10% 9.73 1 X 10-3 7.0 16 X J0-3 3.41 1x l0-3 J.29 1 X 10-3 2.03 1 X 10-3 4.6 18x 10-4 

±20% 9.922 X 10-3 7. 172 X 10-3 3.484 x I o-3 1.336 X 10-3 2.06 1 X 10-3 4.818x 10-4 

±30% J.026 X 10-2 7.449 X J0-3 3.609 X 10-3 J.417 X 10-3 2. 111 X 10·3 5. 181 X 10-4 

M=2 ±40% 1.077 X 10-2 7.876 X 10·3 3.794 X 10-3 1.545 X 10-3 2. 178 X 10-3 5.759x 10-4 

±50% 1.150 x I o-2 8.506 X 10·3 4.045 X 10-3 J.738 X 10-3 2.258 X 10-3 6.651 X 10-4 

±75% J.499 X 10-2 l.1 87x 10-2 4.999 X 10-3 2.858 X 10-3 2.429 X 10-3 J.21 1 X J0-3 

± 10 % 3.1 41 X 10-3 J.64 1 X 10-3 l.146x 10-3 J.780 X 10-4 7.494x 10-4 4.620 X 10·5 

±20% 3.193x 10-3 J.675 X W-3 J.161 X 10-3 l.837x 10-4 7.5 19 X 10-4 4.807 X 10-5 

M=3 
±30% 3.283 x 10-3 J.734 X 10-3 1.186 x I o-3 1.938 x I 0-4 7.550 x I o-4 5. 146 X 10-5 

±40% 3.4 18 X 10-3 J.824 X J0-3 1.221 x I o-3 2.097 X 10-4 7.567 x I 0-4 5.691 X 10-5 

±50% 3.607 X 10-3 J.957 X J0-3 J.264 X 10-3 2.337x 10-4 7.574 x I 0-4 6.544 X 10-5 

Table 3.2 Average error probability taking into account of the variations in the mean received 

signal power n .. It is assumed that the mean SNR/bit yb = 7 dB, and cr~ are identical on every 
J J 

diversity branch. 
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Chapter 4 

Adaptive Retransmission Diversity with Packet 

Combining for Wireless Data Networks 

In Chapter 3, various post-demodulation diversity combination techniques have 

been investigated for a phase-coded spread-spectrum system, operating in a generalized 

fading channel. In particular, the results are tailored for the analysis of micro-diversity 

reception (spatial diversity) either in the mobile unit or at the base-station, although the 

antenna separation required to achieve statistically independent diversity branches differ 

in both cases. By contrast, in this chapter we shall focus on another form of diversity 

reception in packet radio communications, namely adaptive retransmission with packet 

combining. In particular, we are interested in computing the lower bounds for the 

throughput of a slotted DS/CDMA ALOHA with packet combining. 

In recent years, many researchers have highlighted the advantages of spread-spec­

trum techniques in the context of wireless data communication scenarios [ 44] [ 45] [ 46). 

An excellent review can be found in [44). One of the key attractions of spread-spectrum 

for such new services is its potential for operation at low power density, which may per­

mit overlay communication in currently allocated frequency bands [ 46). For instance, in 

[ 45] the authors have suggested providing subscriber access to a metropolitan area net­

work (MAN) via a spread-spectrum based radio link, as a solution to the "last-mile" prob­

lem that still exists in data communications. Also, for packet data communication, the 

comparison with FDMA (Frequency Division Multiple Access) approaches may be more 

favorable than for voice services due to a combination of factors: (a) the source coding 

penalty associated with digital voice (i.e., 3 kHz analog to 32 or 64 kbps digital) no 

longer applies; (b) low-delay channel access is provided in CDMA without incurring the 

access protocol overheads; and (c) packet CDMA systems with retransmission capability 

can be designed to operate at higher bit-error rates, more closely approaching true capac-
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ity than circuit-assigned systems for voice (which require relatively low bit-error rates). 

As we attempt to make wireless technology available for a broader range of applica­

tions and due to the anticipated growth in consumer demands, the next generation wire­

less systems, namely Personal Communication Services (PCS), endeavor to provide 

ubiquitous communications of packetized multi-media data. This imposes many new 

challenges to designers, one of which is ensuring the integrity of data is sustained during 

transmission. In order to cope with the detrimental effects of channel fading and multi­

user interference, some form of diversity reception is needed. As an example, packet data 

with retransmission capability can be designed to operate at higher bit error rates, while 

ensuring a reliable communication. Such a scheme is well suited for services that impose 

stringent bit-error rate requirements but are relatively insensitive to delay. 

Time diversity has received much attention in mobile digital radio communications 

due to its simplicity in terms of implementation and because it does not require multiple 

antennas at the receiver [12]. However, its main drawback is that it transmits data blocks 

even in the absence of errors. On the other hand, when a basic automatic-repeat request 

(ARQ) scheme is applied to mobile radio that operates in a fading environment, the num­

ber of retransmissions before receiving a packet correctly is increased, thereby decreas­

ing the throughput of the system. These issues can be mitigated by packet combining - a 

technique that utilizes current and previous transmissions of packets in decisions on data 

content. The combining operation can be performed at the level of individual channel 

outputs, at the level of code symbols, or at higher levels. Chase [ 40] has suggested com­

bining the noise corrupted packets at the codeword level to form a single more reliable 

packet, thus minimizing the average number of retransmissions required before a packet 

is received successfully. The analysis was extended in [32] by considering a type-II 

hybrid ARQ scheme in conjunction with codeword combining. A significant improve­

ment in the system performance was observed but at the expense of increased cost and 

implementation complexity. In contrast, in our analysis combining occurs at the bit level, 

and the resulting decisions are produced by employing selection diversity at the output of 

the correlator. This approach can be viewed as a modified time diversity scheme using an 

adaptive number of diversity branches. The main thrust of the proposed packet combining 

technique is to improve the system capacity and reliability while ensuring a simple and 

low-cost receiver structure. Further, the scheme can be readily applied to CDMA packet 

radio networks, especially for data transmission and communications without stringent 

latency requirements . 
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Emphasis is placed on simpler models that are amenable to analysis and that allow 

for unique insights without being too unrealistic. We assume a correlation receiver 

(matched filter) instead of a RAKE because our objective here is to investigate the perfor­

mance of adaptive retransmission diversity rather than multipath diversity gains. How­

ever, it is worth noting that any form of diversity combining techniques employed to 

combine the multipaths will also enhance the overall performance of our system. 

