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CHAPTER 1

INTRODUCTION

With the successful application to second generation (2G) wireless telephony [1], CDMA
has been employed to most major standards of third generation (3G) wireless multiple
access system [2-6] and also become a strongest candidate for future wireless packet
communication system. While 2G wireless systems mainly carried voice streams, 3G
systems intend to muitimedia plus data services [7]. And now demand for data in
wireless/mobile environments, which requires more reliability while allows some
transmission delay, are growing fast. Although 3G wireless systems provide data service,
it is basically connection oriented to efficiently provide multimedia services, such as
voice and video. For data services, it is still inconvenient and inefficient since their
resource management and allocation are devoted to connection-oriented services. This
doubt raises some question regarding CDMA systems as a packet switched data
communication systems; i.e. how efficient are they for packet data transmission and what
can be done to improve the performance of CDMA systems. These questions motivate in-
depth reinvestigation of CDMA systems in terms of packet data communications

terminology.

1.1 System Overview and Performance Criterion

In this dissertation, a cellular CDMA system consisting of a single base station and a
number of active users is considered. In particular, the author focuses on the performance
of uplink transmission, where the users simultaneously send (but not necessarily
synchronized to each other) their data to the base-station over a common wireless
channel. The analytical approach provided in this dissertation, however, is not limited
only to cellular based CDMA system. It can also be applied to other wireless network

configurations, such as CDMA based packet radio and Ad hoc networks. Nevertheless,



the performance analysis will be restricted to a traditional cellular CDMA system with
only one hop communication, as in 3G Wireless or in IEEE 802.11a.

Figure 1.1 shows a simplified uplink signal path of a coded CDMA system to be
analyzed in this dissertation. First, the information bits are encoded with outer error
detection code, of which the primary purpose is to detect errors in the receiver side and
request a copy if an error detected. Then, it again encoded with forward error correction
code, of which the code rate is much lower than that of outer error detection code. The
primary purpose of inner FEC code is to provide high coding gain so that the packet error
probability after FEC is low enough to obtain reasonable packet throughput. Finally, the
coded data packet is modulated with spreading sequences for simultaneous use of a
common channel. Attention will be paid on the system performance with various

configuration of hybrid FEC/ARQ in deterministic/random access environment.
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Figure 1.1 A simplified block diagram of Coded DS/CDMA System.

FEC Coding

The reason that CDMA system was so successful for wireless/cellular systems is
the anti multipath fading capability of rake receiver and inherent immunity to interference

(soft collision) [8, 9]. Moreover, the latter allows cell design with frequency utilization



factor of 1, even though there would be capacity degradation to some extent due to inter-
cell interference. When applying to cellular packet radio network, CDMA can provide
uncoordinated channel access with relatively small delay [10] and seamless hand-over
when a terminal moves to a nearby cell. On the other hand, despite these advantages, it
still suffers from inter and intra cell interference, which are generally called multiple
access interference (MAI). When considering only single cell scenario, due to this MAI,
the net bandwidth utilization of CDMA based random multiple access system has shown
to be rather poorer than or, at best, similar to traditional ALOHA systems unless a strong
channel coding (of low code rate) is used to suppress the harsh effect of the MAI from
other active terminals [11,12]. This is why CDMA system heavily relies on channel
coding.

Since the first introduction of turbo code by Berrou ef al. [13, 14], it has received
considerable attention and prompted many related researches, to the extent that it has
been accepted by most of the 3G standards as a coding option. Most major 3G wireless
standards [2-6] provide several coding options to support various quality and delay
demands. Some of typical configurations are convolutional codes, concatenated
convolutional-Reed Solomon codes and turbo codes. First two options are suitable for
real time applications, such as voice or video, which need certain delay requirement.
While, the last option is more suitable for data communications since it shows very good
error performance even if the decoding delay can be much larger than the first two.

Hence, in this dissertation, only the turbo coding option will be considered.

