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Abstract

There is a high demand to increase the data rate and quality of current wireless

communication systems. Therefore, techniques that can increase the data rate, im-

prove the spectral efficiency and enhance the performance of wireless communication

systems are of great interest. One way to meet the above challenges is to exploit

multiple transmit and receive antennas and in particular space-time processing tech-

niques. These concepts have been recently proposed and extensively investigated.

Nevertheless, designing space-time codes for multiple fading channels remains a big

challenge. The first part of this thesis deals briefly with the multiple-antenna con-

cept, in general, and the space-time processing techniques, in particular. Specifically,

we focus on the design of space-time block codes for a multipath fading channel.

Previous work has concentrated on the design of orthogonal space-time block codes.

We propose a non-orthogonal space-time block code for multipath fading channels.

Our design is based upon the upper bounds of the average pairwise error probability.

It is shown that this non-orthogonal space-time block code takes advantage of the

diversity provided by a multipath channel.

Another way to increase the performance of a cellular wireless communication

system is to implement multiuser detection. In the second part of this work, we have

designed an interference canceller. This is based on the expectation-maximization

(EM) algorithm for the space-time block coded WCDMA system, which is the air-

interface of the currently being deployed 3G system, over a multipath fading channel.
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The EM algorithm iteratively seeks the maximum likelihood solution when a direct

solution is not feasible. We assess the performance of the algorithm in an HSDPA

system, an extension to WCDMA. It is shown that the parallel-interference cancel-

lation (PIC) and the conventional matched filter are special cases of our proposed

EM algorithm. Performance of the receiver is significantly improved by using the EM

algorithm.

As it is well known, one of the main impediments of wireless communications sys-

tems is signal fading caused by a multipath channel. Multicarrier techniques such as

OFDM and a combination of the OFDM and CDMA (MC-CDMA) can overcome the

above challenge. OFDM and MC-CDMA convert a frequency-selective channel into

a parallel collection of flat frequency subchannels. In the third part of this thesis,

we have proposed MC-CDMA as an advanced method for a future wireless commu-

nication system. For such a system, we have studied different receiver algorithms

and a channel estimation algorithm. We have studied the performance of different

receivers based on the EM, MMSE, PIC and MRC algorithms. Our results show that

in a SISO MC-CDMA system, the MMSE receiver provides high performance gain

compared to the MRC receiver. The PIC and the EM algorithm based receivers can

further improve the performance of the MMSE receiver if we take the output of the

MMSE receiver to be used as initial values for them. The complexity analysis of

the different parts of a SISO MC-CDMA receiver is presented. Due to the simplicity

of the space-time block coding technique, we have investigated the performance of

the above receiver algorithms in a space-time block coded MC-CDMA system. It is

shown that by increasing the number of antennas we achieve greater improvements

in the performance of the system. In the proposed STBC MC-CDMA system, we

show that our PIC and EM-based algorithms can improve the MRC performance if

we take the MRC output to be used as initial values for those algorithms.
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Chapter 1

Introduction

1.1 Background

Since the early 90’s, the field of wireless communications has experienced a tremen-

dous growth. Research in this field has been expanding at an explosive rate, stimu-

lated by a host of important emerging technologies and applications such as 2G (e.g.,

GSM), 2.5G (e.g., EDGE), 3G (WCDMA, CDMA2000), beyond 3G (e.g., HSDPA),

Wireless LANs, RFID, and Ultrawideband. The ultimate goal of wireless communi-

cations is to make it possible for people to communicate reliably in any form, at any

time, and at any place. These systems are expected to support very high data rates,

with many number of users (higher capacity), better performance and under diffi-

cult propagation conditions. The projections of rapidly expanding demand for future

wireless communications creates numerous challenges for system designers, and meet-

ing these challenges will require sustained technical innovation at many fronts. Many

of the main technical challenges stem from a complex multipath and time-varying

propagation environment and limited radio spectrum.

Any wireless communication system is limited in performance and capacity by

three main impediments [77]. The first of these is signal fading caused by multipath
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2 CHAPTER 1. INTRODUCTION

fading. The signals from different multipaths add with different amplitudes and

phases resulting in a received signal that varies with time and location. This increases

the required received signal power for a given Bit Error Rate (BER). The second

impairment is Inter-Symbol Interference (ISI) caused by the delay spread, which is the

difference in propagation delays among multiple paths. ISI can limit the maximum

data rate. The third impediment is known as Multiple Access Interference (MAI)

(also known as co-channel interference), which is caused by users sharing the same

frequency bands. MAI can limit the maximum data rate.

In addressing these challenges in wireless communications, many techniques have

been introduced. One of the most important techniques is to use wireless links using

multiple antennas, which is called a MIMO (Multiple-Input Multiple-Output) system

([22] and references therein). These systems can be viewed as an extension of the

so-called “Smart Antennas” [56]. Traditional smart antenna systems employ multiple

antennas at the receiver end, whereas in a general MIMO system multiple antennas

are employed at both the transmitter and receiver ends. The addition of multiple

antennas at the transmitter side combined with advanced signal processing algorithms

at the transmitter and the receiver ends yields significant advantage over traditional

smart antenna systems both in terms of capacity and diversity advantage. Exploiting

the space-time processing techniques in the underlying MIMO environment is shown

to provide an enormous improvement in performance including higher data rates,

capacity enhancements, and better BER performance.

As is well known, there are several different ways to allow access to a channel

in a cellular system. Three main multiple access techniques are frequency division

multiple-access (FDMA), time division multiple-access (TDMA) and code division

multiple-access (CDMA). While 2G and 2.5G cellular systems have adopted TDMA

as their multiple access techniques, the emerging 3G system is using the Wideband

Code Division Multiple Access (WCDMA) technique because of its robustness to

fading, its anti-interference property, and its capabilities to provide higher capacity
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compared to previous generations of mobile communication systems [23, 73]. The use

of direct sequence spread spectrum and CDMA to combat potential sources of degra-

dation, such as multipath fading, is a technique that has been known for decades ([51]

and references therein). In a WCDMA system, a data symbol of each user is modu-

lated with a noise-like wideband signal called a pseudo-noise (PN) sequence, which is

user-specific. The process of modulating each user’s symbol with its specific PN se-

quence is so called “spreading”. The capacity of a WCDMA system is limited by the

available bandwidth and the PN sequence properties. Two major factors that limit

the performance of WCDMA systems are MAI and the multipath fading channel. To

improve the performance and increase the capacity of WCDMA systems, multiuser

detection [72] and multiple antenna concepts can be implemented simultaneously.

3G systems provide a high data rate up to 2 Mb/s and with its extension (HSDPA)

the data rate can reach 7 Mb/s. However, in wireless research communities, there is

an increasing demand to improve the performance of wireless systems beyond what

3G systems can provide. These wireless systems promise to deliver a much higher

data rate and more diverse services than 3G systems currently do. Some researchers

have given the name of “4G” for the coming wireless communication systems and

some simply call it “Beyond 3G” (B3G) systems. The dominant load in B3G wireless

channels will be high-speed burst-type traffic. Therefore, the air interface of the future

wireless systems has to support high amount of packet transmissions. Recently, most

standards developed for wireless high transmission rates such as Wireless LAN (IEEE

802.11a) [34], Digital Video Broadcasting (DVB-T) [15], MB-OFDM Ultrawideband

(IEEE 802.15.3a) [34, 49], and Broadband Wireless Access Technology (WiMAX or

IEEE 802.16) [34, 76] are based on Multicarrier Modulation (MCM) specifically the

Orthogonal Frequency Division Multiplexing (OFDM) technique. OFDM is a special

form of multicarrier transmission where a single high-speed data stream is transmit-

ted over a number of lower-rate subcarriers [9]. It supports high data transmission
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rates, it is robust to multipath delays, has high spectral efficiency due to a nearly rect-

angular frequency spectrum and can be implemented with effectively low complexity.

Therefore, OFDM has been considered as one of the potential candidates for air inter-

face of B3G or 4G systems. In order to have the benefit of both OFDM and CDMA

systems and improve the shortcomings of CDMA in 3G systems, these two systems

are combined and result in a system known as “MC-CDMA” [7, 12, 16, 26, 70, 75, 80].

Although OFDM and/or MC-CDMA will be the potential transmission schemes for

the B3G or 4G wireless communication systems, there are still several challenges

ahead. Some of the challenges are due to impediments such as frequency offset and

the interferences caused by MAI and Doppler shifts, which result in intercarrier in-

terference (ICI).

Allocating additional licensed frequency bands alone will not be sufficient to meet

the high demands of future wireless systems. Besides, frequency spectrum is a signif-

icant capital investment (e.g., the 3G spectrum auctions in Europe). Therefore, for

wireless service providers, increasing the capacity of the cellular system is a prime

motive for their investments in future wireless systems. One solution to increase the

capacity is cell-splitting but its drawback is to have additional basestations. Another

solution is to use MIMO and space-time processing techniques. Therefore, the physi-

cal layer of the future wireless communications system (B3G or 4G) will employ both

multicarrier techniques (e.g., MC-CDMA) and MIMO concepts.

In meeting all the above challenges, signal processing has a central role. In fact,

the increasing trend is that many key problems in the design of wireless communi-

cation system have been solved using signal processing algorithms. Thus, there has

been increasing mutual interests between signal processing and wireless communi-

cation communities. On one hand, there is a significant growth of interest within

the signal processing community in wireless communication applications and on the

other hand, the wireless communication community has increasing interests in signal

processing algorithms.
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1.2 Author’s Contributions

The focus of this thesis is to develop efficient signal processing algorithms and tech-

niques to increase the capacity of the current wireless communications systems and

improve their performance, e.g., by overcoming one of their major impairments namely

MAI. The author’s contributions can be divided into three main categories as follows:

1. In spite of the fact that wireless communication channels, in most of the

original research on space-time coding and MIMO systems, are considered flat fading,

this is not the case most of the time. On the other hand, space-time block coding

has been adopted in many standards including 3GPP due to the simplicity of its

decoding. Tarokh et al [63] proved that there exists no space-time block code based

on the complex orthogonal design providing full diversity gain and transmission rate

one for more than two transmit antennas. Thus, the concept of non-orthogonal or

semi-orthogonal space-time block coding was introduced [42, 68]. In non-orthogonal

space–time block codes in multipath channels there are two main sources causing

interferences: one is due to the multipath fading and the other is due to the non-

orthogonality of the code. The main contribution of this thesis in this part is to

introduce a novel non-orthogonal space-time block code which offers robustness in

multipath fading channels [40, 41].

2. As mentioned earlier, space-time block coding has been adopted as part of

3G standards (3GPP). It is also known that MAI is a major problem in WCDMA

systems. The MAI arises due to the non-orthogonality of the spreading code sequences

employed by users and the fact that all users in a CDMA system share the same

frequency spectrum for transmission at any given time. Even if the spreading code

sequences are orthogonal to each other (Walsh-Hadamard codes [32]), in practice,

the orthogonality of the spreading sequences cannot be maintained after they are

transmitted through the multipath fading channels. Hence the MAI is always present.

Combining the WCDMA with space–time block (STB) coding in multipath fading



6 CHAPTER 1. INTRODUCTION

channels will further increase the interference due to transmission from the additional

transmit antenna. It has been shown in [35, 36, 38] that the performance of the space-

time block coded WCDMA in a multipath fading channel is even worse than that

in a single transmit antenna WCDMA system. Therefore, MAI can severely limit

the performance of WCDMA systems and especially in an space-time block coded

(STBC) WCDMA system if it is not properly exploited at the receiver. Multiuser

detection (MUD) for downlink of the space-time block coded WCDMA in multipath

fading channel has been addressed in [36, 38]. The presented MUD is based on

the Expectation-Maximization (EM) algorithm. In order to use the EM algorithm

there is a need to linearize the receive equations. This has been done by introducing

some transformation matrices [36, 38]. The introduced EM algorithm can be easily

transformed to Parallel Interference Cancellation (PIC) or a simple matched-filter

receiver by adjusting a scalar parameter. The performance of the introduced EM

algorithm has been compared to that of PIC and matched-filter receivers. We assess

the performance of the proposed EM receiver in an HSDPA system [35, 38].

3. The third contribution in this thesis is in a MC-CDMA system. As mentioned

earlier, the combination of an OFDM and a CDMA system gives birth to a MC-

CDMA system. This is a potential air-interface candidate for B3G or 4G systems.

In this thesis, first, a SISO MC-CDMA system is considered. A pilot-based channel

estimation scheme as well as different receiver algorithms including Maximum Ratio

Combining (MRC), Minimum Mean Square Error (MMSE), PIC and EM-based re-

ceiver have been implemented for such a system [39]. Another contribution in this

part is the complexity analysis for such a system with different receiver algorithms.

Since future wireless systems will be most likely equipped with multiple antennas and

due to the simplicity of space-time block coding, the STBC MC-CDMA system in

multipath fading channels has been studied [37]. In this thesis, we have implemented

receivers based on the MRC, MMSE, PIC, and EM algorithms for a space-time block

coded MC-CDMA system.



1.3. THESIS OUTLINE 7

1.3 Thesis Outline

This dissertation is organized as follows. Chapter 2 first discusses multipath propa-

gation and fading. Then information theoric aspects of multiple antenna systems are

described. Space-time coding with emphasis on the orthogonal and non-orthogonal

space-time block coding are shortly reviewed in this chapter. The space-time block

coding for multipath fading channels is introduced based on the time-reversal algo-

rithm and finally, our novel non-orthogonal space-time block code in multipath fading

channels is presented.

Chapter 3 focuses on the problem of multiuser detection in a space-time block

coded WCDMA system in multipath fading channels. It starts by reviewing the EM

algorithm, WCDMA and its extension (HSDPA). Then some conventional receivers

are considered for both the single-antenna and STBC WCDMA system. These con-

ventional receivers are based on maximum-likelihood estimation, matched filters, and

parallel interference cancellation. The EM algorithm is introduced for an STBC

WCDMA and its extension HSDPA. Finally, the numerical results are provided by

computer simulations.