4.1 Theoretical Multipath Models 

In the previous chapter, theoretical expressions have been derived to evaluate the 

average bit error probabilities of two types of selection diversity, namely SNIR and S+I 

selection schemes, for direct-sequence code division multiple access communications on 

a frequency selective Nakagami fading channel. However in this chapter, we are only 

concerned with multipath Rayleigh fading channels, which corresponds to fading figure 

m = l. Consequently, the probability density function for ~kl described in (3.6) can be 

re-stated as, 

f~ (x) = \ exp( -< J u (x) 
cr/ 2cr/ 

(4.1) 

where u (x ) is the unit step function and 2cr: corresponds to the power of the scattered 

components, i.e., 2cr~ = E [~!,] . 
In this section, analytical expressions are presented to compute the average bit 

error probability of a correlation receiver by modelling the multiple access interference 

(MAI) either as a Gaussian or an improved Gaussian process. The standard Gaussian 

approximation (GA) method for MAI is very attractive due to its simplicity. It also yields 

reasonably accurate results, especially for high bit-error rate (BER), small signal-to-noise 

ratio (SNR) and processing gain values, and if SNR is conditioned on fading random 

variable [20]. The accuracy of this approximation is verified by comparing its perfor­

mance with a more accurate model based on Improved Gaussian Approximation (IGA). 

Unlike in Chapter 3, where the multipath powers are based on channel measurements in 

downtown Ottawa, here we consider two widely used analytical multipath models. 
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4.1.1 Constant Multipath Intensity Profile 

If we assume that all multipaths have equal variances, i.e., cr: = cr~ , then the signal-to­

noise plus interference ratio (SNIR) is given by, 

(4.2) 

and its average value is, 

(4 .3) 

Under an energy-sharing communication environment, the total transmitted energy 

for a symbol is shared among all of its multipaths [13]. Let cr~ denote the sum of vari­

ances of all the multipaths for user k , then the variance corresponding to the first multi­

path component is, 

L 2 
2 1 '°' [ 2] crT 

cr I = 2L L. E Pkt = T (4.4) 
I= I 

Using the Gaussian approximation (GA) method, the average probability of bit-error of a 

non-diversity receiver is, 

00 

Pb = f Q (JSNIR)fp CP11) dP1 I 

0 

(4.5) 

where SNIR and f p (x ) are defined in (4.2) and (4.1), respectively. y0 is equal to half the 

mean signal-to-noise plus interference ratio, i.e. , y0 = SNIR / 2 , and Q(.) is the com­

plementary error function. 

2 
00 - u 

Q (x ) = - e du = - erfc -lJT 1 (x) 
Jin 2 ,/2 

X 

(4.6) 

An improved Gaussian approximation (IGA) for MAI was presented in [ 41] and 

[42] , and it was shown that this approximation provides accurate values for the probabil­

ity of bit-error for asynchronous DS/CDMA using random sequences in AWGN channel. 
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The analysis was extended in [ 43] for a Ricean fading channel, where the discrepancy 

between the bit-error rate performance obtained by modelling MAI as Gaussian process 

and improved Gaussian process was highlighted. For the sake of completeness, we extend 

this work and present numerical results to establish the accuracy of Gaussian approxima­

tion in both frequency selective and non-selective Rayleigh fading channels. Interest­

ingly, we provide a few important observations and trends which were not cited in [43]. 

After some algebraic manipulations of equations (39)-(41) in [43] , the average probabil­

ity of bit-error for a correlation receiver on a multipath Rayleigh fading channel can be 

expressed as, 

(4.7) 

where y O is equal to half the mean signal-to-noise plus interference ratio, 

(4.8) 

(4.9) 

with cr! in this case is given by, 

cr2 = (KL - I) [7N
2

+2N- 2 _ N
2 

+ (KL - 2)N- 1] 
\JI 20 9 36 

( 4.10) 

4.1.2 Exponential Multipath Intensity Profile 

In arriving at (4.3), we have assumed that the variance for the path gain is the same 

for all multipaths and users. In most physical situations, one should expect a reduction in 

the average path power [36]. If spread-spectrum modulation is used with a chip duration 

less than the delay spread of the channel, the multipath power is partially reduced by the 

correlation operation in the receiver. In addition, extensive measurements of indoor wire­

less channel characteristics have shown that the average power of the multipath compo­

nents decreases exponentially with increasing delay [37][38][39]. Assuming that the 

channel has exponential MIP with L resolvable multipaths, the variance for path / can 

be estimated as, 
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2 
2 = E[A2] - c(l - 1) = 2 2 - c(l - 1) 

(Jkl 1-'kl e (JI e for 1 ~ / ~ L ( 4.11) 

where E is a decay constant, and Pkt corresponds to the amplitude of the first arriving 

path which we assume without loss of generality to have a delay -r kl = 0 . Thus, the sig­

nal-to-noise plus interference ratio for the exponential MIP profile is given by, 

L 

2 
P11 

SNIR = --------------
.!5_ [ ~ 2 - c (l - 1 )] + K - 1 ( 2 2 ) + No 
3N L.i 2 cr1e 3N cr 1 2E 

l = 2 b 
2 

P11 = ------------Kn( 2) K-1( 2) + No 
3N 2cr1 + 3N 2cr1 2E 

b 

__ "e- c(l - 1) __ 
where n L.i 

- c(L - 1) 
1- e 

c 
I= 2 e - l 

Then, the average value of SNIR is, 

(4.12) 

(4.13) 

and the variance for the first multipath term as a fraction of the sum of all multipath vari­

ances 1s, 

L 

where 2cr~ = IE [ P!J . 
l = I 

2 
cry 

L 
I e- c(l - 1) 

l = I 

4.2 Mean Bit-Error Rate Analysis 

(4.14) 

In a traditional slotted DS/CDMA system [41], the erroneous packet will be dis­

carded, and decoding of a newly received copy is attempted at the receiver without using 

any prior knowledge from previously received copies (which were not recovered success­

fully). However, ignoring the previously received packets when the retransmission rate is 
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high seems to wasteful, especially when one realizes that a portion of the packet may 

have been received correctly. Therefore, in our scheme, selection diversity is employed 

at the bit level to form a more reliable block (representing the best estimate of the trans­

mitted packet data) once a duplicate of that packet is received. While using each copy 

alone might not enable the receiver to recover the transmitted packet, combining these 

copies enhances the probability of this recovery. 