Hybrid Type-II ARQ

A concern in data communication system is how to control the transmission errors
caused by the channel noise so that error free data can be delivered to the users. In
wireless communication systems, hybrid FEC/ARQ (Forward Error Correction and
Automatic Repeat Request) schemes are usually considered to exploit both the high

coding gain of FEC codes and the rate flexibility of ARQ protocol [15]. While a high rate



error detection code is enough for proper operation of ARQ scherﬁe, the primary purpose
of FEC code is to achieve high coding gain so that error probability after FEC is low
enough for the ARQ scheme to work properly.

The hybrid ARQ schemes are classified into two types; type-I and type-1I [16]. In
type-I ARQ, the same copy of a packet, which is encoded with a fixed rate FEC coding,
is transmitted at each retransmission attempt. While, in type-1I the previously received
packets are combined together in some way, to accomplish enhanced throughput
performance. Two well-known forms of hybrid type-II ARQ are packet combining and
code combining scheme [16]. In packet combining scheme, while the packet contents at
each attempt are the same as in pure or hybrid type-I1 ARQ, it effectively combines the
soft decision values of these noisy copies so that better probability of packet success can
be accomplished as it combines more of noisy copies. On the other hand, Code
combining scheme employs a type of incremental redundancy retransmission, which will
be described later in more detail. Generally speaking, hybrid type-II ARQ has different
probability of packet success and packet service time from attempt to attempt. In this
dissertation, the author investigates how much throughput improvement can be achieved

hybrid Type I ARQ in a CDMA based random access environment.

CDMA based ALOHA system

Although ALOHA is the simplest random multiple access schemes, it is
particularly interesting because CDMA slotted and unslotted ALOHA are the two
limiting case of the random access in WCDMA system. In WCDMA, the random access
is a type of slotted-offset ALOHA [17,18], where a packet can be transmitted at a
periodic time instances. When the time offset is equal to the packet duration, the system
resembles slotted ALOHA, while when the offset goes to zero, it corresponds to unslotted
ALOHA. Thus, the same procedure as will be described here can also be applied to the
analysis of those slotted offset ALOHA systems. Another reason of considering ALOHA

system in preference to carrier sense multi access (CSMA) is that ALOHA type random



access is more practical for medium to large coverage area, where carrier sensing is
almost impractical especially when large amount of MAI exists. While for small
coverage area, which is the main target coverage for WLAN, CSMA is practically

feasible and is more attractive than ALOHA type random access scheme.

Performance Criterion: Throughput

A fundamental figure of merit of the packet data communication system would be
the throughput performance, while in connection oriented systems, such as circuit based
telephone system, the user capacity would be of primary interest. The system throughput
can be defined in various ways. In this dissertation, we will use two different types of
throughput, each of which is named as Spectral Efficiency and Normalized throughput.
As will be discussed later, however, these two are the same measure, even though they
are defined in different way. They differ only in that the former is for deterministic

environment while the latter for random access environment.

1.2 Dissertation Overview

The dissertation can be roughly divided into three parts as follows

1) CDMA with Hybrid FEC/ARQ in Deterministic environment (Ch.2)
2) CDMA with Hybrid FEC/ARQ in Random Access Environment (Ch.3 and 4)

3) An implementation issue on Turbo Decoding. (Ch.5)

“Deterministic” stands for that the system load does NOT change during a packet
transmission time, including both the original and retransmission. This assumption,
though impractical, makes the analysis simple while gives insightful results on the system
performance. More practical cases for random access environment are then analyzed in

the second part using a Queuing Network Model. The second part is further divided into



two sub topics, i.e. CDMA Slotted ALOHA with Hybrid type-Il ARQ using Packet
Combining and CDMA Unslotted ALOHA with Hybrid type-II ARQ using Code
Combining. For code combining, the rate compatible punctured turbo (RCPT) codes are
examined.

In the third part, an implementation issue on low latency turbo decoding is
considered. Decoding latency may be one of the critical factors in ARQ protocol in the
sense that it can be a primary cause of large transmission delay, which in turn affects the
window size of Selective-Repeat ARQ. When turbo codes are used, it is especially the

case due to the computational complexity of the turbo decoding.