Chapter 4 considers the MC-CDMA system. Since MC-CDMA is a combination

of an OFDM and CDMA system, this chapter, firstly, gives an overview of the OFDM

system. Then the model for a SISO MC-CDMA system is given. Next, the pilot-

based channel estimation algorithm and multiuser detection schemes are introduced.

The multiuser detection algorithms are based on maximum ratio combining, MMSE,

PIC and EM algorithms. Complexity analysis of all algorithms in a SISO MC-CDMA

is given in this chapter. Then the STBC MC-CDMA in multipath fading channels is

introduced and receiver algorithms for this system are studied. The performance of

all algorithms are assessed by simulation. We also study the effects of Doppler shifts

and frequency interleaving on the performance of the proposed receiver algorithms.

Finally, Chapter 5 gives the conclusions and possible future research directions.





Chapter 2

Multi-Antenna Wireless

Communications

2.1 Introduction

Multi-antenna techniques have been extensively investigated in the wireless communi-

cation communities. A multi-antenna system forms a multiple-input multiple-output

(MIMO) system. In a MIMO system, a high-rate data stream is divided into multiple

lower-rate streams, each of which is modulated and transmitted through a different an-

tenna at the same time. Wireless capacity theory derived in the mid-1990s extended

Shannon’s limit to the case of MIMO systems transmitting in multipath channels

[19, 66]. This theoretical result proved that the data rate capacity and range of

MIMO wireless systems can be increased virtually indefinitely, without using more

frequency spectrum, by increasing the number of transmit and receive antennas to

exploit multipaths. Many experimental measurements that support this theoretical

work have since been widely reported.

The system block diagram of a MIMO system with arrays of nT transmit and nR

receive antennas is shown in Figure 2.1. Generally speaking, MIMO systems may be

9
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Figure 2.1: Block diagram of a MIMO system

implemented in a number of different ways to obtain either a diversity gain, to combat

signal fading, or to obtain a capacity gain. Based on this, MIMO techniques can be

categorized within three main groups [62]. The first one aims to improve the power

efficiency by maximizing spatial diversity. Such techniques include delay diversity,

space-time block codes [3, 63] and space-time trellis codes [65]. The second group uses

a layered approach to increase capacity. An example of such a system is V-BLAST

suggested in [79] where full spatial diversity is usually not achieved. Finally, the

third type exploits the knowledge of the channel at the transmitter. It decomposes

the channel coefficient matrix using singular value decomposition (SVD) and uses

these decomposed unitary matrices as pre-filters and post-filters at the transmitter

and the receiver to achieve near capacity [24].

After this brief introduction in this chapter, we give an overview of the multi-

path fading models. Then we discuss the multi-antenna system’s capacity which is

the key advantage of implementing these systems. The space-time coding concept

is presented next, followed by some more details on orthogonal and non-orthogonal
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space-time block codes. Since in a real wireless scenario we are dealing with a mul-

tipath fading channel, orthogonal and novel non-orthogonal space-time block codes

for such a channel are presented in this chapter. We examine the performance of the

novel scheme by simulations.

2.2 Fading Channel Models

A central issue in a wireless communication system is the channel. In a wireless

environment the received signal is usually a collection of reflected and scattered signals

from stationary and moving objects such as surrounding buildings, hills, vehicles, and

other obstructions. As a consequence, we observe multiple propagation paths arriving

at the receiver at different delays. The received signals have random amplitude, phase,

and angle of arrival. Enormous research has been carried out on characterizing and

modeling the multipaths. For the most practical cases and over short distances,

when there is no line-of-sight (LOS), the amplitude of the received signal is Rayleigh

distributed, and when there is a LOS signal, the received signal is Rician distributed

[43, 59]. The phase in both cases has uniform distribution over the interval [0, 2π].

Over long distances, the signal amplitude has a Log-Normal distribution [11, 43, 59].

In the sequel the mathematical models for the distributions of the most common

fadings, Rayleigh and Rician fadings, are presented.

2.2.1 Rayleigh Fading

The baseband equivalent model of [59] is used. Each multipath gain can be depicted

as a complex Gaussian random variable given by

h = hRe + jhIm (2.1)



12 CHAPTER 2. MULTI-ANTENNA WIRELESS COMMUNICATIONS

where hRe and hIm are Gaussian random variables with zero mean and variance σ2,

i.e., N (0, σ2). Therefore, probability density functions for hRe and hIm are

p (hRe) =
1√
2πσ2

e
−h2

Re
2σ2 (2.2)

p (hIm) =
1√
2πσ2

e
−h2

Im
2σ2 (2.3)

The amplitude, r, and the phase, θ, of h = rejθ are given by

r = ‖h‖ =
√
h2

Re + h2
Im

θ = tan−1
(
hIm

hRe

) (2.4)

Then, the amplitude r will have the following Rayleigh probability density function

p (r) =




r
σ2 e

−r2

2σ2 , r ≥ 0

0 , r < 0
(2.5)

and the phase θ will have the following uniform distribution over the interval [0, 2π]

p (θ) =
1

2π
(2.6)

The mean and variance values of the Rayleigh distributed random variable denoted

by mr and σ2
r , respectively, are given by [74]

mr =
√
π
2
σ = 1.25σ

σ2
r =

(
2− π

2

)
σ2 = 0.43σ2

(2.7)

If the probability density function (pdf) in (2.5) is normalized so that the average

signal power, i.e., E [r2], is unity, then the normalized Rayleigh pdf is [74]

p (r) =



2re−r

2
, r ≥ 0

0 , r < 0
(2.8)

with mean and variance as

mr = 0.89

σ2
r = 0.21

(2.9)

The pdf of a normalized Rayleigh distribution is shown in Figure 2.2.
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Figure 2.2: The pdf of a normalized Rayleigh distribution

2.2.2 Rician Fading

When there is a line-of-sight, the multipath fading is described by a Rician distri-

bution. If the channel has a LOS component then hRe and hIm in (2.1) are not

zero-mean. In this case the received signal equals the superposition of our Rayleigh

fading multipath model and a LOS signal with slowly-varying amplitude and phase.

If LOS component is assumed to be a real constant hLOS then

h = hLOS + hRe + jhIm (2.10)

where hRe and hIm are Gaussian random variables with zero mean and variance σ2,

i.e., N (0, σ2). They are zero mean since the mean values are denoted by hLOS which

is the LOS component.
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The probability density functions of hRe and hIm are the same as in (2.2) and (2.3),

respectively, and correspondingly the amplitude, r, and the phase, θ, of h = rejθ are

given by

r = ‖h‖ =
√
(hLOS + hRe)

2 + h2
Im

θ = tan−1
(

hIm

hLOS+hRe

) (2.11)

Then the amplitude in this case can be shown to have a Rician distribution given

by

p (r) =




r
σ2 e

−(r2+h2
LOS)

2σ2 I0

(
rhLOS

σ2

)
, r ≥ 0

0 , r < 0
(2.12)

where function I0 is the modified Bessel function of first kind and zero-order. The

phase of h has a uniform distribution over [0, 2π] as defined in (2.7).

The Rician distribution is often described in terms of a fading parameter K,

defined by

K =
h2
LOS

2σ2
. (2.13)

By defining K and assuming that the total average signal power is normalized to

unity, the Rician distribution becomes [74]

p (r) =



2r (K + 1) e−(K+(K+1)r2)I0

(
2r
√
K (K + 1)

)
, r ≥ 0

0 , r < 0
(2.14)

K is the ratio of the power in the LOS component to the power in the other

(non-LOS) multipath components. For K = 0 we have Rayleigh fading, and for K

approaching infinity, there is no fading at all resulting in an Additive White Gaussian

Noise (AWGN) channel. The fading parameterK is therefore a measure of the severity

of the fading, a small K implies severe fading and a large K implies a more benign

channel. The Rician distributions with various K values are shown in Figure 2.3.
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Figure 2.3: Normalized Rician distributions with various K values

2.3 Information Theoric Aspects

There are many techniques to consider when designing a communication system. One

important measure of performance for any communication system is the rate at which

the information is sent. Obviously, it would be advantageous to create a system which

transmits data at a high rate. This would allow for signals to be sent faster, reducing

the delay and permitting a higher quality of service. Unfortunately there is a limit

on the rate at which information can be transmitted through a noisy channel. This

upper bound is referred to as the capacity of the channel. Thus channel capacity is

defined as the maximum rate of reliable information transmission through the channel

and it is a good measure to analyze the potential gain of MIMO systems compared
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to SISO systems. In this section the capacity aspects of SISO, SIMO and MIMO

systems are presented and compared with each other.

The basic formula for the capacity of a single wireless channel corrupted by AWGN

at an SNR level ρ is given by [10, 58, 61]

C = log2 (1 + ρ) b/s/Hz (2.15)

.

Equation (2.15) can be interpreted in this way: an extra bit per second per Hertz

requires 3 dB increase in SNR. In the practical case of a time-varying and randomly

fading wireless channel, the capacity can be written as [66]

C = log2

(
1 + ρ |h|2

)
b/s/Hz (2.16)

where h is the unit-power complex Gaussian amplitude of the channel. Therefore,

the ergodic capacity grows logarithmically with the signal to noise ratio ρ.

Adding more receive antennas (SIMO) results in a roughly linear scaling of the

SNR and thus leads to a logarithmic growth of channel capacity. In this case if the

channel vector H is 1× nR the capacity is [66]

C = log2

(
1 + ρHH†) b/s/Hz (2.17)

where the superscript † is the complex conjugate transpose. The increase in capacity
is due to the spatial diversity which reduces fading and improves SNR.

Additional degrees of freedom are available if antenna arrays are employed at both

the transmitter and the receiver (MIMO). For the MIMO system with nR receive and

nT transmit antennas, it is shown that the capacity is derived from

C = log2

[
det

(
InR

+
ρ

nT
HH†

)]
b/s/Hz (2.18)

where InR
and H are the nR × nR identity matrix and the nR × nT channel matrix,

respectively. Foschini [19] and Telatar [66] showed that the capacity in (2.18) grows
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linearly with m = min (nR, nT ) rather than being logarithmic as in (2.17). While

SISO systems gain 1 b/s/Hz in capacity every 3 dB, in MIMO the capacity growth

rate is m times as high as that in SISO which is a remarkable improvement especially

in high SNR.

2.3.1 Channel State Information

The achievable capacity depends on the channel state information (CSI) available

for the transmitter and the receiver, respectively [25]. The three main scenarios are

explained in here:

• CSI known at both the transmitter and the receiver

In this case the optimum transmit strategy is so called “waterfilling” [66] which

can be interpreted as follows. The transmit power is poured like water into a

vessel with the noise powers of the equivalent SISO channels representing the

ground level. Thus, strong eigenmodes of the channel are allocated more power

than weak ones.

• CSI not known at the transmitter but known at the receiver

In a slowly fading channel where the fading coefficients remain approximately

constant for many symbol intervals, the transmitter can send training signals

that allow the receiver to accurately estimate the fading coefficients; in this

case, the capacity is given by (2.18). The ergodic channel capacity was derived

by both Foschini [19] and Telatar [66]. However, this solution does not lend

itself easy interpretation. Therefore, simpler upper and lower bounds as well as

asymptotic expressions have been developed [8, 46, 55]. Note that in the high

SNR regime the loss in capacity due to unknown channel parameters at the

transmitter is negligible as long as nT ≤ nR because the waterfilling solution

also tends to a uniform power allocation.



18 CHAPTER 2. MULTI-ANTENNA WIRELESS COMMUNICATIONS

• CSI not known at both the transmitter and the receiver

In fast fading scenarios fading coefficients can change into new, almost inde-

pendent values before being estimated by the receiver through training signals.

In this case, the receiver has no a-priori channel knowledge. A noncoherent

detection scheme, where the receiver detects the transmitted symbols without

having any information about the current realization of the channel, is more

suitable for these fast fading scenarios. The transmission scheme and capacity

of the noncoherent systems have been studied in [29, 48]. This non-coherent

transmission scheme is called “unitary space-time modulation”.

2.4 Space-Time Coding

Space-time coding (STC) is a coding technique used in the case of multiple transmit

antenna. Figure 2.4 shows a wireless communication system using STC. Space-time

codes introduce temporal and spatial correlation into signals transmitted from differ-

ent antennas. In this way, they provide diversity and/or coding gain to the system.

The first attempt to develop STC was presented by Seshadri and Winters in [60]

which was inspired by the Wittneben [78] scheme based on delay diversity. Space-

time trellis coding were developed by Tarokh et al. [65] which is considered as a major

development in the STC concept. Delay diversity can be viewed as a special case of

space-time trellis coding. The generalized approach combines trellis coded modula-

tion (TCM) with transmit diversity techniques. Although, the decoding complexity

for these codes grows exponentially with the number of antennas, they perform very

well in slowly fading environments. The rank and determinant criteria emerged from

this work and became a benchmark in space-time code design. Space-time trellis

codes were shown to provide a diversity benefit equal to the number of transmit

antennas in addition to a coding gain that depends on the complexity of the code

without any loss in bandwidth efficiency. When the number of transmit antennas is
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fixed, the decoding complexity of space-time trellis coding increases exponentially as

a function of both the diversity level and the transmission rate.
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Figure 2.4: A wireless communication system using space-time coding

In addressing the issue of decoding complexity in space-time trellis coding, Alam-

outi [3] discovered a remarkable scheme for transmission with two transmit antennas

in flat fading channels. This scheme is so called space-time block coding. In [63], the

theory of orthogonal space-time block codes was considered. It was shown that for

more than two transmit antennas, full diversity rate one codes do not exist. Subse-

quently, there have been many attempts to design non-orthogonal rate one space-time

block codes for more than two transmit antennas (e.g., [42, 68]). When considering

non-orthogonal space-time block codes in multipath channels, one experiences in-

terference from both the multipath fading and the non-orthogonality of the code.