Following the central limit theorem, the decision variable of the received composite sig­

nal described in (3 .10) can be re-stated in the following form, 

(,.=a.h +n. 
J J O J 

(4.15) 

where a . = Jp / 2 Tb~. is the fading sample, n . is the MAI (multipath and multi-user 
J J J 

interference plus AWGN noise) sample and h0 is the polarity of the data bit being 

detected. Subscript j corresponds to the jth copy of a packet (time diversity branch) 

available at the receiver for detection, j E { 1, 2, ... , M } where M is the diversity order. 

We assume that aJ and nJ are independent and identically distributed Rayleigh and 

Gaussian random variables, respectively. The detector makes a wrong decision if C,J is 

negative while h0 = + 1 , or if C,J is positive when h0 = - 1 was transmitted. 

4.2.1 Conventional Selection Diversity 

In [ 18], the SNIR-selection diversity process is simplified by considering the larg­

est path gain for each user as the best estimate of the transmitted data, which has a proba­

bility density function in the form, 

( 4.16) 

as shown in equation (5.2-7) of [12]. Following the steps as outlined in Section 3.2.1 , the 

average probability of bit error for this case is given by [15][18] , 

p (K) = [M] 1'(M-1)(-1/{l-~} 
b 2 k =O k k+ l ✓~ 

( 4.17) 

where y0 is as defined in (4.5). 
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4.2.2 S+ I Selection Diversity 

In this proposed combining scheme, the branch with the largest amplitude of the 

received composite signal is chosen for data recovery. Consequently, the scheme lends 

itself to a low-complexity receiver structure, and is particularly attractive for high data 

rate traffic. Then the average probability of bit error is given by (3.26), which can be 

computed numerically. 

With the assumption that a k and nk are i.i.d. Rayleigh and Gaussian random vari­

ables respectively, and for equal mean strengths, the average error probability depicted in 

(3.26) can be simplified as [15] , 

(4.18) 

where Gr, (x ) = f: gr, ( -r) d-r . Since the probability density function of the sum of two 

statistically independent random variables is the convolution of their individual density 

functions, gr, (x) can easily be obtained through convolution of probability density func­

tions of a Gaussian random variable and a Rayleigh random variable. 

00 1 {-(z-x)2} 2x {-x2
} 

gr, (z) = f o ffn exp 2 A exp A dx ( 4.19) 

where z = s l cr, and A = E [ a 
2
] / cr 

2 = 2y O• After some mathematical manipulations, 

(4.19) reduces to [refer to Appendix E] , 

(4.20) 

Subsequently, the average bit error rate described by ( 4.18) is evaluated numerically via 

Gaussian quadrature integration technique [23]. Using the closed-form expression for the 

probability density function of random variable s depicted in ( 4.20), we present a time­

efficient computational approach for evaluating ( 4 .18) ( only need to evaluate a single 

integral numerically). 
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4.3 Delay-Throughput Analysis 
In this section, the system throughput and delay characteristics of a time slotted DS/ 

CDMA network that operates in a random access mode (slotted DS/SSMA ALOHA) are 

evaluated. Since the users in this system are required to wait until the beginning of some 

time slot to transmit or re-transmit their packets, there is no loss in generality in assum­

ing a constant number of interfering transmissions throughout the entire packet. We also 

assume that the feedback channel is noiseless, and therefore the status signals from the 

receiver to transmitter are assumed to always arrive correctly. 

First, we will outline the operation of our hybrid ARQ scheme. The transmitter 

buffers previously transmitted frames until an ACK or NACK is received. An acknowl­

edgment (ACK) signal is always transmitted in the return channel while the received 

data block is not an uncorrectable error pattern. On the other hand, when a decoded mes­

sage block is detected in error, a negative acknowledgment (NACK) status signal is sent 

to request the transmitter to resend a duplicate of this packet. In a traditional slotted DS­

CDMA system, the erroneous packet will be discarded, and decoding of a newly 

received copy is attempted at the receiver without using any prior knowledge from previ­

ously received copies (which were not recovered successfully). Simply discarding the 

noisy packet seems to be wasteful in particular when one realizes that a portion of the 

packet may have been received correctly. Therefore, we propose to improve the through­

put performance, delay characteristics and reliability of the system by using a simple 

packet combining approach. To do so, selection diversity is employed at the bit level to 

form a more reliable block by using the erroneous copies of that packet, which were 

retained at the receiver. While using each copy alone might not enable the receiver to 

recover the transmitted packet, combining these copies enhances the probability of this 

recovery. As we will show shortly, the new scheme provides a considerable advantage 

over the conventional slotted DS-CDMA ALOHA without incurring a substantial pen­

alty in terms of cost or complexity. 

In our analysis, we assume that the system is occupied by a large number of sub­

scribers, and both the origination and backlog mode terminals have the same packet gen­

eration statistics. Consequently, the composite packet arrival ( offered load) distribution 

f O ( m) is Poisson, 

Gm - G 
= - e 

m! 
( 4.21) 
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where G denotes the offered traffic (average number of attempted transmission per slot) . 

Forward error correction (FEC) is employed, which can correct up to t erroneous bits in 

each packet. It is also assumed that the fading statistics are uncorrelated from bit to bit, 

and remain constant during the transmission of each bit. 