CHAPTER 2

CDMA WITH HYBRID FEC/ARQ IN DETERMINISTIC ENVIRONMENT

As a preliminary, the performance of CDMA with Hybrid FEC/ARQ is investigated in
deterministic environment. Especially, it highlights the practically achievable spectral
efficiency of CDMA system with turbo codes and multiuser detection, assuming the use
of hybrid type-I ARQ. The effect of code rates on the performance of systems is also
investigated with matched filter and linear MMSE receivers front-end, respectively. For
given ensemble distance spectra of punctured turbo codes, an improved union bound is
employed to evaluate the error probability of maximum likelihood turbo decoder and

compute the corresponding spectral efficiency as a function of system load.

2.1 System Description and Definitions

Consider a CDMA system consisting of a single base station and K active users who
simultaneously send (but not necessarily synchronized to each other) their data packets to
the base-station over a common wireless channel. The scenario is similar to the code
division packet scheduling [7] in WCDMA system. Each user is assigned a dedicated
channel, over which the packet stream is transmitted. With this scenario, the spectral
efficiency of uplink transmission is evaluated, assuming the number of users does not
change until the entire packet stream is successfully transmitted. Although practical
analysis will need a well-defined packet generation model, this scenario can give useful
insight into the packet transmission over the dedicated channels in 3G wireless systems
and provide a preliminary result for random access scenarios. The analysis for random
access environment, where the number of active users may change during a packet
period, will be provided in Chapter 3 and 4. A detailed description of

modulation/demodulation and encoding/decoding is in Figure 1.1.



A fundamental figure of merit of the system with hybrid ARQ would be the
throughput. For simplicity and analytical compactness, the author considers an idealized
system in which packet overheads, transmission and decoding delay can be ignored.
Throughput degradation due to these factors can be minimized by use of well-designed
protocols, such as selective repeat ARQ. The objective here is rather to examine spectral
efficiency that can be achieved by given rate of punctured turbo codes in CDMA channel.
For the idealized ARQ scheme, the per-user throughput can be expressed as a function of
the packet length and the probability of packet failure. Let rign.r5 be the effective code
rate of the inner FEC code and r,,., the code rate of the outer error detection code. Then,

the per-user throughput of CDMA system with hybrid FEC/ARQ can be expressed as

t,=r r, [Bits/symbol]} 2.1

u outer  'innereff

r

outer
ave

where M is the number of information bits that has been successfully transmitted without
errors and my,. is the average number of total bits that actually transmitted, including
parities and retransmissions. Since rou., is usually close to one, the rate reduction due to
this factor can be ignored. myy. can be related to the probability of packet failure, which
in turn depends on the system parameters, such as the number of users, processing gain,
effective number of multi-path and so on. Let P’ be the probability of packet failure at

j™ trial such that the probability of packet success after i transmissions is given by
0 _ ) e
PO =[1-PP1-T] P’ (2.2)

Then, the average number of bits m,,, that has to be transmitted to deliver M information

bits (without errors) can be expressed as



m,_ = im(n PO = i(z;zllm)_ po 2.3)
i1 im1

where m"” is the total number of bits transmitted up to i™ trial and [’ is the number of bits
transmitted at j* trial. Consider hybrid type-I ARQ scheme, in which a fixed rate (Fie,)
FEC code is used and a copy of the packet is retransmitted if any error is detected. In this
case, Pf(i) = Prand V== M/riuner Vj, by taking the code rate into consideration, and m®?

= i-]. Then, the per-user throughput is reduced to

M
Ly =T e =r,

- F
u outer o i1 outer inner
M /1, )A=P)> " i-P

(1-P;) (2.4)

As a measure of the normalized throughput, the spectral efficiency is defined as

K1, (2.5)

where N is the processing gain and K the number of users in the system. Note that the
unit of the spectral efficiency is bits/chip, hence, assuming the bandwidth is roughly
equal to the chip rate, bits/chip equals to bits/Hz/sec.