Similarly to orthogonal codes, unitary space-time modulation [29] and differential

unitary modulation [31] use a set of unitary code matrices to represent data. In gen-

eral, the optimal receiver for a unitary modulation code is more complex than for

an orthogonal design because the code matrix is not structured by symbols that can

be decoupled for detection. These codes are typically non-square and designed for

systems where channel state information (CSI) is unknown at the receiver. In the
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following two subsequent sections, orthogonal and non-orthogonal space–time block

codes are introduced.

2.4.1 Orthogonal Space-Time Block Code

In [3], Alamouti presented a transmit diversity scheme using a space-time block coding

approach with two transmit antennas in frequency flat fading channels. This scheme

supports a maximum likelihood detection algorithm with linear complexity at the

receiver. Alamouti codes has been adopted by 3G standards [2]. In this scheme, at a

given symbol period, two signals are transmitted from the two antennas. The signal

transmitted from the first antenna is denoted s1 and from the second antenna by s2.

During the next symbol period signal (−s∗2) is transmitted from the first antenna,

and signal (s∗1) is transmitted from the second antenna, where ∗ denotes the complex
conjugate operation. In matrix form, Alamouti codes are represented as

CSTBC =


 s1 s2

−s∗2 s∗1


 . (2.19)

Space-time block coding using Alamouti scheme has diversity order of two and

rate one since two symbols are transmitted in two time epochs.

Let us consider Alamouti codes in a communication system with two transmit

antennas and one receive antenna in a flat fading channel. The original symbol

sequence s is divided into two separate sequences s1 and s2. Let us assume that the

complex multiplicative distortion of the channels are h1 for the first transmit antenna

and h2 for the second transmit antenna and they are constant across two consecutive

symbols. The received signal (conjugated during the second symbol) is

r =


 h1 h2

−h∗
2 h∗

1




 s1

s2


+


 n1

n2




= Hs+ n

(2.20)
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As H in (2.20) is an orthogonal matrix, it readily follows that

HH† = H†H =
(
|h1|2 + |h2|2

)
I2 (2.21)

Therefore, the matched filter receiver which multiplies r by H† turns out to be

the optimum receiver and the transmitted symbols are easily decoupled .

Orthogonal space-time block codes are designed from the theory of orthogonal

designs presented in [63]. It was shown in the same article that square real orthogonal

designs exist only if the number of the transmit antennas are 2, 4 and 8. Generalizing

the concept of orthogonal designs to non-square matrices, real orthogonal designs

exist that provide full diversity and full rate for any number of antennas [63]. For the

case of complex orthogonal designs the Alamouti design for 2 transmit antennas is

the only complex square orthogonal design. Relaxing the condition on the rate allows

the construction of space-time block codes for more than two transmit antennas [63].

For 3 or 4 transmit antennas, several orthogonal codes have been discovered with full

diversity and a rate of 3/4 [21, 30, 63, 64, 69].

2.4.2 Non-Orthogonal Space-Time Block Code

It was proved in [63] that no space-time block code based on the complex orthogonal

design providing full diversity gain and transmission rate one exists for more than

two transmit antennas. A formula for the maximum achievable data rate for square

code matrices was given in [69]. Non-orthogonal or quasi-orthogonal space-time block

codes for more than two transmit antennas were introduced in [20, 42, 47, 68]. These

codes are able to provide higher symbol rates than their orthogonal counterparts.

As an example we consider the simplest rate one non-orthogonal code for 4 Tx

antennas, discussed in [68]. This non-orthogonal code for transmitting four symbols

through four transmit antennas and during four time epochs can be represented in
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matrix form as

CABBA =




s1 −s∗2 s3 −s∗4
s2 s∗1 s4 s∗3

s3 −s∗4 s1 −s∗2
s4 s∗3 s2 s∗1




(2.22)

It consists of two quasi-orthogonal layers constructed from Alamouti codes based on

symbol pairs (s1, s2) and (s3, s4). If we represent the Alamouti codes related to these

symbol pairs with A and B, (2.22) becomes


 A B

B A


. Thus, the code is called

“ABBA”. This is not an orthogonal space-time block code since

C†
ABBACABBA =

(
4∑
k=1

|sk|2
)
I4 + 2Re (s1s

∗
3 + s2s

∗
4)




0 0 1 0

0 0 0 1

1 0 0 0

0 1 0 0




(2.23)

As it is seen from (2.23) the non-orthogonality between layers A and B induces

interference among the symbols. The ABBA code provides transmission rate one

but not full diversity gain. With symbol rotations, the loss in diversity gain may be

recovered [67].

2.4.3 Orthogonal Space-Time Block Code in Multipath Chan-

nels

In [45], a method is introduced to enable the use of the space-time block coding

scheme in multipath fading channels. We briefly explain this method by giving an

example [14, 45, 54, 81].

We assume that data is transmitted during frames of size 2B symbols. Each frame

is divided into two halves. Let us assume the input data frame is s (k) with the size of
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2B symbols. We divide it to two frames s1 (k) and s2 (k) with the size of B symbols

each. We define the time reversed and complex conjugated s1 (k) and s2 (k) as follows

s̄1 (k) = s∗1 (B − k + 1) k = 1, 2, · · · , B (2.24)

s̄2 (k) = s∗2 (B − k + 1) k = 1, 2, · · · , B (2.25)

As in Alamouti scheme during the first half of the frame, s1 (k) is transmitted

from antenna 1, and s2 (k) from antenna 2. In the second half of the frame, −s̄2 (k)

is transmitted from antenna 1, and s̄1 (k) from antenna 2. The transmitted code is

given by
 s1 (1) s1 (2) · · · s1 (B) Guard −s∗2 (B) · · · −s∗2 (2) −s∗2 (1)
s2 (1) s2 (2) · · · s2 (B) Guard s∗1 (B) · · · s∗1 (2) s∗1 (1)


 . (2.26)

In (2.26), a row is transmitted from a given antenna. The guard interval depends

on the delay spread of the channel and the length of the guard interval should be at

least equal to the delay spread.

For simplicity we consider two-tap channels from two transmit antennas to one re-

ceive antenna, and a transmission of a block of four symbols, S =
[
s1 s2 s3 s4

]T
.

Hence, the following blocks are transmitted from antenna one and two

ant.1→ s1 s2 0 −s∗4 −s∗3 0

ant.2→ s3 s4 0 s∗2 s∗1 0
(2.27)

where 0 represents the guard symbol.

The received signal (with the second half conjugated) is given by

r =




h11 0 h21 0

h12 h11 h22 h21

0 h12 0 h22

0 h∗
21 0 −h∗

11

h∗
21 h∗

22 −h∗
11 −h∗

12

h∗
22 0 −h∗

12 0




S+ n (2.28)
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where hij is the jth tap of the channel from antenna i and n is additive white Gaussian

noise (AWGN). Equation (2.28) can be written concisely as

r = HS+ n (2.29)

It can be seen thatH†H is a block diagonal matrix with the largest absolute values

on the main diagonal. Therefore, in multipath fading channels the symbols can be

decoupled using the time-reversal algorithm.

2.4.4 Non-Orthogonal Space-Time Block Code in Multipath

Channels

In this section we take the ABBA code introduced in section 2.4.2 as a benchmark for

designing our novel non-orthogonal space-time block code in channels with multipath

fading. In multipath environments, (2.22) has the same problem as the Alamouti code;

complex conjugation cannot be represented as a linear operation over the complex

field, and thus complex conjugated symbols cannot be treated by linear equalization.

A basic idea in this case is similar to the time-reversal orthogonal STB code, that is,

the symbol periods (i.e., columns in (2.22)) during which complex conjugated symbols

are transmitted, may be moved to the other side of a guard period [40, 41]. If the

guard period is longer than the delay spread, symbols and complex conjugates do not

interfere with each other due to the multipath channel, and a complex-valued linear

equalization may be used.

There are many alternatives when it comes to the ordering of time slots. To get

insight into this, we consider a two-tap channel and the simplest block of a non-

orthogonal space–time block code, which can be constructed from the columns of two

ABBA blocks. For simplicity, we call the second block CDDC, and denote

sAB =
[
s1 s2 s3 s4

]T

s̄AB =
[
−s∗2 s∗1 −s∗4 s∗3

]T
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sBA =
[
s3 s4 s1 s2

]T

s̄BA =
[
−s∗4 s∗3 −s∗2 s∗1

]T

sCD =
[
s5 s6 s7 s8

]T

s̄CD =
[
−s∗6 s∗5 −s∗8 s∗7

]T

sDC =
[
s7 s8 s5 s6

]T

s̄DC =
[
−s∗8 s∗7 −s∗6 s∗5

]T

Using this notation, (2.22) becomes

CABBA =
[
sAB s̄AB sBA s̄BA

]
(2.30)

The guard period is now one symbol, during which nothing is transmitted. If the

complex conjugated symbols in the ABBA and CDDC blocks are transferred to the

other side of the guard period, we get

CABCD = [ sAB sBA sCD sDC 0 s̄AB s̄BA s̄CD s̄DC 0 ] (2.31)

Now three kinds of linear operations may be considered, which perform time

reversal and interleaving on the time slots. These operations may be represented as

10× 10 matrices, operating on (2.31).

• A time reversal

ΣTR =



I5 0 0

0 I2 ⊗Π 0

0 0 1


 (2.32)

operates on the complex conjugates, by interchanging the two complex con-

jugate rows of a given ABBA-block. Here In is the n × n identity matrix,

Π =


 0 1

1 0


 is the 2 × 2 permutation matrix, ⊗ is the Kronecker product,

and the zeros are interpreted as matrices or vectors of zeros, when appropriate.
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• A block time reversal

ΣBTR =



I5 0 0

0 Π⊗ I2 0

0 0 1


 (2.33)

exchanges the order of the complex conjugated symbols of the AB and CD

blocks.

• An interleaver

ΣInt =




1 0 0 0 0

0 Π 0 0 0

0 0 I3 0 0

0 0 0 Π 0

0 0 0 0 I2




(2.34)

interleaves the columns of the AB and CD blocks so that no two columns from

the same block follow each other.

For concreteness, we may spell out the results of operating these matrices on the

basic block of (2.31). Note that the first two matrix operations do not change the

first half of the transmission. Therefore, we have

CABCDΣTR = [. . . s̄BA s̄AB s̄DC s̄CD 0 ]

CABCDΣBTR = [. . . s̄CD s̄DC s̄AB s̄BA 0 ]

CABCDΣInt = [ sAB sCD sBA sDC 0

s̄AB s̄CD s̄BA s̄DC 0 ] (2.35)

The combination of these three operations results in eight different schemes. We

can use three bits in order to indicate that the given operation is performed or not. As
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ΣInt does not commute with the other two, one has to specify the order of operations

to have an unique parameterization. We denote

Σ(t, b, i) = ΣtTR Σ
b
BTR Σ

i
Int (2.36)

with t, b, i taking the values 0 and 1, indicating whether the given operation is per-

formed or not.

A rough analytical tool may be developed to assess the merits of differently per-

muted schemes. First we note that the signal model in a multipath channel may be

described as an equivalent signal model of the form

y = HS + noise (2.37)

In the example considered here, with a 10 × 4 matrix transmission in a two-

tap channel with one receive antenna, y is the received signal vector during the ten

time slots the transmission extends over, with the last five complex conjugated. The

equivalent channel H is a 10 × 8 matrix operating on the 8 × 1 vector of symbols

S. The structure of H depends on the space–time block code, and the permutation

considered, and it is a function of the 4× 2 channel coefficients. As an example, the
equivalent channel for the permutation Σ = ΣBTRΣInt is

H =


 h1 h2 Ph1 Ph2 0

0 h1 h2 Ph1 Ph2

. . .

0 h̄1 h̄2 Ph̄1 Ph̄2

h̄1 h̄2 Ph̄1 Ph̄2 0




T

(2.38)

where hm =
[
h1m h2m h3m h4m

]T

is the channel vector of tapm (one component

for each transmit antenna), h̄m =
[
h∗

2m −h∗
1m h∗

4m −h∗
3m

]T

is the corresponding

vector with conjugate channels, and P = Π ⊗ I2 interchanges the first two elements
of a vector with the last two.
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In general, the performance of any linear transmission scheme allowing an equiva-

lent vector signal model (2.37) is characterized by the correlation matrix H†H, where

† means complex conjugate and transpose operation. In [27] it was shown that the
average pairwise error probability, obtained by choosing Gaussian S in (2.37) and

averaging the pairwise error obtained between an independent S and S′ has upper

bound given by

Pe(pairwise) = E {Pe(pairwise|H)} ≤ E

{
1

2
det

(
I+

ρ

2nT
H†H

)−1/2
}

(2.39)

where ρ is the SNR, I is an identity matrix and nT is the number of transmit antennas.

This is the probability that a maximum-likelihood decoder mistakes S for S′, given

that S is transmitted, averaged over S and S′, and conditioned on H [27]. For

more realistic discrete modulation alphabets, the Gaussian result is indicative, with

corrections coming from the discreteness of the alphabet.

Table 2.1: Self-interference measures for different permutation

t b i −µ (dB)
0 0 0 1.0
0 0 1 1.2
0 1 0 0.9
1 0 0 1.0
1 1 0 0.9
1 0 1 1.2
0 1 1 0.8
1 1 1 0.8

Here we shall measure the self-interference of the transmission scheme. Let us

denote the self-interference measure by µ. We define µ as follows

µ = 10 log10

{
1

N E
{
det

(
H†H

)}1/nTnRnD
}

(dB) (2.40)

where the expectation, E {·}, is over the channel realizations, and nT , nR, and nD

are the number of transmit antennas, receive antennas, and delay taps, respectively.
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The normalization N is chosen as the nTnRnD:th root of the E
{
det

(
H†H

)
} of a

matched filter bound, which nulls all off-diagonal correlation values in H†H. From

(2.39) it follows that this measure correlates with high-SNR performance, at least for

large constellation size. In the absence of self-interference, µ = 0 dB.