Exact evaluation of the throughput performance for systems with packet combining 

is very difficult, specifically because the packet success probability is dependent not only 

on the most recently received packet but is also related to previously received copies of 

that packet. In particular, the time-varying nature of the multi-user interference (since the 

number of interfering users may be different during the transmission of each of the com­

bined packets) imposes considerable analytical and computational difficulties. Thus, we 

resort to bounding techniques to investigate the system performance. 

Let D (i) (ml' m2, . . . .. . , m) be the event that after combining i copies of the same 

packet, the new decoded data block still contains an uncorrectable error pattern, condi­

tioned on mi simultaneous users during transmission of the j th copy, j = 1, 2, . .. , i . 

The probability of this event is upper-bounded by, 

N 

= i (~P)(P;i\m) )1( 1-P;i) (m) )NP-i 
i=t+I j 

= 1-± (~P)(P;i) (m) )1( 1-P;i) (m) )NP-i 
i = I j 

(4.22) 

where m = max (mi, m2, . .... . , m) and P;i) (m) are calculated as in the previous sec-

tions. The right hand side of (4.22) is the case where there are m :2'. mi, j = 1, 2, ... , i, 

simultaneous users during the transmission of each copy. 

Let R
0

/ mi, m2, ... ) denote the average number of transmissions necessary to 

transmit a given packet successfully when m i other users are transmitting simulta­

neously during the ith transmission of this packet. R
0
v(ml' m2, m3, .. . ) is given by 

[15][48] , 
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where 

( I ) ( I ) ( 2) ( I ) ( i) 
p {D (m 1),D (m 2) , D (mi,m 2), •. . , D (m),D (mpm 2, .. . , m) } 

<S, p {D (i) (m 1, m2, •••• . • , m) }. (4.24) 

Subsequently, (4.23) can be upper bounded by, 

00 

Rav (ml'm 2, . . . ) <S, 1 + L P {D (i\ml'm2, ..... . , m) } (4.25) 
i = l 

The unconditional average number of transmissions is obtained by averaging ( 4.25) over 

(4.21), 

R a,:S l + I [Jfc(m 1) ifc(m2) Jfc(m 3) Jfc(m;)] x 

(i) 
p {D (m 1 + 1, m2 + 1, m3 + 1, ... .. . , mi+ 1)} (4.26) 

After some mathematical manipulations, equation (4.26) can be expressed as [see Appen­

dix F] , 

00 00 

Ra v<S, l+ L L [ifc (m) + gc (m)/ - (gc (m))i] x 

i=lm = O 

p {D (i\m + 1, m + 1, m + 1, . .. ... , m + 1) } (4.27) 

where p {D (i) (m + 1, m + 1, ..... . , m + 1) } , fc(m) and gc (m) are given by (4.22), 

(4.21) and (4.28), respectively. 

(4.28) 
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Since the average portion of a packet which is received successfully for each trans­

mission is 1 / Rav, and G is the average number of packets generated during each time 

slot, the system throughput is, 

(4.29) 

where ( kl n) corresponds to the FEC code rate. The normalized throughput is therefore 

defined as throughput divided by the system processing gain, TI N . Using ( 4.21 ), ( 4.22), 

(4.27), (4.28) and (4.29), we can compute the lower bound for throughput of our slotted 

DS/CDMA network with packet combining. 

4.4 Numerical Results and Discussions 

In this section, we provide some representative numerical curves illustrating the 

performance of a slotted DS/CDMA switched packet radio network, based on the analyti­

cal results derived in the preceding sections. 

First we compare the average probability of bit-error obtained via the improved 

Gaussian approximation (IGA) method with the result of the standard Gaussian approxi­

mation (GA). From Table 4.1 , it appears that Pb(GA) is a good approximation for bit­

error probability even for a small number of active users in the system. Notice that the 

Gaussian approximation is conservative for Rayleigh fading channels, but the discrep­

ancy becomes smaller as the spreading factor increases or for a decreasing number of 

active users in the system. These insights were not found in [ 43]. However, a similar 

trend was also observed in [35], where an accurate approximation for bit-error rate was 

obtained via the characteristics function method. Further, there is little improvement to 

be gained by increasing the number of chips per data bit N (which corresponds to increas­

ing the bandwidth). This is because the primary reason for poor performance on the chan­

nel is the Rayleigh fading rather than the intersymbol interference due to multipath. 

Table 4.2 illustrates the bit-error rate as a function of number of multipaths and 

active users occupying the system. As expected, the probability of bit-error increases as 

L increases because the unresolved multipaths add to the multiple access interference 

term. The bit-error rate performance for different values of Eb/No is described in Table 

4.3. Again, it is interesting to note that the discrepancy between the results obtained by 

modelling MAI as Gaussian and improved Gaussian process is more evident at higher Eb/ 

N0 values. Unlike in an environment where a strong specular path exists (e.g., Rician 
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channel), the Gaussian approximation yields slightly conservative results for the system 

parameters considered in our analysis. 

Next, the throughput performance and delay characteristics of an asynchronous DS/ 

CDMA packet radio network are presented. Each packet consists of NP = 255 bits, and 

FEC is assumed of correcting up to t = 10 bits in each packet, i.e., a (255 ,179,10) BCH 

code. It is also assumed that the number of resolvable multipaths for each copy of a 

packet is L = 3 , unless stated otherwise. Figure 4.1 illustrates the throughput curves of 

a slotted asynchronous DS/SSMA network with the assumption of uniform multipath 

intensity profile. It is evident from this figure that the basic ALOHA random access pro­

tocol is inherently unstable. For instance, the throughput curve (without packet combin­

ing) tends to zero as the load increases beyond a threshold value. In the operation of this 

protocol, from time to time the load becomes heavy which causes the interference level 

to be the dominating factor of the correct packet reception probability. Consequently 

retransmissions rise, adding to the load and further reducing throughput. Employing a 

simple combining scheme as proposed here improves the throughput performance consid­

erably, which also helps to sustain a stable network for a wider range of offered traffic 

(mitigates the stability problem to some extent). In this figure, the conventional selection 

scheme which focuses on selecting the diversity branch with the largest SNIR has been 

considered. It is also apparent from this figure that packet combining is more effective in 

poor channel conditions. For example, we can achieve at least 2-fold and 6-fold increase 

in the maximum throughput value (with respect to basis ARQ scheme) at Eb/N0 =50dB 

and Eb/N0 =15dB, respectively. 