Since in CDMA system P/” depends on the number of active users, one can find
the spectral efficiency f as a function of the number of users in the system given the
processing gain N. In practical situation, the system load may change during the message
exchange in ARQ so that the SNIR at the output of a receiver may also change. However,
deferring the analysis for random access environment to Ch.3 and 4, we assume here for
analytical simplicity that the system load does not change until a packet is successfully

transmitted.
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2.2 Analytical Procedure
2.2.1 Decision Statistics with Random Spreading

There are two philosophies in CDMA system; Deterministic CDMA and Random CDMA
[19]. Random CDMA uses long codes, of which the period is much larger than the bit
interval so that the local cross-correlation between any two spreading codes varies
randomly from symbol to symbol. Existing commercialized CDMA systems, such as IS-
95, are random-CDMA [1]. One of the reasons of using long codes is to avoid being
trapped in a bad situation in which some of active users have high correlation to each
other for a long time. In practice, such random interference can be regarded as Gaussian
noise, making it more suitable to use channel codes with appropriate interleaver than to
use multiuser detection technique [20]. In fact, the communication quality of IS-95 relies
heavily on the coding gain to mitigate the effect of the interference, while it uses a simple
correlation (matched filter) receiver, which does not have interference suppression
capability. On the other hand, deterministic-CDMA employs short codes of which the
period is the same as the bit interval. The primary purpose of using short codes is to
enable using multiuser detection with reasonable complexity [21-30]. These multiuser
detectors utilize the cross-correlation between the spreading codes, to suppress the
multiple access interference. By employing short codes, one can use adaptive schemes
and/or pilot signals making multiuser detection implementable in less complex hardware.

Although a reasonable assumption requires long codes for conventional correlation
receivers and short codes for multiuser receivers, the use of latter does not necessarily
imply that the cross-correlation matrix is fixed and deterministic [31, 32]. Even for
deterministic CDMA system, the cross-correlation has random nature due to the random
assignment of spreading codes, and/or the time variation of channel delay, where one
chip delay of a spreading sequence can make the cross-correlation structure quite
different. Taking the randomness into account, we will perform our analysis based on the

random spreading assumption, regardless whether it results from the use of long code or
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from the random assignment of spreading codes or from the random variation of time
delays.

With this random spreading assumption, three cases are considered; matched filter
receiver in AWGN channel, matched filter receiver — rake combining in L-path Rayleigh

fading channel and MMSE receiver in AWGN channel.

Matched Filter Receiver in AWGN Channel: Consider BPSK modulated,
asynchronous CDMA system with K active users. Usually, for the analysis of matched
filter receiver with random spreading, the standard Gaussian approximation (SGA) [33,
34] is used for simplicity. Here the interference power is obtained by averaging the
conditional variance over the time delays and the carrier phase shift. When applying this
SGA to perfectly power-controlled CDMA signals in AWGN, the SNIR of a matched

filter receiver is given by

1

= 2.6
¥ mE awen ﬁ_l +(K -1)/3N (2.6)

where fis the signal to background noise ratio for each user and N is the processing gain.
One may employ improved Gaussian approximation in [35] for more accurate results, but
SGA gives quite accurate results, especially for heavily loaded system, which is our main

concerm.

Matched Filter/Rake Combiner in Fading Channel: For L-path Rayleigh fading
channel, a maximal ratio combiner (MRC) is used with L matched filter receivers (finger)
each for a path. Assuming every user have the same number of paths, L, each of which
has identical Rayleigh distribution with the same average power, the pdf of the SNIR at

the output of a rake finger, %r ruding, can be expressed as; (See Appendix A)
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Fading

KL-1
L B(KL+1) 4 5r [ 3N
=— | 1+——(3N/Q+ e b | 2.7
=5 ( T 7) ) (3N+Qy) @7
Let % denote the SNIR at the output of I" rake finger, then the PDF of MRC output SNIR

can be expressed as an L-fold convolution of the PDF of rake finger output SNIR, f, (7),

ie.
fen=f,WM*f,,nN*-*f, W (2.8)

Since (2.8) has no closed form expression, the PDF f{7) should be evaluated numerically.