For the eight candidate schemes, the self-interference measures are reported in

Table 2.1. As a comparison, the self-interference of a transmission where two ABBA-

blocks are simply separated by a guard period is µ = −1.98 dB. From the table it

is visible that time reversal ΣTR of conjugate symbols within the same ABBA block

has no effect on self-interference. In contrast, time reversal ΣBTR of the blocks of

conjugate symbols always diminishes the self-interference. Interleaving with ΣInt has

a mixed effect, but combined with ΣBTR it gives the best self-interference.
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Performance of different scenarios for TR−ABBA in a 2−tap channel

SNR

B
E

R

A: No TR, Inter.
B: TR, No inter.
C: TR, Inter.

Figure 2.5: Performance of 2-tap ABBA with different permutations
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In Figure 2.5, the 001, 010 and 011 schemes are compared, by simulating in a

two-tap channel with relative tap power -1.92 dB for the second tap. Comparing

the performance to Table 2.1 confirms the connection between self-interference and

performance, even with discrete symbols.

Based on this, we propose this structure for a generic number 4B of symbols to

be transmitted over a channel with a generic delay. The order of the blocks with

complex conjugate symbols is reversed, and all blocks are interleaved, i.e. the 011

permutation is generalized to multiple blocks of symbols.

To be concrete the code can be represented explicitly as in (2.26). We divide the

input data frame of 4B symbols to four frames s1 (k), s2 (k), s3 (k) and s4 (k) with B

symbols each. The transmitted non-orthogonal code is then given by




s1 (1) s1 (2) · · · s1 (B) s3 (1) · · · s3 (B) Guard −s∗2 (B) · · ·
s2 (1) s2 (2) · · · s2 (B) s4 (1) · · · s4 (B) Guard s∗1 (B) · · ·
s3 (1) s3 (2) · · · s3 (B) s1 (1) · · · s1 (B) Guard −s∗4 (B) · · ·
s4 (1) s4 (2) · · · s4 (B) s2 (1) · · · s2 (B) Guard s∗3 (B) · · ·
−s∗2 (1) −s∗4 (B) · · · −s∗4 (2) −s∗4 (1)
s∗1 (1) s∗3 (B) · · · s∗3 (2) s∗3 (1)

−s∗4 (1) −s∗2 (B) · · · −s∗2 (2) −s∗2 (1)
s∗3 (1) s∗1 (B) · · · s∗1 (2) s∗1 (1)




(2.41)

2.4.5 Simulation Results

In this section, we provide simulation results for the time-reversed (TR) orthogonal

STB code (2.26) and the proposed non-orthogonal code (2.41). We compare their

performance to those of (2.19) and (2.22) in both multipath and flat fading chan-

nels. In all simulations, QPSK modulation and a zero-forcing receiver are considered.

It is assumed that the channel responses are perfectly known and fading is uncor-

related between the transmit–receive antenna pairs. Furthermore, the transmission
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is normalized so that the total radiated power from four transmit antennas in the

non-orthogonal scenario and two transmit antennas in the orthogonal case are equal

to the power of a single antenna transmission.

We consider a five-tap fading channel, similar to the ITU vehicular A channel

model. The relative power of taps is summarized in Table 2.2.

Table 2.2: Power profile of the assumed 5-tap channel

Tap 1 2 3 4 5
Power (dB) 0.0 -1.92 -7.31 -10.39 -10.89
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Alamouti, 1−tap ch.
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Figure 2.6: Performance of the time-reversed space-time block code, single receive
antenna

Figure 2.6 presents the simulation results for a single transmit antenna scenario,
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the Alamouti code and the TR orthogonal STB code. The single receive antenna

case is considered. For flat fading channels the Alamouti code and its time-reversed

version have the same performance, as it is expected. In a multipath fading channel,

the Alamouti code faces severe inter-symbol-interference which explains the poor

performance in such channels. The TR-STB code in (2.26) improves the performance

of the orthogonal STB code in a multipath fading channel as is seen from Figure 2.6.
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Figure 2.7: Performance of the time-reversed space-time block code with multiple
receive antennas

Figure 2.7 shows the bit error rate performance of the Alamouti code and the

TR-STB code against the signal-to-noise ratio (SNR) in the multiple receive antennas

scenario. The channels between the transmit–receive antenna pairs are five-tap fading

channels with the relative power of taps summarized in Table 2.2. Simulation results
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show that with this channel the Alamouti code with two receive antennas can perform

even better than the time-reversed scheme with one receive antenna. The diversity

order in a Rayleigh (or Rician) fading environment can be defined as the asymptotic

slope of the error probability curve on a logarithmic scale [58]. Therefore, if we

calculate the slope of each curve in the figure for large SNR, we get the rough diversity

order achieved in each scenario. For the Alamouti code with one receive antenna the

diversity gain is 2.1. For a multipath channel with uncorrelated paths and uniform

power profile and with an optimum receiver such as, maximum-likelihood estimator,

the maximum achievable diversity order for the Alamouti code is equal to the number

of taps times the number of transmit antennas times the number of receive antennas.

In our scenario, the channel has a non-uniform power profile and the receiver is based

on the zero-forcing algorithm, therefore, we lose some diversity gain. As soon as we

use the second receive antenna, the diversity order is increased to 5.2. The diversity

order for the case of the time-reversed orthogonal space-time block code with one

receive antenna is 4.4. Therefore, compared to the scenario with the Alamouti code

and one receive antenna, the time-reversed scheme increases the diversity gain, which

is basically achieved from the multipath channel. In the last case, where there are

two receive antennas and the time-reversed algorithm is in place, the diversity order

is 6.

Figure 2.8 shows the simulation results for a single transmit antenna with the

ABBA code and the new code. As expected, in flat fading channels, the ABBA code

and the new code have the same performance, whereas the performance of the ABBA

code in general is better than the single antenna transmission case. In a multipath

fading channel, the ABBA code faces severe inter-symbol-interference which explains

the poor performance in this scenario. With the proposed code in (2.41) we improve

the performance of the ABBA code as is apparent from Figure 2.8.

Similar to Figure 2.7, the bit error rate performance of the ABBA code and the



34 CHAPTER 2. MULTI-ANTENNA WIRELESS COMMUNICATIONS

0 2 4 6 8 10 12
10

−3

10
−2

10
−1

10
0

Performance of ABBA vs. TR−ABBA

SNR

B
E

R

TR−ABBA, 5−tap ch.
ABBA, 5−tap ch.
TR−ABBA, 1−tap ch.
ABBA, 1−tap ch.
single ant., 5−tap ch.
single ant., 1−tap ch.

Figure 2.8: Performance of the novel non-orthogonal code vs. ABBA code

proposed code against the signal-to-noise ratio in the multiple-receive antenna sce-

nario is presented in Figure 2.9. The channels between the transmit–receive antenna

pairs are five-tap fading channels (Table 2.2). According to the simulation results,

the performance of the system with the ABBA code in both one and two-receive

antenna scenarios are poor. This is due to the non-orthogonality of the code and

multipath fading channels. The diversity orders for the ABBA code with one and

two receive antennas and in this type of channel are 0.3 and 1.8, respectively. Our

proposed code provides higher performance than that of the ABBA code for both one

and two-receive antenna cases. The diversity gain for the new code with one and two

receive antennas are 3.1 and 5.8, respectively.
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Figure 2.9: Performance of ABBA code and the new non-orthogonal code with mul-
tiple receive antennas

2.5 Summary

In this chapter we have presented the MIMO concept by giving an overview of its

theory and advances. The information theoric aspects of MIMO was also covered

and the conclusion was that, while SISO systems gain 1 b/s/Hz in capacity every

3 dB, in MIMO the capacity growth rate is m times (m = min (nR, nT )) higher,

which gives a noticeable advantage for implementing MIMO especially in high SNR

scenarios. The capacity generally depends on the channel state information available

for the transmitter and the receiver. From this point of view, approaches to measure

capacity for three main scenarios, CSI known at both the transmitter and the receiver,
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CSI not known at the transmitter but known at the receiver, and CSI not known at

both the transmitter and the receiver, were explained.

A central issue in a wireless communication system is the channel. The mathemat-

ical models for the distributions of the most common fadings, Rayleigh and Rician,

were presented. Then the concept of space-time coding was covered. Space-time cod-

ings are the techniques where appropriate coding schemes are employed to multiple

transmit antennas. Our emphasis was on space-time block codings since they can be

decoded with less complexity compared to other existing space-time coding schemes

and they have been adopted in some practical cellular systems, e.g., 3G systems.

We covered the orthogonal space-time block coding based on Alamouti codes. We

addressed the problem of Alamouti codes in multipath fading channels and we ex-

plained how this problem can be fixed by implementing the time-reversal algorithm.

The limitation of orthogonal STB coding for more than two transmit antennas and

derivation from complex signals was addressed. This resulted in some non-orthogonal

STB codes. Non-orthogonal STB codes in multipath channels suffer not only from

the interference due to their non-orthogonality but also the interference caused by

the channel. We proposed a novel scheme to improve the performance of a non-

orthogonal space-time block code in multipath channels. Various permutations were

investigated, and it was found that both the time reversal of complex symbols and

the interleaving of time slots are required. For high SNR, the performance gain is

high, as the overall diversity degree is changed. The resulting code enjoys both spatial

diversity from the multi-antenna transmission, and diversity from properly equalized

multipath channels.



Chapter 3

EM Algorithm Based Receivers

3.1 Introduction

Multiuser communication has been around among research communities for more

than two decades. Its aim is to detect messages of several users who share a common

communication channel. Many emerging wireless communication systems are incor-

porating considerable signal processing intelligence in order to meet the challenge of

a multiuser system. These signal processing algorithms fall into the category of so

called “multiuser detection” [72].

WCDMA is the air interface scheme of rapidly deploying 3G systems. It is based

on DS-CDMA multiple access technique where users are multiplexed by distinct code

waveforms. Two major factors that limit the performance of WCDMA systems are

multipath fading and multiple access interference (MAI). As it was explained in Chap-

ter 2, multipath fading is due to the channel dynamics created by the different scat-

terers involved in transmission. On the other hand, MAI is due to the fact that

multiple users simultaneously use the same channel. Multiuser detection techniques

for CDMA systems have been extensively studied in the literature (see e.g., [72] and

the references therein).

37
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In Chapter 2 we have seen that the use of MIMO techniques can greatly increase

the information capacity of a wireless communication system. In the same chapter,

we have seen that the very simple structure of the Alamouti coding scheme makes it

a very attractive method, which is currently part of the WCDMA standard [2].

In this chapter we consider the nonlinear iterative detector derived from the EM al-

gorithm. We, particularly, focus on the downlink of a space-time block coded (STBC)

WCDMA system in the case of multipath fading channels. In multipath fading chan-

nels the decoding of Alamouti codes is no longer that simple. We introduce some

transformation matrices in the process of the decoding of Alamouti codes to trans-

form the received signal into a simpler form.

This chapter is organized as follows. We first give an overview of the EM algo-

rithm. Then the WCDMA system and its extension, HSDPA, are briefly introduced.

The system model for the downlink of an SISO and STBC WCDMA system are given.

Then, we describe an EM-based receiver for both SISO and STBC WCDMA systems.

Finally, Numerical results showing the performance of EM-based receivers are given.

3.2 EM Algorithm

3.2.1 Background

The Expectation-Maximization (EM) algorithm is an approach to the iterative com-

putation of maximum likelihood (ML) estimates when direct maximization of the

likelihood function may not be feasible [13, 17, 50, 52]. The main idea of the the EM

algorithm is as follows. We have some observed data, but maximum likelihood-based

parameter estimation of our model might be very complicated. According to the EM

algorithm, some extra variables in an “augmented space” are defined, hoping that the

maximum likelihood estimation in this “augmented space” would be much simplified.

An important point is that the extra variables might be quite hypothetical. The real
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data space is called “incomplete data space” and the augmented data space is called

“complete data space”. Thus the basic idea of the EM algorithm is to associate with

the given incomplete-data space, a complete-data space for which the ML estimation

is computationally more tractable. The methodology of the EM algorithm then con-

sists in reformulating the problem in terms of this more easily solved complete-data

space, establishing a relationship between the likelihoods of these two spaces, and

utilizing the simpler ML estimates computation of the complete-data problem in the

M-step of the iterative computing algorithm.

The EM algorithm consists of two major steps. They are called the expectation

step or the E-step, followed by a maximization step or the M-step. Thus the name

EM algorithm. The name “EM algorithm” was originally given by Dempster, Laird

and Rubin and the algorithm itself was initially formulated by them [13]. The expec-

tation is with respect to the unknown underlying variables using the current estimate

of the parameters and conditioned upon the observations. The maximization step

provides a new estimate of the parameters. These two steps are iterated until con-

vergence. The convergence rate of an EM algorithm is inversely related to the Fisher

information of its complete-data space [13]. Fessler and Hero [18, 28] have shown that

the less-informative complete data spaces lead to improved asymptotic convergence

rates.

In certain scenarios, the convergence of the EM algorithm might be slow. For

instance, a less informative complete data space can lead to an intractable maxi-

mization step due to simultaneous update employed by the EM algorithm [13]. To

circumvent the trade off between convergence and complexity, modified versions and

some extensions of the EM algorithm have been introduced. Going through different

extensions of the algorithm is outside the scope of this thesis.
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3.2.2 Formulation of the EM Algorithm

LetR be a given realization with probability density fR (r;b) and a parameter b ∈ Λ,
Λ denotes the parameter space. The maximum-likelihood (ML) estimator of b is

defined as

b̂ (r) = argmax
b∈Λ

log fR (r;b) . (3.1)

The EM algorithm is a broadly applicable algorithm that provides an iterative

procedure for computing MLEs in situations where, but for the absence of some

additional data, ML estimation would not be straightforward. Hence, in this context,

the observed data R is viewed as being the “incomplete data” and is regarded as an

observable function of the so called “complete data”. The notation of “incomplete

data” includes the conventional sense of missing data, but it also applies to situations

where the complete data represents what would be available from some hypothetical

experiment. In the latter case, the complete data may contain some variables that are

never observable in a data sense [50]. Within this framework, let X denote “complete

data”, related to R by

P (X) = P (x1,x2, . . . ,xK) = R, (3.2)

where P (·) is a many-to-one transformation related to observed (incomplete) data R.
P (·) can be any non-invertible transformation. Hence, there are many possibilities to
specify complete dataX that generate the observed dataR. If the probability density

function of X is fX (x;b) and fX|R=r (x;b) is the conditional probability density of

X given R = r

fX (x;b) = fX|R=r (x;b) · fR (r;b) ∀P (X) = R. (3.3)

By taking the logarithm of (3.3) we end up with

log fR (r;b) = log fX (x;b)− log fX|R=r (x;b) · (3.4)
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We apply conditional expectation to both sides of (3.4) givenR = r at a parameter

value b̂

log fR (r;b) = E
{
log fX (x;b)

∣∣∣R = r; b̂}− E
{
log fX|R=r (x;b)

∣∣∣R = r; b̂} · (3.5)

Let’s define L (b) = log fR (r;b), U
(
b, b̂

)
= E

{
log fX (x;b)

∣∣∣R = r; b̂} and
V
(
b, b̂

)
= E

{
log fX|R=r (x;b)

∣∣∣R = r; b̂}.
With these definitions, equation (3.5) can be re-written as

L(b) = U(b, b̂)− V(b, b̂). (3.6)

We want to maximize L (b), the log-likelihood of the observed data. According

to Jensen’s inequality V(b, b̂) ≤ V(b̂, b̂). Therefore, if U(b, b̂) ≥ U(b̂, b̂) then

L(b) ≥ L(b̂).