The throughput curves for the practical S+I-selection method are presented in Fig­

ure 4.2. Comparison with Figure 4.1 clearly indicates that both schemes yield identical 

results for the case without packet combining, as anticipated. On the other hand, when 

packet combining is considered, the S+I selection model performs slightly better than the 

conventional selection diversity method. These observations are well supported by not­

ing the discrepancy in the average bit error rate curves in Figure 3.3. Figure 4.3 depicts 

the delay characteristics of the system under consideration for different selection combin­

ing rules and various Eb/No values. Two interesting points can be drawn from this figure. 

First, packet combining is a very effective method of improving the average time delay 

before a packet is received successfully. This is because the average number of retrans­

missions increases more gradually (with respect to the increase in the offered traffic) in 

comparison with the traditional basic ARQ scheme. Secondly, by exploiting the knowl-
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edge of the previously transmitted copies of a packet (which were also detected in error) 

with a simple combining mechanism at the bit-level yields a more robust system against 

variations in the background noise, or alternatively Eb/N0 • At least this is true for the sys­

tem parameters considered in our analysis. For example, the average number of transmis­

sions required to transmit a packet successfully increase more than an order of 

magnitude for a basic ARQ scheme, whereas only one additional retransmission is 

required for the packet combining scenario, at an offered traffic rate of 10 packets/slot 

and when the Eb/No parameter varies from 20dB to 15dB. 

The throughput and delay characteristics of a phase-coded spread-spectrum system 

having an exponential multipath intensity profile are shown in Figures 4.4 and 4.5, 

respectively. Similar trends with a uniform MIP model were observed, and therefore the 

main conclusions drawn from Figures 4.1, 4.2 and 4.3 are also valid for this model with 

an exception that the results are slightly better. A key reason for this observation is 

because the unresolved multipaths contribute less interference, as the interfering multi­

paths' signal powers are assumed to decay exponentially corresponding to their time 

delays. Further, signal power in the resolved multipath of an exponential MIP model is 

slightly higher than the constant MIP case because the parameter 2crr2 is kept constant 

for both scenarios. However the contribution due to this reason is not very substantial. 

In Figure 4.6, the system throughput is analyzed for various multipath power decay­

ing rates . Here the S+I-selection rule is employed to combine the multiple copies of a 

packet (which were not recovered successfully) at the receiver end. As explained before, 

the throughput is higher as the channel becomes less dispersive (larger decaying factors) . 

Also notice that as the decay factors become smaller, the results converge towards the 

uniform MIP situation. It is important to mention here that if multipath diversity is 

exploited to improve the system performance [36][21] , then as £ becomes smaller, the 

channel becomes more dispersive and L-th order diversity gain is achieved. Our results 

contradict this fact because we treat all the unresolved multipaths as interference, as in 

[35][20] . Finally, the efficacy of FEC has been examined in Figure 4.7. The average num­

ber of transmissions versus the normalized throughput curves are plotted for uncoded 

and coded systems. It should be stressed that the Eb/No value for the uncoded system has 

been adjusted (Eb/No of the coded system divided by the FEC code rate) to make a fair 

comparison. An important conclusion that can be drawn from this figure is that the appli­

cation of FEC is crucial to achieve a reasonable system performance. The stability prob­

lem is also apparent from this figure. 
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4.5 Concluding Remarks 

First, we have presented some numerical results to verify the accuracy of Gaussian 

approximation for multiple access interference in both frequency-selective and non-selec­

tive Rayleigh fading channels. It is observed that for Rayleigh fading channels, the bit­

error rate obtained via Gaussian approximation is still valid even for a small number of 

active users in the system. We would like to highlight that the Gaussian approximation is 

conservative for Rayleigh fading channels, but the discrepancy becomes smaller as the 

spreading factor increases or for a decreasing number of active users in the system. Simi­

lar trends were also cited in [35]. However, the expression (4.7) provided here computes 

an accurate bit-error probability more efficiently than the expression found in [35]. 

Next, we have examined the throughput performance and delay characteristics of a 

slotted asynchronous DS/CDMA packet radio operating over a multipath Rayleigh fad­

ing channel. The receiver retains and processes all the retransmissions of a single data 

block using predetection diversity combining, instead of discarding those which are 

detected in error. To facilitate the analysis, we have derived simple and time-efficient for­

mulas for evaluating the mean bit-error rate of the practical S+1-selection scheme and the 

computation of the average number of transmissions for the packet combining scenario. 

Two forms of selection diversity have been investigated. It is evident that in an interfer­

ence limited environment, the proposed S+I selection scheme outperforms the conven­

tional SNIR-selection model. This is particularly interesting in that the proposed packet 

combining scheme (which focuses on selecting the bit with the largest amplitude of the 

received composite signal) lends itself to a low-cost and reduced complexity receiver 

structure. This scheme is also well suited for high data-rate transmissions because accu­

rate measurements of the signal-to-noise ratio becomes difficult or expensive. Our numer­

ical results show that the proposed adaptive retransmission scheme with this simple 

packet combining method enhances the system performance significantly, and ensures a 

more stable network. Also, it was observed that packet combining is more effective when 

the retransmission rate is high (poor channel conditions). Finally, we have shown that 

application of FEC is crucial to achieve a reasonable system performance in a direct 

sequence CDMA network. 