Linear MMSE Receiver in AWGN Channel: The SNIR of MMSE receiver is not as
simple to analyze as that of matched filter receiver. In [31], an approximate PDF of the
output SNIR of linear MMSE receiver has been derived. Unfortunately, this
approximation is valid only when the system load is less than half the processing gain.
On the other hand, asymptotic average SNIR of MMSE receiver has been derived in [36-
38], showing its convergence to a deterministic limit as the number of users and the
processing gain go to infinity while their ratio remains fixed. Since asynchronous CDMA
is being considered here, the author employs the results of [39], which is an extension of

[37] to asynchronous CDMA. The following theorem is the essence of the results in [39].

<Theorem 4.2> In a symbol asynchronous (but chip synchronous) CDMA system, if the
relative delay distribution G(7) satisfies the condition G(7) = 1 — G(1-17) and the
observation window is an odd integer T 2 1, symmetric about the symbol to be
demodulated, then the asymptotic SNIR, ¥, of linear MMSE receiver is lower bounded by

Yumse, which is the unique solution of the equation
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B
o’ +(K/N)T_[Ep,,[[(ﬂp,P,,YMMSE)"‘(T—I)I(P’Pp?’MMSE)"’I((l"T)P’Pl’YMMSE)]

Yumse =

(2.9)

I(P,Py, ) is defined as the effective interference of a user of power P at SNIR y

PP,
R +Py

I(P,P,y)=

where ¢ is the noise power and P is the signal power of the first user (desired user). As
stated in [39], for complete asynchronous system, the interference power P from a user is
replaced with P/3, taking into account the chip and phase asynchronism, which reduces
the effective interference power by a factor of 1/3. Assuming uniform time and phase
delay distribution, perfect power control and complete asynchronous system, the equation

(2.9) reduces to

P

7/ =
YR S 2KT-1( P ) KR (| ()
3N T 3NT - Fyps

L+ rypse Tvmse

Moreover, when the observation window goes to infinity, one can obtain a closed form

solution of the above equation, given by

——f.—(l—AK/N)——l—+J?2 (1—AK/N)2+ P (1+AK/N)+—1— (2.10)
Y muise 257> ) 40" 207 4 ’

where A = 1/3 for asynchronous system and 1 for synchronous system. (2.10) will be
used to evaluate the throughput performance and spectral efficiency of the system with

linear MMSE receiver, especially for heavily loaded system.
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2.2.2 Theoretical System Capacity

Once the output SNIR is given, the theoretical capacity limit can be easily computed. In
[36], such capacity limit has been found for unconstrained signal constellation. However,
in this dissertation the signal constellation is restricted to BPSK only. Hence, assuming
the noise plus interference at the output of a demodulator is Gaussian, the theoretical

capacity limit can be computed as

K-Cpeo(7)/ N for AWGN channel

C,. = 2.11
K {K~E7[CB,CO(7)]/N for fading channel 211

where the mutual information of binary-input continuous-output channel Cgico(p) is

given by [41]
1 T 2-p(y|x,)
CoicoV)=—=- p(y|x,7)-log ( J.dy (2.12)
pico 2 211[0 Lp [+ +p(y|-17)
with

p(ylxy)= exp[— (y—xy7) /2}/@.

2.2.3 Turbo Code Performance and Improved Union Bound

Compared to convolutional codes [42], turbo codes perform very well even at low SNR
region [13, 14]. They show the so called ‘turbo cliff’ near the Shannon limit provided the
codeword length is large enough. The better performance of turbo code results from the
combination of the recursive systematic encoding and its parallel concatenation with

appropriate interleavers. For a low weight input sequence, the parity weight of non-