From this we can form the EM algorithm. It starts with an arbitrary initial value

b̂(0) and estimates the new parameter iteratively. Hence, given an initial estimate

b̂(0), the nth estimate of the EM algorithm is described by

• E-step: compute U
(
b; b̂(n)

)
• M-step: b̂(n+1) = argmax

b∈Λ
U
(
b; b̂(n)

)
where b̂ is an estimate of b.

It can be shown that, in each iteration, the EM algorithm estimates monotonically

increase in likelihood, and b̂(n) converges to a local maximum. The ability of the EM

algorithm to find the global maximum of (3.1) generally depends on the initialization

b̂(0) [17]. Furthermore, the choice of complete data may critically affect the complexity

and the rate of convergence of the algorithm. Inappropriate selection of a complete

data may result in a useless algorithm [17].
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3.2.3 EM Solution to MLE in Gaussian Linear Systems

Let us consider a linear system model

r = Hb+ n (3.7)

where the matrix H is a known matrix, b is a parameter vector that has to be

estimated, vector r is observed data and n is a white Gaussian random vector with

zero mean and variance σ2. It is apparent that the MLE of b is found by minimizing

J(b) = ‖r−Hb‖2 (3.8)

where ‖·‖2 denotes the squared Euclidean distance.

Searching for an appropriate b that minimize J(b) in (3.8) is an extensive complex

task. As it is mentioned, the EM algorithm is an iterative algorithm to solve the MLE

with less complexity. It has the desirable property of increasing the likelihood at each

iteration. In order to apply the EM algorithm, a set of complete data should be

defined. There is not any single method to choose the complete data. For the linear

system in (3.7) let’s consider a set of complete data xk’s defined as

xk = Hkbk + nk k = 1, · · · , K (3.9)

It is obvious that

r =
K∑
k=1

xk (3.10)

Since nk’s with variances σ
2
k’s are IID we can easily write

log fX (x;b) = g (x) +
K∑
k=1

1

σ2
k

‖xk −Hkbk‖
2

(3.11)

where g (x) is a function of x and does not depend on bk’s. From previous section

we write the conditional expectations as

U
(
b, b̂

)
= E

{
log fX (x;b)

∣∣∣R = r; b̂} (3.12)
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Using the standard result for conditional expectations of joint random vectors

[44], we have

x̂k = E
(
xk

∣∣∣R = r; b̂)
= E

(
xk

∣∣∣b̂)+CxkrC
−1
rr

(
r−E

(
r
∣∣∣b̂)) (3.13)

where Cxkr and C
−1
rr are the covariance matrices given by

Cxkr = E
((
xk − E

(
xk

∣∣∣b̂))† (r− E
(
r
∣∣∣b̂)) ∣∣∣b̂) (3.14)

Crr = E
((
r− E

(
r
∣∣∣b̂))2 ∣∣∣b̂) (3.15)

It is easy to see that

E
(
xk

∣∣∣b̂) = Hkb̂k (3.16)

E
(
r
∣∣∣b̂) = Hb̂ (3.17)

Cxkr = σ2
kI (3.18)

Crr = σ2I (3.19)

Substituting (3.16)-(3.19) in (3.13) results in

x̂k = Hkb̂k +
σ2
k

σ2

(
r−Hb̂

)
(3.20)

By defining βk =
σ2

k

σ2 , the E- and M-steps for the linear system in (3.7) with the

complete data of (3.9) are

• E-step: calculating x̂k knowing the b̂(n)
k

x̂k = Hkb̂
(n)
k + βk

(
r−

K∑
k=1

Hkb
(n)
k

)
(3.21)
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• M-step: calculating b̂(n+1)
k

b̂
(n+1)
k = argmin

bk

‖x̂k −Hkbk‖2 (3.22)

Hence, as it is seen, one of the most important features of the EM algorithm is

that it decouples the original MLE into K separate MLEs. From Eq. (3.10), it is

seen that the parameters βk’s must satisfy the constraint

K∑
k=1

βk = 1 βk ≥ 0 (3.23)

The βk’s can be used to control the rate of convergence of the algorithm and

possibly to avoid the convergence to an unwanted stationary point of the algorithm

[17]. As it was mentioned in the previous section the ability of the algorithm to find

the global maximum generally depends on the initial values, b̂
(0)
k ’s, [17].

3.3 WCDMA Systems and its Extension (HSDPA)

Third generation (3G) systems are intended to provide a global mobility with wide

range of services including telephony, paging, messaging, multimedia, Internet and

broadband data. In the standardization forums, Wideband CDMA (WCDMA) tech-

nology was selected for 3G air interface. In this section, a WCDMA system is briefly

introduced.

In general, for radio systems there are two resources, frequency and time. Division

by frequency, so that each pair of communicators is allocated part of the spectrum for

all of the time, results in Frequency Division Multiple Access (FDMA). Division by

time, so that each pair of communicators is allocated all (or at least a large part) of the

spectrum for part of the time results in Time Division Multiple Access (TDMA). In

Code Division Multiple Access (CDMA), every user is allocated the entire spectrum

all the time. CDMA uses codes to identify connections and it uses unique spreading

codes to spread the baseband data before transmission. The rate of a spreading
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code is referred to as chip rate. Figure 3.1 demonstrates three main multiple access

schemes.

time

frequency

FDMA

time

frequency

TDMA

time

frequency

CDMA

Figure 3.1: Multiple access schemes

WCDMA system is a Direct-Sequence CDMA (DS-CDMA) system where user

data is multiplied with quasi-random bits derived from WCDMA Spreading codes.

In other words, user information bits are spread over a wide bandwidth by multiplying

the user data with quasi-random bits (called chips) derived from CDMA spreading

codes. WCDMA system supports very high bit rates of up to 2 Mb/s using a variable

spreading factor and multicode connections. The chip rate of 3.84 Mcps leads to a

carrier bandwidth of approximately 5MHz [32].

WCDMA applies a two-layered code structure consisting of orthogonal spreading

codes and pseudo-random scrambling codes. Spreading is performed using channeliza-

tion codes, which transform every data symbol into a number of chips, thus increasing

the bandwidth of the signal. Orthogonality between the different spreading factors



46 CHAPTER 3. EM ALGORITHM BASED RECEIVERS

can be achieved by the Orthogonal Variable Spreading Factor (OVSF) codes [32]

whose construction is as follows

S1 = 1,

S2n =


 S2n−1 S2n−1

S2n−1 −S2n−1


 , n = 1, 2, ...

(3.24)

in which each column of the matrix S represents a code. OVSF codes are sometimes

called Walsh or Walsh-Hadamard codes.

In a WCDMA system scrambling is used for cell separation in the downlink and

user separation in the uplink. Scrambling is done on top of spreading, so it does not

change the signal bandwidth but only makes signals from different sources separable

from each other. Scrambling codes are pseudo-noise (PN) codes. The modulation

scheme used in WCDMA system is QPSK.

In the third-Generation Partnership Project (3GPP) standardization for UMTS, a

high-speed packet transmission technology called High-Speed Downlink Packet Access

(HSDPA) is under development [1]. HSDPA provides peak throughput higher than 2

Mb/s (up to 7 Mb/s) in the downlink. The high peak data rate is achieved by using

link adaptation and fast physical layer retransmission with soft combining. With

HSDPA, two of the most fundamental features of WCDMA, variable spreading factor

and fast power control, are disabled and replaced by means of adaptive modulation

and coding (AMC), extensive multicode operation and a fast and spectrally efficient

retransmission strategy [32]. The user data rate in HSDPA (downlink direction) may

reach up to 7 Mb/s using 16-QAM modulation with 15 codes of spreading factor 16.

It also supports the QPSK modulation. The assumed constellations for both QPSK

and 16-QAM in HSDPA systems are shown in Fig. 3.2
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QPSK 16-QAM

Figure 3.2: QPSK and 16-QAM constellations in the HSDPA system.

3.4 Conventional Receivers for WCDMA System

In this section, we review the optimum and some sub-optimum receivers for single-

antenna and space-time block-coded WCDMA systems. We consider downlink sce-

narios for such systems with K users, QPSK or 16-QAM modulation, and multipath

fading channels.

3.4.1 Single Antenna

The received signal, r, for a SISO system can be written as

r = HCSb+ n (3.25)

where H is the channel matrix, C is the scrambling code matrix, S is the spreading

code matrix for all users, b is a vector of users’ symbols and n is an AWGN vector.
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Maximum Likelihood Detection (MLD)

The optimum detector for (3.25) chooses b to maximize the log-likelihood function,

and it sets the vector b as [44]

b̂MLD = argmin
b

‖r−HCSb‖2

= argmax
b

(
2Re

(
b†S†C†H†r

)
− b†S†C†H†HCSb

) (3.26)

This is a very complex detector. Therefore, we introduce simpler receivers in the

following.

Matched Filter

As it was mentioned in the previous section, the ML detector is a very computationally

complex receiver. Hence, one could implement a RAKE receiver based on a matched

filter which is less complex. This means that we can easily filter the received signal

in (3.25) with the matched filter (HCS)†. The output of the matched filter is given

by

ZSISO = S
†C†H†r. (3.27)

Parallel Interference Cancellation (PIC)

In PIC [71], we start with an initial estimate (usually it is the output of the matched

filter), we regenerate the multiple user interference (MUI) and subtracts the MUI

from the received signal in multiple stages. That is why we call PIC receiver as

multi-stage receiver.

Mathematically, we can present PIC as follows. First we calculate the cross-

correlation matrix in (3.25)

RSISO = S
†C†H†HCS (3.28)
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Then, the output of PIC at the i-th stage is given by

b̂
(i)
pic = dec

(
ZSISO −USISOb̂

(i−1)

pic

)
(3.29)

where dec (·) denotes the decision function which depends on the modulation scheme,
and ZSISO is the output of the matched filter. In (3.29), USISO = RSISO−diag (RSISO)

is the cross-correlation matrix minus its diagonal elements. In other word, in PIC

the tentative decisions obtained from the previous stages are used to estimate and

subtract the MUI. The initial value can be set as

b̂
(0)
pic = dec (ZSISO) (3.30)

3.4.2 Space-Time Block Coded WCDMA

Space-time block coding was introduced in Chapter 1. Alamouti has introduced a

simple transmit diversity scheme with two transmit antennas in frequency flat fading

channels [3]. As it was mentioned and shown in the previous chapter, when it comes

to a multipath fading channel, decoupling and detecting the transmitted symbols is

not as straightforward as it is in a flat fading channel. In this section, we introduce a

new modeling for an STBC WCDMA system in multipath fading channels in order to

represent the received signal in more appropriate linear form. We consider a downlink

scenario for such a system with K users, two transmit antennas, one receive antenna,

QPSK/16-QAM modulation and multipath fading channels. The extension to two

receive antennas is straightforward. The structure of the assumed STBC WCDMA

is illustrated in Fig. 3.3. The received signal model can be written as

r = H1CSb1 +H2CSb2 + n, (3.31)

where H1 and H2 are the channel matrices from transmit antennas 1 and 2 to the

receive antenna, respectively. In (3.31), C is the scrambling code matrix, S is the

spreading code matrix for all users, n is an AWGN vector and b1 and b2 are the
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STBC users’ symbol vectors from transmit antennas 1 and 2, respectively, defined as

follows

b1 =
[

s(1) (1) s(2) (1) · · · s(K) (1) −s(1) (2)∗ · · · −s(K) (2)∗ · · ·
]T

b2 =
[

s(1) (2) s(2) (2) · · · s(K) (2) s(1) (1)∗ s(2) (1)∗ · · · s(K) (1)∗ · · ·
]T(3.32)

where s(i)(j) is the jth symbol of the ith user.
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Figure 3.3: Block diagram of the downlink of a STBC-WCDMA system.

Furthermore, we can write equation (3.31) as

r = (H1CST1 +H2CST2)b+ n, (3.33)

where T1 and T2 are the transformation matrices defined as

b1 = T1b

b2 = T2b
(3.34)

Vector b is a real vector which includes real and imaginary parts of symbols,

separately: b = [s
(1)
Re(1) s

(1)
Im(1) s

(2)
Re(1) s

(2)
Im(1) · · · s(K)

Re (1) s
(K)
Im (1) s

(1)
Re(2) s

(1)
Im(2) s

(2)
Re(2)
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s
(2)
Im(2) · · ·]T in which s

(i)
Re(j) and s

(i)
Im(j) are the real and imaginary parts of the jth

symbol of the ith user, respectively.