K=2 K=S K=lO K=I S 

Pb (GA) Pb (IGA) Pb (GA) Pb (IGA) Pb (GA) Pb (IGA) Pb (GA) Pb (IGA) 

N =3 1 0.01697 0.01 68 1 0.03088 0.03033 0.05 162 0.05060 0.06984 0.0685 1 

N =63 0.0 1449 0.0 1445 0.02 159 0.02 145 0.03278 0.03248 0.04321 0.04280 

N =l 27 0.0 1326 0.01 325 0.0 1685 0.0 1682 0.02267 0.02259 0.02828 0.028 16 

N=255 0.0 1265 0.0 1265 0.0 1446 0.01445 0.0 1742 0.01 74 1 0.02034 0.02031 

Table 4.1 Comparison of the probability of bit-error for a DS/SSMA based on standard 
Gaussian approximation Pb (GA) and improved Gaussian approximation Pb (IGA) methods, 
over a nonselective Rayleigh fading channel (L=l , Eb/No=20dB, E W1 /}=2o}=-7dB). 

K=2 K=S K=IO K=I S 

Pb (GA) Pb (IGA) Pb (GA) Pb (IGA) Pb (GA) Pb (!GA) Pb (GA) Pb (!GA) 

L=I 0.00263 0.00259 0.0 1027 0.01010 0.02224 0.02 19 1 0.03338 0.03292 

L= 2 0.00776 0.00764 0.02224 0.0219 1 0.04377 0.0432 1 0.06263 0.06 192 

L=3 0.0 1273 0.0 1253 0.03338 0.03292 0.06263 0.06 192 0.08699 0.08616 

L=4 0.0 1756 0.01 729 0.04377 0.0432 1 0.07933 0.07853 0.10769 0. 10680 

Table 4.2 Bit-error rate for asynchronous DS/CDMA systems with different number of active 
users and multipaths, over a Rayleigh fading channel (N=63, Eb/No=50dB, E{ P1 /} =2cr / =-7dB). 

K =2 K =S K=lO K = I S 

Pb (GA) Pb (IGA) Pb (GA) Pb (IGA) Pb (GA) Pb (!GA) Pb (GA) Pb (IGA) 

Eb/N0 =10dB 0.09876 0.09869 0.11053 0.11034 0.12803 0.1277 1 0.14336 0. 14297 

Eb/N0 =1 5dB 0.04564 0.04550 0.06252 0.062 19 0.08690 0.08637 0.1076 1 0.10697 

Eb/N0 = 20dB 0.02389 0.02372 0.0432 1 0.04280 0.07076 0.070 11 0.09386 0.09309 

Eb/N0 =25dB 0.0 1634 0.0 16 15 0.03655 0.036 10 0.06525 0.06455 0.089 19 0.08838 

Eb/N0 =50dB 0.0 1273 0.01 253 0.03338 0.03292 0.06263 0.06 192 0.08699 0.086 16 

E~0 = oo 0.0 1272 0.01 252 0.03337 0.0329 1 0.06263 0.06 19 1 0.08699 0.086 15 
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Table 4.3 Probability of bit-error for asynchronous DS/SSMA over a frequency-selective Rayleigh 
fading channel, as a function of Eb/No and number of active users in the system (L=3 , N=63 , 

E{P1 / }=2cr / =-7dB). 
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Figure 4.2 Throughput performance of a slotted asynchronous DS/CDMA 

network with correlation receiver, as a function of offered traffic and Eb/N0. 

Packet combining is achieved using S+I selection diversity combining rule at the 

bit level. Constant MIP is assumed. System parameters: Np=255 bits, L=3 , N=63, 

o}=-10 dB, (255,179,10) BCH FEC code. 
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Figure 4.6 System throughput as a function of offered traffic for various 

multipath power decaying rates. S+I selection rule is employed to combine 

multiple copies of the same packet available at the receiver end. System 
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Chapter 5 

Conclusions 

This dissertation focuses on efficient integration of multimedia traffic and error combat­

ting techniques for future third generation wireless systems. We resort to numerical anal­

ysis and bounding techniques whenever we encounter difficulty in computing the exact 

closed-form formulas. Examples are furnished to help quantify the performance improve­

ments achievable. 

In Chapter 2, we have derived a general expression for computing average probabil­

ity of bit error for a flexible network topology with multiple chip rates and processing 

gain values. These equations are obtained by modelling the multiple access interference 

as a Gaussian process. In this analysis, we have also assumed that the channel is per­

turbed only by additive white Gaussian noise and multiuser interference, as in [5], [7] 

and [ 1 O]. With the above assumptions, the multi-chip rate topology can offer substantial 

improvements in terms of system capacity, and/or service quality. The improvements 

owe to the reduction in the interference level by introducing a larger carrier frequency 

offset (between the different classes of traffic) in conjunction with a proper admission 

control. However, in a multipath fading environment, as the number of subsystems 

increases, narrowband subsystems become more vulnerable to multipath interference, 

resulting in a lower capacity. Thus, it can be conjectured that there exists an optimum sys­

tem configuration that maximizes the user capacity for a given bit-error rate requirement 

and the fading figure . This issue has not been considered in this thesis, and will be a sub­

ject of our future study. 

It was also observed that user distributions have a strong influence on the achiev­

able system capacity. Consequently, we provide two different admission policies that will 

maximize the number of simultaneous users that can be accommodated by the system, or 

alternatively improve the grade of service for a fixed number of users. Proper power allo-
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cation to various classes of traffic will also help to increase the system capacity, espe­

cially because the conventional power control law based on the ESS rule (by maintaining 

equal energy per bit) only combats the near/far problem and does not balance well the 

natural dissimilarities between different QoS requirements in a multimedia scenario. 

Next in Chapter 3, we have studied the efficacy of selection diversity on a general­

ized fading channel model. Performance of an optimum linear diversity combiner is also 

presented for comparison. Here we have provided an accurate analytical expression to 

evaluate the performance of a practical S+I-selection diversity scheme on various mobile 

radio environments. An attractive feature of the S+I-selection rule is that it is much eas­

ier and cheaper to implement in practice. Further, it has been shown that the new scheme 

outperforms the conventional selection diversity model. The difference becomes more 

evident with a larger number of diversity branches and in environments that do not expe­

rience severe fading. 