If, for example, STB encoding is performed on a two symbol block of user 1, b1,

b2, b, T1, and T2 are given by

b1 =


 s(1) (1)

−s(1) (2)∗


 ,b2 =


 s(1) (2)

s(1) (1)∗


 ,b =




s
(1)
Re (1)

s
(1)
Im (1)

s
(1)
Re (2)

s
(1)
Im (2)



,

T1 =


 1 j 0 0

0 0 −1 j


 ,T2 =


 0 0 1 j

1 j 0 0




(3.35)

Let us define G as

G = H1CST1 +H2CST2, (3.36)

then we can write

r = Gb+ n. (3.37)

Equation (3.37) is a linear equation of users’ symbols and it is in a more proper

way for detecting the symbols.

Maximum Likelihood Detection (MLD)

As in single-antenna case, the optimal detector for (3.37) chooses b to maximize the

log-likelihood function, and it sets the vector b as

b̂MLD = argmax
b

[
2Re

(
bTG†r

)
− bTG†Gb

]
. (3.38)

Matched Filter

The output of the matched filter for the STBC WCDMA system presented in Eq.

(3.37) is given by

Z = G†r. (3.39)
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Parallel Interference Cancellation (PIC)

As for the PIC solution for this case, first, the cross-correlation matrix of (3.37) is

calculated as

R = G†G (3.40)

Then, the output of PIC at the i-th stage is given by

b̂
(i)
pic = dec

(
Z−Ub̂(i−1)

pic

)
(3.41)

where Z is the output of the matched filter. In (3.41), U = R − diag (R) is the

cross-correlation matrix minus its diagonal elements. The initial value can be set as

b̂
(0)
pic = dec (Z) (3.42)

3.5 EM Algorithm Based Receiver for WCDMA

System

3.5.1 Single Antenna

In order to use the EM algorithm, first the complete data should be specified. Let us

consider the complete data xk’s as

xk = HkCkSkbk + nk k = 1, · · · , K (3.43)

This equation is similar to Eq. (3.9). Hence, we can easily derive the E- and

M-steps as

• E-step: calculating x̂k

x̂k = HkCkSkb̂
(n)
k + βk

(
r−

K∑
k=1

HkCkSkb
(n)
k

)
(3.44)
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• M-step: calculating b̂(n+1)
k

b̂
(n+1)
k = argmin

bk

‖x̂k −HkCkSkbk‖2 (3.45)

Expanding (3.45) results in

b̂
(n+1)
k = argmax

bk

(
2Re

(
b†kS

†
kC

†
kH

†
kx̂k

)
− b†kS†kC†

kH
†
kHkCkSkbk

)
. (3.46)

Equation (3.46) provides us an iterative equation to detect the symbols of the

users. In case of QPSK modulation this equation has the following simple form

b̂
(n+1)
k = csign

(
S†kC

†
kH

†
kx̂k

)
(3.47)

where csign (a + jb) = sign (a) + jsign (b). By choosing an appropriate initial value

and parameter βk, the algorithm will converge to the local maximum value of the log-

likelihood function. A good choice for b̂(0) is to use the output of the matched filter.

Parameter βk has a critical role in the EM algorithm. By setting βk = 0 we see that

(3.46) loses its iteration and reduces to a matched filter receiver, and by assuming

βk = 1, (3.46) is exactly a PIC detector. Here, βk’s are initially set experimentally

for best performance. There are some suggestions regarding how to choose the βk’s

in [5, 6] for a CDMA system.

3.5.2 Space-Time Block Coded WCDMA

In order to apply the EM algorithm we first define a complete data set xk as

xk = Gkbk + nk k = 1, · · · , K (3.48)

where bk is a real vector of symbols of the kth user (bk is defined the same way as the

b vector but includes only symbols of the kth user). In (3.48), nk’s are AWGN which

are obtained by arbitrarily decomposing the total noise n into the K components so
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that
K∑
k=1
nk = n. If the covariance matrices of nk and n are Qk and Q, respectively,

then Qk = βkQ in which βk’s are arbitrary real valued scalars satisfying

K∑
k=1

βk = 1 βk ≥ 0 (3.49)

In (3.48), Gk is defined by

Gk = H1CSkT̃1 +H2CSkT̃2, (3.50)

where Sk is the kth user’s spreading code matrix, and T̃1 and T̃2 are new transfor-

mation matrices. We can easily see that T̃1 and T̃2 are block-diagonal matrices as

follows

T̃1 =




A1 0 0 · · ·
0 A1 0 · · ·
0 0 A1

...
...

. . .



,

T̃2 =




A2 0 0 · · ·
0 A2 0 · · ·
0 0 A2

...
...

. . .




(3.51)

where A1 =


 1 j 0 0

0 0 −1 −j


, A2 =


 0 0 1 j

1 −j 0 0


, j = √−1 and 0 is a 2 × 4

matrix with zero elements.

The relation between the complete data xk and incomplete data r is given by

r =
K∑
k=1

xk =
K∑
k=1

(Gkbk + nk) =
K∑
k=1

Gkbk + n. (3.52)

Using (3.52) the problem at hand is similar to the signal model treated in 3.2.3.

Hence, we can conclude that the E- and M-steps as

E-step: x̂k = Gkb̂
(n)
k + βk

[
r−

K∑
i=1

Gib̂
(n)
i

]
(3.53)



3.6. SIMULATION RESULTS 55

Tap Delay (µs) Power (dB)

1 0.0 0.0
2 0.26 -2.80
3 0.78 -5.97
4 1.042 -11.43
5 1.30 -10.91
6 2.34 -9.35

Table 3.1: Delay and power profile
of the ITU pedestrian B channel

Tap Delay (µs) Power (dB)

1 0.0 0.0
2 0.260417 -1.92
3 0.520833 -7.31
4 0.781250 -10.39
5 1.041667 -10.89

Table 3.2: Delay and power profile
of the ITU vehicular A channel

M-step: b̂
(n+1)
k = argmin

bk

‖x̂k −Gkbk‖2 (3.54)

By expanding (3.54) we come up to

b̂
(n+1)
k = argmax

bk

[
2Re

(
bTkG

†
kx̂k

)
− bTkG†

kGkbk
]
. (3.55)

In case of QPSK modulation this equation has the following form

b̂
(n+1)
k = csign

(
G†
kx̂k

)
(3.56)

By choosing the appropriate initial value and parameter βk, the algorithm will

converge to the local maximum value of the log-likelihood function. A good choice

for b̂(0) is to use the output of the matched filter. Similar to the SISO case, if we set

βk = 0, Eq. (3.55) loses its iteration and reduces to a matched filter receiver, and by

assuming βk = 1, Eq. (3.55) is a PIC detector.

3.6 Simulation Results

In this section, we provide computer simulation results to illustrate the performance

of the proposed iterative receivers for an STBC WCDMA system. We simulate two

downlink scenarios

1) the base station is equipped with two transmit antennas and mobile stations

have one receive antenna
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2) the base station is equipped with two transmit antennas and mobile stations

have two receive antennas.

0 5 10 15 20 25 30
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0

QPSK average over all users L=5 Veh A, 60 Km/h

SNR

B
E

R

Rec 1Tx
Rec 2Tx
PIC 2Tx
EM 2Tx 

Figure 3.4: BER versus SNR in Veh. A channel, 2-Tx and 1-Rx antennas.

It is assumed that the channel responses are perfectly known and fading is un-

correlated between the transmit-receive antenna pairs. Furthermore, the base station

transmits QPSK/16-QAM symbols with equal powers. From the interference cancel-

lation point of view, the equal-power setup is the worst case scenario. The signature

waveforms are derived from Walsh sequences of length 16 and the number of users

is K = 15 (almost fully loaded system). We assume that the total radiated power

from two transmit antennas is equal to that of the single transmit antenna. In both

PIC and EM receivers, three-stage detectors with a RAKE receiver as the first stage

have been used. The best value for parameter βk in EM was obtained experimentally
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as stated in the previous section. We found the best values for βk’s as βk = 0.8 and

βk = 0.9 for one-receive and two-receive antenna scenarios, respectively.

The simulations were done for the ITU pedestrian B and vehicular A channel

models. These channel models have been summarized in Tables 3.1 and 3.2.
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Figure 3.5: BER versus SNR in Veh. A channel, 2-Tx and 1-Rx antennas.

Fig. 3.4 shows the simulation results for the first downlink scenario and the case

with ITU vehicular (Veh.) A channels (60 km/h) and QPSK modulation. From the

figure we can see an improvement for EM-based MUD compared to the PIC detector;

while, PIC itself provides some performance gains over the RAKE receiver. We also

notice that the two-transmit antenna RAKE receiver does not necessarily have a

better performance than that of a single-transmit antenna in Veh. A channels. Fig.

3.5 includes the simulation results with the same condition as in the previous figure
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Figure 3.6: BER versus SNR in Ped. B channel (3 km/h).

except that the modulation is 16QAM. In case of 16QAM, we see the high BER for

all proposed receivers. However, we notice some improvement using PIC and EM

algorithms.

Figs. 3.6 and 3.7 illustrate the performance results for both downlink scenarios

for ITU pedestrian B channels (3 km/h), and QPSK and 16QAM modulations, re-

spectively. These results confirm the performance advantage of EM-based receiver

over RAKE and PIC receivers. Substantial improvement is seen in the performance

of EM and PIC receivers by using two receive antennas. We observe that in Fig. 3.7

when SNR = 5 (dB) the performance of the RAKE receiver for two receive antennas

is equal to that of the EM receiver for one receive antenna. This is an important

point from a cellular handset design point of view.
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Figure 3.7: BER versus SNR in Ped. B channel (3 km/h).

3.7 Summary

In order to provide higher capacities for future wireless systems, a MIMO system is

used. It is also very probable that multiuser detection algorithms will be used to

mitigate the effects of interferences, particularly MAI.

In this chapter, we presented the EM algorithm and receivers based on it for both

SISO and STBC WCDMA systems. We generated a real linear model for an STBC

WCDMA system over multipath fading channels using transformation matrices. We

compared the performance of the EM-based receiver to that of PIC and RAKE re-

ceivers in different ITU channels. Our analysis and numerical results have shown that
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the EM-based receiver provides substantial performance gains over PIC and conven-

tional detectors. In addition, the EM-based receiver is controlled by a parameter,

whose value can be suitably chosen so as to cause the receiver to function either as a

PIC receiver or as a conventional receiver. Appropriate values of the parameter have

been obtained by simulations.



Chapter 4

Multi-Carrier CDMA

4.1 Introduction

Multicarrier technologies are emerging as a considerable force to support the needs

of next generations wireless communication systems [4]. Among multicarrier schemes

OFDM has gained a lot of attention lately [9]. In OFDM, a single high-speed data

stream is transmitted over a number of lower rate subcarriers which makes the system

robust against multipath fading and intersymbol interference, because the symbol

duration increases for the lower-rate parallel subcarriers.

In the previous chapter we briefly introduced the CDMA technique. The attempt

to combine the benefits of CDMA and OFDM gave birth to the idea of MC-CDMA

in early 90’s. Different variations of combination of CDMA and OFDM are known

under acronyms MC-CDMA [7, 16, 80], MC-DS-CDMA (multi-carrier direct sequence

CDMA) [12], and MT-CDMA (multitone CDMA) [70]. In this chapter, the MC-

CDMA technique is studied. The MC-CDMA system we consider in this thesis is the

one where a signal is spread and then converted into parallel data streams each is

transmitted over a different subcarriers [7, 16, 26, 75, 80].

Although it is believed that a type of OFDM or MC-CDMA will be the choice

61
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for next generations of mobile systems, there are some barriers that need to be con-

quered. If a MC-CDMA signal is transmitted through a frequency selective multipath

fading channel, all subcarriers have different amplitude levels and phase shifts. This

results in loss of orthogonality among users. Furthermore, at high mobile speeds the

orthogonality of subcarriers is lost due to Doppler spreads which cause intercarrier

interference (ICI). Therefore, we need advanced receivers to overcome such problems.

In this chapter, we first give an overview of an OFDM system. Then the system

model for the proposed SISO MC-CDMA is explained. The channel estimation based

on least squares (LS) algorithm and used in the receiver architecture is described.

Then we explain the proposed receivers, which are based on the MRC, MMSE, PIC

and EM algorithms. The Doppler effects on the performance of the proposed receiver

algorithms are studied. We perform the complete complexity analysis for all receiver

blocks of an SISO MC-CDMA system. Due to the benefit of using a MIMO system as

was explained in Chapter 2 and also the simplicity of decoding for space-time block

coding technique, we study the STBC MC-CDMA system. We propose the same

receiver algorithms used in SISO MC-CDMA in the STBC MC-CDMA. Numerical

results for both cases SISO and STBC are provided. We also study the effects of

frequency interleaving on the performance of the proposed receiver algorithms.

4.2 OFDM

The main idea behind multicarrier modulation is to combine multiple low data rate

carriers by a transmitter to form a composite high data rate transmission. In a par-

allel transmission system several sequential streams of data are transmitted simulta-

neously. In a classical parallel transmission system, the available spectrum is divided

into several non-overlapping frequency subchannels. Each subchannel is modulated

with a separate symbol and, then, the subchannels are frequency multiplexed.

The main advantage of the parallel approach is that it increases the symbol time
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by modulating the symbols into narrow subchannels. Therefore, fading is spread out

over many symbols. This randomizes burst errors caused by fading, so that not all

adjacent symbols are completely destroyed.

Such parallel data transmission techniques have been previously used during the

early 1960’s in several high frequency military communication systems such as the

KINEPLEX, ANDEFT and KATHRYN ([9] and references therein).

When there is a sufficient bandwidth available for data transmission, a classical

parallel system can be used where the entire bandwidth available is divided into

narrow subchannels and data can be modulated into each of these subchannels. In

such a system there is usually sufficient guard space between adjacent subchannels

to isolate them at the receiver using conventional filters. A much more efficient use

of the bandwidth is possible if the spectra of individual subchannels are permitted

to overlap. By allowing the subcarrier tones to be separated by the reciprocal of

the symbol duration, independent separation of the frequency multiplexed tones is

possible. This ensures that the spectra of individual subchannels are zeros at other

subcarrier frequencies. This is the fundamental concept of OFDM. Fig. 4.1 shows

the basic OFDM system [9]. The N serial data elements are spaced by ∆t = 1/fs

where fs is the symbol rate. These N serial data elements modulate N subcarrier

frequencies, which are then frequency division multiplexed. The symbol interval T has

been increased to N∆t, which provides robustness to the delay spread impairments.

The subcarrier frequencies are spaced by multiples of 1/T so that the subchannels

are orthogonal over a symbol duration (in the absence of channel distortion) [9].

The main objections of the system in Fig 4.1 are the complexity, the possibility

of severe mutual interference among the subchannels, and the accurate cut-off fre-

quencies for filters. The complexity can be greatly reduced using the Discrete Fourier

Transform (DFT) to implement the modulation process. The DFT can in turn be im-

plemented using a Fast Fourier Transform (FFT) algorithm particularly when N , the

number of subcarriers, is large. Fig 4.2 demonstrates an OFDM system implemented
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Figure 4.1: Basic OFDM System.

using FFT [9].

4.2.1 Cyclic Prefix

One of the important developments of the OFDM system was due to Peled and Ruiz

in 1980 [57], who introduced the concept of the cyclic prefix (CP). A CP is a cyclic

extension of the OFDM symbol. This effectively simulates a channel performing

circular convolution and if it is larger than the maximum delay spread it ensures

orthogonality of subcarriers over multipath fading channels. Adding cyclic prefix
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Figure 4.2: OFDM System Implemented using IFFT/FFT.

results in an increased chip rate (larger bandwidth) and introduces an energy loss

proportional to the length of the CP.

4.2.2 Zero Padding

It is also proposed to replace the generally non-zero CP by zero padding (ZP) [53].

Specifically, in each block of the transmission, zero symbols are appended after the

IFFT operation. If the number of zero symbols equals the CP length, then zero-

padded OFDM (ZP-OFDM) and cyclic prefix OFDM (CP-OFDM) transmissions

have the same spectral efficiency. The advantage of using ZP is avoiding bandwidth

and energy consumptions. However, the price paid is a somewhat increased receiver

complexity [53].
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4.3 SISO MC-CDMA System Model

OFDM scheme was introduced in the previous section and CDMA was explained in

chapter 3. The combination of OFDM and CDMA introduces the MC-CDMA. The

baseband model for MC-CDMA system is shown in Figure 4.3. The modulated data

symbols are spread by means of Walsh-Hadamard codes and summed up together.

The chip sequences are interleaved. The interleaving module performs block inter-

leaving operation over the spread signal. Pilot symbols are inserted uniformly into

the interleaved signal. These pilot symbols are used for channel estimation purposes

as it is explained in Section 4.4. After pilot insertion, the signal is scrambled and sent

to the inverse discrete Fourier transform (IDFT) block. A cyclic prefix (CP) of length

equal to at least the channel memory is inserted in each output block that comes from

IDFT to prevent interblock interference (IBI). The transmitted signal goes through

the multipath fading channel. At the receiver, the cyclic prefix is removed first, then

the signal is passed through a discrete Fourier transform (DFT) block. The output

of the DFT block is further de-scrambled and de-interleaved for channel estimation

and information data detection purposes.

Now, let us consider a MC-CDMA downlink transmission with K users. Each

user transmits Ns − 1 symbols over different frequency bins. If the spreading code

length, the number of subcarriers and the number of pilots are assumed to be N ,

M , and N , respectively, then for each transmitted block we have M = N ·Ns. The
received signal after DFT can be expressed in matrix notation as

r = FHF−1CSb+ n (4.1)

where b is users’ symbols vector, S is the spreading code matrix for all users, C is the

scrambling code matrix, H is the channel matrix, F and F−1 are the DFT and IDFT

matrices, respectively. The standard M-dimensional IDFT matrix has the form

F−1(p, q) = 1
/√

Mej(2π/M)pq 0 ≤ p, q ≤ M − 1. (4.2)
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Figure 4.3: Baseband model for the MC-CDMA system.

We assume that a cyclic prefix of length equal to the channel memory is inserted

in each input block to eliminate interblock interference. The cyclic prefix serves

as a guard interval between blocks when we have channel time variation within a

transmission block. However, when the channel impulse response is time invariant

over the block H becomes a block-circulant matrix.

We can write (4.1) in a compact form as

r = GCSb+ n (4.3)

and

r =Ub+ n (4.4)

where G = FHF−1 and U =GCS.
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4.4 Channel Estimation

In this section, the channel estimator is derived in the MC-CDMA system. We

apply the least squares (LS) channel estimation algorithm presented in [33]. As

proposed in [33], we use the comb-type pilot arrangement where pilot signals are

uniformly distributed within each MC-CDMA block. In other words, pilot signals are

equispaced in each transmitted block. Since only some subcarriers contain the pilot

signal, the channel response of non-pilot subcarriers will be estimated by interpolating

neighboring pilot sub-channels.

For comb-type pilot subcarrier arrangement, the Np pilot symbols bp (i) , i =

0, 1, ..., Np − 1 are uniformly (equispaced) inserted into b. This means that the first
subcarrier of each group of L = M/Np is used to transmit the pilot signal. The

transmitted MC-CDMA on the mth subcarrier is

b(m) = b(iL+ l) =


bp (i) , l = 0,

Users′s data, l = 1, 2, ...L− 1
(4.5)

where m = 0, 1, ...,M − 1. The pilot symbols can be either equal complex values

or randomly generated data. Now, we assume that the received pilot symbols are

collected in the vector rp and if the pilot symbols are denoted by bp, the estimate of

pilot signals by using least square criterion is given by

hp =
[
rp(0)
bp(0)

rp(1)
bp(1)

· · · rp(Np−1)
bp(Np−1)

]T
(4.6)

After the estimation of the channel responses of the pilot tones, the channel re-

sponses of data tones can be interpolated according to the adjacent pilot tones. In our

studies, we have used the linear interpolation algorithm. In linear interpolation, two

successive pilot signals are used to determine the channel response for data subcarriers

that are located in between the pilots. After the interpolation we have the estimated

channel vector Hp with a total length of M (number of subcarriers). Therefore, the
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estimated G after channel estimation in (4.3) is a diagonal matrix with Hp vector as

diagonal elements

Ĝ = diag (Hp) . (4.7)

And the estimated U in (4.4) is simply Û = ĜCS.

4.5 Multiuser Detection for SISO MC-CDMA

Given the estimated channel and Û in (4.4), we can employ the following detection

schemes.

4.5.1 Maximum Ratio Combining (MRC)

The simplest detection scheme is the MRC detector based on the conventional matched

filter. The output of the MRC receiver is given as

yMRC = Û
†r. (4.8)

The MRC scheme is not the optimal solution. Detected symbols for QPSKmodulation

are simply

b̂MRC = csign (yMRC) (4.9)

where csign is defined as csign (a + jb) = sign (a) + jsign (b).

4.5.2 Minimum Mean Square Error (MMSE)

The MMSE detector is a Bayesian approach to parameter estimation [44]. The output

of the MMSE detector is given by

yMMSE = Û
† (ÛÛ† + σ2IM

)−1
r (4.10)
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where IM is an M ×M identity matrix. The MMSE detector requires the knowledge

of the noise power σ2. Although in (4.10) we are dealing with matrix inversion, the

implementation of the MMSE receiver in MC-CDMA is not that complex since we

need to invert a diagonal matrix. The detected symbols for QPSK modulation are

b̂MMSE = csign (yMMSE) . (4.11)

4.5.3 EM-based Detection and PIC

The Expectation-Maximization algorithm was introduced in the previous chapter.

It basically provides an iterative approach to maximum likelihood-based parameter

estimation when direct maximization of the likelihood function may not be feasible.

In order to apply the EM algorithm we first define a complete data set xk as

xk =Ukbk + nk k = 1, · · · , K (4.12)

where bk is a vector of the kth user’s symbols, nk’s are white Gaussian noise which

are obtained by arbitrarily decomposing the total noise n into the K components, so

that
K∑
k=1
nk = n. If the covariance matrices of nk and n are Qk and Q, respectively,

then Qk = βkQ in which βk’s are arbitrary real valued scalars satisfying

K∑
k=1

βk = 1 βk ≥ 0 (4.13)

The relation between the complete data xk and incomplete data r is given by

r =
K∑
k=1

xk =
K∑
k=1

(Ukbk + nk) =
K∑
k=1

Ukbk + n. (4.14)

With this and based on the formulation presented in the previous chapter, the E-

and M-steps are

E-step: x̂k = Ukb̂
(n)
k + βk

[
r−

K∑
i=1

Uib̂
(n)
i

]
(4.15)

M-step: b̂
(n+1)
k = argmin

bk

‖x̂k −Ukbk‖2 (4.16)
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where ‖·‖2 denotes the squared Euclidean distance. For QPSK modulation the solu-

tion is

b̂
(n+1)
k = csign

(
U†
kx̂k

)
. (4.17)

This equation provides an iterative method to detect symbols of the users. By

choosing an appropriate initial value and parameter βk’s, the algorithm converges to a

stationary point of the log-likelihood function where each iteration cycle increases the

likelihood. One of the choices for the initial estimate b̂
(0)
k is to use the output of the

MRC receiver which is not necessarily a good alternative due to the poor performance

of the MRC receiver. Since in the MC-CDMA the MMSE solution is not that complex

and has much better performance than that of MRC, a better choice for initial values

is to use the output of the MMSE receiver. Parameter βk has a critical role in the

EM-based algorithm. By setting βk = 0 we see that (4.17) loses its iteration and

reduces to a MRC or MMSE receiver (depending on the chosen receiver for the initial

value), and by assuming βk = 1, (4.17) is exactly a PIC detector [71]. In our study,

βk’s are initially found by experiments for the best performance.

4.6 Simulation Results for SISO MC-CDMA Sys-

tem

In this section, we provide computer simulation results to illustrate the performance

of the proposed channel estimation and signal detection algorithms for SISO MC-

CDMA. The simulation results for an OFDM system is also provided. The perfor-

mance is measured as uncoded bit error rate (BER) versus signal to noise ratio (SNR).

A downlink scenario is assumed where a base station transmits QPSK symbols with

equal powers. The signature waveforms are derived from Walsh sequences of length

32 and the number of users is K = 32 (a fully-loaded system). The total number of

subcarriers and pilots are 512 and 32, respectively. Pilots are uniformly inserted into
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transmitted blocks as it was explained in Section 4.4. In both PIC and EM receivers,

three-stage detectors with a MMSE receiver as the first stage have been used. The

best value for parameter βk in EM was obtained by experiments as stated in the

previous section. We found the best values for βk’s as βk = 0.8. Simulations were

done for the ITU pedestrian B and vehicular A channel models. The delay and power

profiles for these channels have been summarized in Tables 3.1 and 3.2. Fig. 4.4

0 2 4 6 8 10 12 14 16 18
10

−4

10
−3

10
−2

10
−1

10
0

QPSK,512 Subcarriers,32 Users,SF 32, Ped B, 3km/h

SNR

B
E

R

MRC−perfect CSI
MMSE−perfect CSI
PIC−perfect CSI
EM−perfect CSI
MRC−LS est.
MMSE−LS est.
PIC−LS est.
EM−LS est.
OFDM−perfect CSI

Figure 4.4: BER versus SNR, Ped. B channels.

shows the simulation results for the case with ITU pedestrian B channel (3 km/h).

This figure includes the performance results of the detection algorithms for the case

when perfect channel state information (CSI) exists at the receiver as well as for the

case when channels are estimated at the receiver using the proposed algorithm. As

it is expected and seen from the figure, in general, channel estimation degrades the



4.6. SIMULATION RESULTS FOR SISO MC-CDMA SYSTEM 73

performance of detection algorithms compared to the case when perfect CSI exists

at the receiver. The MMSE algorithm improves significantly the performance of the

receiver compared to that of the MRC receiver. We can further improve the perfor-

mance of the MMSE receiver by using PIC and EM-based detector as it is seen from

the same figure. For an OFDM system we have implemented an MMSE receiver.

The superiority of a MC-CDMA system compared to an OFDM system is seen in

terms of improvement in BER. The degradation in performance of the receiver in the

MC-CDMA system due to the channel estimator is noticeable when MMSE, PIC, and

EM are implemented.
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Figure 4.5: BER versus SNR, Veh. A channel.

Fig. 4.5 illustrates the performance results for ITU vehicular A channels (120

km/h). These results confirm the performance advantage of advanced receivers such
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as MMSE, PIC and EM-based receivers. As can be seen, in this scenario, with

MMSE receiver we achieve much better performance than that with MRC. Further

improvements can be gained by using PIC and EM detectors.

4.7 Doppler Effects

In OFDM/MC-CDMA systems, each waveform is located around a particular subcar-

rier frequency and the bandwidth is small enough so that each waveform experiences

frequency flat fading when the received signal passes through a moderately frequency

selective channel. Inverse FFT is implemented for transmitting information bits in

order to maintain the orthogonality of the signal waveforms. However, OFDM/MC-

CDMA reception over channels with Doppler spread and corresponding time varia-

tions corrupts the orthogonality of the OFDM/MC-CDMA subcarrier waveform. In

other words, Inter-Carrier Interference (ICI) occurs since signal components from one

subcarrier cause interference to neighboring subcarriers. In this section, we briefly

address the performance of the MC-CDMA system with Doppler effects. The perfor-

mance of our channel estimation and signal detection algorithms (MRC, MMSE, PIC

and EM) are examined in fast-fading channels.

Doppler shift is the frequency shift of the received signal due to its relative motion.

It is proportional to the speed of the mobile terminal. The Doppler shift in a multipath

propagation environment spreads the bandwidth of the multipath waves within the

range of fc ± fD, where fD is the maximum Doppler shift given by

fD =
vfc
c

(4.18)

where c is the speed of light.