Subsequently, we have examined the effects of unequal mean signal strengths on 

the bit error rate performance. The difference between the S+I and SNIR selection tech­

niques diminishes as the variation in the mean signal strengths among the diversity 

branches becomes larger. It was also observed that the S+I selection scheme is less sus­

ceptible to the variations in the mean received signal power levels compared to the fluctu­

ations of the average long-term noise power. Finally, our results indicate that the 

proposed S+I selection scheme exhibits comparable performance with that of the opti­

mum maximal-ratio combiner in environments where a strong specular path is available, 

and for small diversity orders. This is particularly interesting in that the dual-diversity 

systems are by far more common in current applications. We also would like to point out 

that the application of antenna diversity reception becomes even more crucial for porta­

ble units with low-mobility (such as in indoor wireless communications) because in such 

scenarios, the coding with interleavers approach will not work effectively to combat mul­

tipath fading. This is because the interleaving time span should cover independent fades , 

and therefore require a very large memory (interleaving span). 

Finally, we have investigated the throughput and delay performance of a slotted DS­

CDMA ALOHA with packet combining over a frequency selective Rayleigh fading chan­

nel. Notice that exact evaluation of the throughput performance for systems with packet 

combining is very difficult, specifically because the packet success probability is depen­

dent not only on the most recently received packet but is also related to previously 
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received copies of that packet. In particular, the time-varying nature of the multi-user 

interference (since the number of interfering users may be different during the transmis­

sion of each of the combined packets) imposes considerable analytical and computa­

tional difficulties. Thus, we have resorted to bounding techniques to investigate the 

system performance. It is observed that even with a simple packet combining scheme, 

the system performance can be greatly enhanced and yields a more stable network. 

Since the exact throughput performance cannot be estimated by the analytical 

results presented in this dissertation, it is highly desirable to verify the tightness of the 

lower bound via simulation techniques. Moreover, it is evident from Chapter 3 that if the 

variations in the mean signal strengths of the combined packets are very large (because 

the interference level experienced by each of the combined packets may vary substan­

tially due to the time-varying nature of the multi-user interference), then S+I selection 

may not necessarily outperform the conventional selection approach. However, we pre­

dict the probability of such occurrences to be relatively small. Besides, in an interference 

limited network (the system is fully loaded) the variance of the multiple access interfer­

ences does not change drastically with the varying number of active users. Consequently, 

in such situations the proposed S+I selection will always perform better than the tradi­

tional SNIR selection diversity. 

5.1 Suggestions for Further Work 

The following are interesting topics which may be pursued for future work. 

1. System Architecture and Bandwidth Management: 

• Extension of current analysis for multipath fading channels, in particular to 

obtain the optimum number of subsystems that will maximize the system capac­

ity for a given BER and fading figure. 

• Analyze the effectiveness of the proposed system configuration in a multi-cell 

scenario ( cellular applications). 

2. Diversity Techniques for Wireless Packet Data Networks: 

• Verify the tightness of the bounds presented in this thesis via simulation. 

• Exact throughput estimation with different packet combining strategies via simu­

lation taking into account more realistic hardware and channel conditions. For 
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instance, performance improvement by exploiting the multipaths (by utilizing a 

RAKE receiver), with different power decay delay profiles will be of interest. Fac­

tors such as packet correlation and Doppler spread should be incorporated, to 

accurately estimate the system capacity. 

• Investigate the effect of limited buffer size on the throughput performance of slot­

ted and unslotted DS-CDMA ALOHA with different packet combining mecha­

nisms. Emphasis should be placed various methods of tackling the buffer 

overflow situation. This issue does not arise in the selection combining scheme, 

but has a significant impact on maximum-ratio combining approach. 
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Appendix A 

Validation of Equation (2.24) 

In this appendix, we show that the received composite signal expression in the narrow­

band subsystems can be simplified as described by equation (2.24). Therefore, there is no 

loss in generality with our assumption that the neighbouring subsystems do not interfere 

with each other. 

The received composite signal at the input of narrowband receiver in subsystem 

[s, j ] can be expressed as, 

UV us} n cs usi 

r s}t) = L 5 vk (t - T. vk) + L 5s)k(t-T.sjk) + L L 5sik(t - T. s ik) (A.l) 
k= I k=I i=l,i*)k=I 

Then the output of the correlation receiver is, 

with multiple access interference (MAI) term represented by, 
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where (J)ij = (J) csi- (J) csj = 4rcWSS (i - j) l n cs' and c sjk(t), c sik(t), cvk(t) and (J)sj 

are as defined in (2.8) and (2.9). 

Let s denote the third term of (A.3). Then, 

ncs U . G - I 
SI I s 

I I T I c sik, (g) c sjl, (g) Xs, (g) 
i= l , i ;tjk = I s g=0 

(g + I) Tes . . 
where Xs, (g) = f gT COSffii/COS<psik + Slllffii/ smcpsikdt. 

cs 

ncs G - I 
u. s [ 2] 

= i = ~ ;tj ~1 g~O E Xs, (g) 

(A.4) 

(A.5) 

First by computing the expected value for x~, (g) , and then substituting the result into 

(A.5), the variance of s can be easily shown to be zero. 

2 
Var{s} = 

ncs U Gs- I 2 2 

I _!!; I µ(g); t(g) = o 
i=l,i;tj~g=O 

(g + 1) Tes (g + I) Tes . 
where µ ( ) = J cos ( ro .. t) dt and £ ( ) = J sm ( ro .. t) dt. 

g gTcs lJ m g Tcs lJ 

(A.6) 

Hence, expression (A.I) representing the received signal at the input of a narrowband 

receiver, rs1(t), can be reduced to expression (2.24). 
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If a is characterized statistically by the Nakagami-m distribution, then the random vari­

able y b = cl c,bl N0 has the probability density function [ 13], 

mm m - 1 [ - mybJ 
p (yb) = m Yb exp ? 

r(m)yb b 

(B.1) 

where y b = E [cl] c,b l N0 . Consequently, if the branch with the largest signal-to-noise 

is chosen, then the bit-error rate can be expressed as, 

where 

M M 

p b = L I; Q( f0 ).1yj (yj) Il F Y; (yj) dyj 
j=I i=l,i'i'j 

fy (y) = 
J 

mm m-1 (-my) y exp - , 
r (m) r/ Y1 

mm fx m -I (-my ) F (x) = --- y exp - _- dy 
YJ - m r ( ) 0 y . Y1 m ; 

(-mx) m~I 1 (mx)k = 1 - exp -_- L,; 1 -_ 
y. k. y . 
J k = 0 J 

, m E {integer} 

(B.2) 

(B.3) 

(B.4) 

and y1 is the instantaneous signal-to-noise plus interference ratio of the jth branch. Aver­

age bit error probability described in (3.24) is obtained simply by substituting (B.3) and 

(B.4) into (B.2). 
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Appendix C 

Transformation of Eq. (3.27) into (3.28) 

In this appendix, we describe the important intermediate steps involved in the transforma­

tion of equation (3.27) into (3.28). Let us denote y
1 

= 0./cr}, then (3.27) can be re­

stated as, 

OCJ l (-(z -x) 2] 2 m2m - l ( 2] 
g C, (zJ) = f ~ exp J 2 m x - m exp -n:_x dx 

O,-J2n r(m)y. Y1 
J 

2mm (-z2] oo 2m-1 [ (2m+y.) 2 ] 
= _ m exp -f f x exp -

2 
_ 1 x + z1x dx 

Jfir, r (m) y
1 

o Y1 

(C.1) 

We recognize that the definite integral in (C. l) can be expressed in terms of the parabolic 

cylinder function using the following identity [27, pp. 337], 

J xv - I exp(- bi - ex )dx = (2bfv
12 r (v) exp(~:) D_v (F2zJ , b > 0, v > 0 (C.2) 

0 

and D _ n _ 1 (.) for any non-negative integer n is given by, 

After some algebraic manipulations, we obtain g t, (z) as illustrated in (3.28) . Further, 

we would like to point out that by computing the derivatives of the parabolic cylinder 

function, recurrence relationship described in (3.29) can be easily verified. Consequently, 

D_v (.) can be computed efficiently using this recurrence relationship, with D_1 (z) and 
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D_2 (z) obtained using (C.3). 

For the particular case of m = 1 (Rayleigh fading channel), equation (3.28) reduces to, 

Expression described in (C.4) can be re-stated as, 

[ ~] ~ ( 2J y. z. y. -z. 
+ erfc -z. 1 - 1- - 1- ex - 1-

1 2 ( 2 + Y) 2 + y1 2 + r1 P 2 + '?1 
(C.5) 

which is equivalent to the expression given in [ 15]. 
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AppendixD 

Average Bit-Error Probability Expression 

for an Optimum Linear Diversity Combiner 

A closed form analytical expression to evaluate the average bit error rate for maximum­

ratio combiner is derived in this appendix. Let us denote y n = a!I a!, having probability 

density function as described in (B.1). Following (3 .32), the signal-to-noise plus interfer-
M 

ence ratio at the output of the maximum ratio combiner is equal to y mrc = L y n . If we 
n = I 

assume that the branch fading as well as the branch noises to be mutually statistically 

independent, then the characteristic function for the sum of y n , n = 1, 2, ... , M, is sim­

ply the product of their individual characteristic functions, i.e., 

\If Uv) 
Ymrc 

(D.1) 

where Ank is defined in (3 .34). 

The inverse Fourier transform of the characteristic function in (D .1) yields the prob­

ability density function of y mrc in the form, 

M m k k - 1 [ J my -my 
/,y (y n) = L L A nk n k exp ~ 

mn r(k)- y n=l k=l Yn n 
(D.2) 
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Hence, the average bit error probability is given by, 

(D.3) 

The definite integral in (D.3) has a known closed-form solution [13], 

(D.4) 

where µ
11 

= J y 
11

/ (2m + y 
11

) , and therefore (3 .33) is readily shown. 
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Appendix E 

Closed-Form Probability Density Function 

for the Random Variable ½ 

In this appendix, we describe the important intermediate steps involved in the transforma­

tion of equation (4.19) into (4.20). Let us denoter = A/ (A+ 2) , then (4.19) can be re­

stated as, 

oc; (2 2) 
() 

_ 2 f z (A/ 2) -xAz + [ (A/ 2) + l] x d 
gt:, z - ~ xexp - A x 

A✓ 2rt 0 

(E.1) 

oc; { 2 [ 2] } { 2 } _ 2 -z r - r - (x- fz) - ~ f xexp 2r exp 2r dx 
A✓ 2rt 0 

(E.2) 

{
z2[r-r

2
]} 

exp [ OC) { 2 } OC) { 2 } ] - 2[ x - [z x - [z 
= ,j2ic f (x - fz) exp ( _

2
r) dx+rz f exp ( _

2
r) dx 

(A/ 2) 2rc O o 

Equation (E.3) can be further simplified as follows, 

gs(z) - JziA!Jexp(-n 

+ [erfc{-zj2(AA+2)} (A:2) L~2 exp(;:'2 )] (E4) 
Finally by substituting A = 2y0 in (E.4), this expression reduces to (4.20). 
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Equation (F.5) derived here provides a simple expression to evaluate equation ( 4.26) effi-
. (i) ( i) 

c1ently. Let us denote PD ( m 1) = p { D ( m 1 + 1, m 1 + 1, .. ... . , m 1 + 1) } . Hence, 

the unconditional average number of transmissions Rav is upper-bounded by, 

For mathematical simplification but without any loss in generality, let us assume that m 1 

will take the maximum value for the number of simultaneous users during transmission of 

each the combined packets, i.e. , m 1 = max (ml' m2, .. . . . . , m) . Subsequently, (F.1) can 

be restated as, 

The right-hand side of (F.2) can be re-written in the form of a binomial series, 
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Therefore, equation (F.3) can simplified as, 

which reduces to, 

where f G ( m) and g G ( m) are given by ( 4.21) and ( 4.28), respectively. a Cb denotes the 

binomial coefficient defined as, 

a a! 
Cb = (a - b) !b! (F.6) 
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