In Figure 4.6, we have considered three different scenarios in downlink for a SISO

MC-CDMA system. All these scenarios have the same channel model (Vehicular A),

but with different speeds for the mobile users. In these simulation scenarios, CSI are
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not known at the receiver and LS channel estimation is used in the receiver. A speed

of 30 km/h is considered low mobility; 120 km/h high mobility, and 500 km/h very

high mobility. These speeds at fc = 2.5× 109 Hz are equal to the maximum Doppler

shifts of

• velocity = 30 km/h ⇒ fD = (velocity) .fc
/
3.6

/
3× 108 = 69 Hz,

• velocity = 120 km/h ⇒ fD = (velocity) .fc
/
3.6

/
3× 108 = 278 Hz,

• velocity = 500 km/h ⇒ fD = (velocity) .fc
/
3.6

/
3× 108 = 1157 Hz.
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Figure 4.6: Doppler effects, Veh. A channels.

The system bandwidth in our simulation is 5 MHz and the number of subcarriers

is 512. Therefore, the carrier spacing is 9767 Hz. From the Fig. 4.6, it is seen
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that MRC has basically the same performance for all speeds. As for the advanced

algorithms (MMSE, PIC and EM), degradation in the performance of the receivers is

observed by increasing the speed of the mobile users. As a matter of fact, for speeds

of 30 and 120 km/h, we see minor degradation in performance gains. This is due to

the fact that the corresponding Doppler shifts of these speeds are small compare to

the carrier spacing. As soon as the Doppler shift is comparable to carrier spacing we

see significant drop in the performance of the advanced algorithm.

4.8 Complexity Analysis for the SISO MC-CDMA

This section provides computational complexity analysis for various MC-CDMA re-

ceiver structures studied in the previous sections.

4.8.1 Background and Assumptions

Complexity is estimated by the required number of real-valued Addition-Equivalent-

Operations (AEOs) and the number of real-valued multiplication operations (MULTs).

For a more tangible result, the operation counts are scaled to operations per second.

Table 4.1 shows how the high-level operations are mapped to the used complexity

measures. In calculating the complexity of the algorithms, system parameters are

assumed as they are presented in Table 4.2. In addition to the assumed system

parameters in Table 4.2, the following assumptions are considered

• two’s complement number representation

• noise variance known at the receiver

• channel estimates are available

• division and multiplication operations are equally complex

• QPSK modulation is used
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Table 4.1: The used mapping from higher-level operations to the two used complexity
measures

High-level operation Real AOEs Real MULTs
C : Complex number
R : Real number

{R}+ {R} 1 0
{R} × {R} 0 1
{R} × {±1} 1 0
{R} × {±1± j} 2 0
{R}/{R} 0 1
{C}+ {C} 2 0
{C} × {C} 2 4
{C} × {constant C} 3 3
{C} × {R} 0 2
{C} × {±1± j} 6 0
{C} × {±1} 2 0
{C}/{R} 0 2
{C}∗ 1 0

|{C}|2 1 2
{C}/{C} 4 8
{C}/{±1± j} 4 0
{±1}/{±1± j} 1 0

4.8.2 Complexity of LS Channel Estimation

The channel estimation algorithm was explained in Section 4.4. We assume the

pilot symbols are complex numbers with the format of {±1± j} and we consider
linear interpolation as it is explained in the channel estimation section. The linear

interpolation process is shown in Fig 4.7. Based on these assumptions the complexity

of the LS channel estimation is presented in Table 4.3.

4.8.3 Complexity of Common Parts

The complexity of the receiver parts that are commonly used in different receiver

structure is presented here. The operation counts for Decimation-In-Frequency FFT
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Table 4.2: System Parameters

N : Number of subcarriers (FFT size) 512
P : Number of pilots 32
SF : Spreading factor 32
K: Number of users 32
Bandwidth 5 MHz
OFDM symbol rate 5/512 MHz = 9.77 KHz
M : Number of PIC and EM iterations 2

Table 4.3: The operation counts for the LS channel estimation

High-level No. of high- Mapped Mapped AOE MULT
operation level operations to Real to Real MIPS MIPS

per symbol AOEs MULTs

{C}/{±1± j} P = 32 128 0 1 0
Linear interpolation N = 512 1024 0 10 0
{C}+ {C}
TOTAL 1152 0 11 0

are summarized in Table 4.4. The de-interleaving has certainly a non-zero complexity,

but it does not contain any AEOs or multiplication operations in the data path and

thus its complexity measure in this analysis is considered to be zero.

Table 4.4: The operation counts for the Decimation-In-Frequency (DIF) FFT

High-level No. of high- Mapped Mapped AOE MULT
operation level operations to Real to Real MIPS MIPS

per symbol AOEs MULTs

{C}+ {C} N log2 N 9216 0 90 0
= 4608

{C} × {constant C} N
2
((log2 N)− 1) 6144 6144 60 60
= 2048

TOTAL 15360 6144 150 60

The de-scrambling operation counts are included in Table 4.5. The de-spreading

operation is assumed to be done independently for each code, i.e., the Walsh-Hadamard
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Figure 4.7: Linear interpolation for channel estimation.

transform is not performed simultaneously for the whole set of codes. The operation

counts for de-spreading are summarized in Table 4.6.

Table 4.5: The operation counts for the de-scrambling operation

High-level No. of high- Mapped Mapped AOE MULT
operation level operations to Real to Real MIPS MIPS

per symbol AOEs MULTs

{C} × {±1± j} N = 512 3072 0 30 0

TOTAL 3072 0 30 0

4.8.4 Complexity of MRC

The MRC receiver was described in Section 4.5.1. In MRC, the operation RnĤ
∗
n is

performed on each element of the received complex vector, where Ĥn is the estimated

channel coefficient for subcarrier n. The resulting complexity measures are provided
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Table 4.6: The operation counts for the de-spreading operation

High-level No. of high- Mapped Mapped AOE MULT
operation level operations to Real to Real MIPS MIPS

per symbol AOEs MULTs

{C} × {±1} KN = 16384 32768 0 320 0

{C}+ {C} (SF − 1)K
(
N
SF

)
31744 0 310 0

= 15872

TOTAL 64512 0 630 0

in Table 4.7.

Table 4.7: The operation counts for the MRC

High-level No. of high- Mapped Mapped AOE MULT
operation level operations to Real to Real MIPS MIPS

per symbol AOEs MULTs

{C}∗ N = 512 512 0 5 0
{C} × {C} N = 512 1024 2048 10 20

TOTAL 1536 2048 15 20

4.8.5 Complexity of MMSE

The MMSE receiver was covered in Section 4.5.2. In MMSE, the following operation

is performed to each frequency-domain complex symbol Rn

RnĤ
∗
n

Ĥ∗
nĤn + σ2

where Ĥn is the estimated channel coefficient for subcarrier n and σ2 is the noise

variance. The complexity measures are provided in Table 4.8.

4.8.6 Complexity of PIC

The PIC algorithm for MC-CDMA was explained in Section 4.5.3. The initial es-

timates for the PIC receiver are assumed to be obtained from the MRC receiver.
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Table 4.8: The operation counts for the MMSE

High-level No. of high- Mapped Mapped AOE MULT
operation level operations to Real to Real MIPS MIPS

per symbol AOEs MULTs

{C}∗ N = 512 512 0 5 0
{C} × {C} N = 512 1024 2048 10 20
{C}/{R} N = 512 0 1024 0 10

|{C}|2 N = 512 512 1024 5 10
{R}+ {R} N = 512 512 0 5 0

TOTAL 2560 4096 25 40

Thus, the needed MRC operations are included into the complexity measures. Two

PIC-iterations are assumed on top of the initial estimates. Using the same notation

as in [26], one PIC-iteration is as follows

b̂
(m+1)
k = csign

(
Û†
k

(
Ûkb̂

(m)
k +

(
r−

K∑
k′=1

Ûk′b̂
(m)
k′

)))

where Û = ĜCS.

Further algebraic manipulations leads to

b̂
(m+1)
k = csign

(
S†kC

†Ĝ†
(
ĜCSkb̂

(m)
k +

(
r− K∑

k′=1
ĜCSk′b̂

(m)
k′

)))

= csign

(
S†kĜ

†ĜSkb̂
(m)
k + S†kC

†Ĝ†r− K∑
k′=1
S†kĜ

†ĜSk′b̂
(m)
k′

)

= csign

(
S†k

(
DSkb̂

(m)
k +C†Ĝ†r− K∑

k′=1
DSk′b̂

(m)
k′

))

where D is a real diagonal matrix, whose elements are the power of the frequency-

domain channel estimates. For instance, for the n’th subcarrier, the diagonal element

is computed as

D (n, n) = H∗
nHn = |Hn|2 ⇔ N × |{C}|2 per one OFDM− symbol

The computation of D is not repeated for each PIC-iteration. The term C†Ĝ†r

has already been computed while computing the initial MRC-estimates. So, it does
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not add any additional computational complexity. The multiplication by S†k performs

the de-spreading operation and its complexity is taken from Table 4.6. Part of the

complexity stems from computing the code-specific terms

DSkb̂
(m)
k ⇔ N times {R} × {±1± j} and {±1} × {±1± j} perOFDM− symbol

The sum over all k results in N (K − 1) ({C}+ {C})-operations. Finally, there
are two complex additions per each code and each subcarrier.

Summarizing all the above considerations results in the operation counts for PIC

in Table 4.9.

Table 4.9: The operation counts for the PIC with 2 iterations

High-level No. of high- Mapped Mapped AOE MULT
operation level operations to Real to Real MIPS MIPS

per symbol AOEs MULTs

MRC init estimates see Table 4.7 2560 4096 25 40

|{C}|2 N = 512 512 1024 5 10
{R} × {±1± j} 2N = 1024 2048 0 20 0

(2-iter. PIC)
{±1} × {±1± j} 2N = 1024 1024 0 10 0

(2-iter. PIC)
{C}+ {C} 2N (K − 1) 63488 0 620 0

= 31744

{C}+ {C} 22̇NK = 32768 65536 0 640 0
De-spreading 2 × Table 4.6 129024 0 1260 0

TOTAL 263168 3072 2570 50

4.8.7 Complexity of EM

The EM algorithm based receiver was described in Section 4.5.3. The complexity

calculation of EM receiver is similar to that of the PIC receiver except that in the

EM algorithm there is an extra multiplication due to the parameter βk. Therefore,

the complexity of the EM algorithm can be summarized as presented in Table 4.10.



4.9. SPACE-TIME BLOCK-CODED MC-CDMA SYSTEM MODEL 83

Table 4.10: The operation counts for the EM with 2 iterations

High-level No. of high- Mapped Mapped AOE MULT
operation level operations to Real to Real MIPS MIPS

per symbol AOEs MULTs

MRC init estimates see Table 4.7 2560 4096 25 40

|{C}|2 N = 512 512 1024 5 10
{R} × {±1± j} 2N = 1024 2048 0 20 0

(2-iter. PIC)
{±1} × {±1± j} 2N = 1024 1024 0 10 0

(2-iter. PIC)
{C}+ {C} 2N (K − 1) 63488 0 620 0

= 31744

{C}+ {C} 22̇NK = 32768 65536 0 640 0
De-spreading 2 × Table 4.6 129024 0 1260 0
{C} × {R} 2N = 1024 0 2048 0 20

TOTAL 263168 5120 2570 70

4.9 Space-Time Block-Coded MC-CDMA System

Model

The orthogonal space-time block coding was explained in Section 2.4.1. As it was

described in the same section, Alamouti discovered a simple scheme for transmit

diversity based on the space-time block coding [3, 63].

We consider an STBC MC-CDMA. The block diagram for an STBC MC-CDMA

system is illustrated in Fig. 4.8. A downlink scenario for an STBC MC-CDMA sys-

tem with K users, two transmit antennas, one receive antenna and multipath fading

channels is considered. The extension to two receive antennas is straightforward.

Each user transmits Ns symbols over different frequency bins. If the spreading code

length and the number of subcarriers are M and N , respectively, then for each trans-

mitted block we have M = N ·Ns. It is assumed that the fading processes associated
with different transmitter-receiver antenna pairs are uncorrelated. Let us define H11

and H12 as channel matrices from transmit antennas 1 and 2, respectively, to receive
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Figure 4.8: Transmitter and receiver structure for an STBC MC-CDMA system.

antenna. The received signal after DFT can be expressed in a matrix notation as [37]

r =


 FH11F

−1CS FH12F
−1CS

−(FH12F
−1CS)∗ (FH11F

−1CS)∗


b+ n (4.19)

where b ∈ C2·Ns·K×1 is users’ symbols vector, S ∈ RN ·Ns×Ns·K is the spreading

code matrix for all users, C ∈ CN ·Ns×N ·Ns is the scrambling code matrix, n ∈ CM×1

is a complex additive white Gaussian noise (AWGN), F ∈ CM×M and F−1 ∈ CM×M

are the DFT and IDFT matrices, respectively. The standard M-dimensional IDFT

matrix has the form presented in (4.2).

We can further simplify the above equation to

r = Ub+ n (4.20)

where U =


 FH11F

−1CS FH12F
−1CS

−(FH12F
−1CS)∗ (FH11F

−1CS)∗


.

We also assume that a cyclic prefix of length equal to the delay spread of the

channel is inserted in each input block to eliminate interblock interference. When the
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channel impulse response is time invariant over the transmission block, H11 ∈ CM×M

and H12 ∈ CM×M become block-circulant matrices.

Considering the linear model for STBC MC-CDMA in (4.20) we can simply imple-

ment the same receiver algorithm used in the SISO case. They include MRC, MMSE,

PIC and finally EM-based algorithm [37].

4.10 Simulation Results for STBCMC-CDMA Sys-

tem

In this section, we provide simulation results to illustrate the performance of the

proposed receivers for an STBC MC-CDMA system in terms of raw bit error rate

(BER) versus signal-to-noise (SNR). We simulate two downlink scenarios

1) the base station is equipped with two transmit antennas and mobile stations

have one receive antenna

2) the base station is equipped with two transmit antennas and mobile stations

have two receive antennas.

It is assumed that the channel responses are perfectly known at the receiver and

fading is uncorrelated between the transmit-receive antenna pairs. Furthermore, the

base station transmits QPSK symbols with equal powers. The signature waveforms

are derived from Walsh sequences of length 32 and the number of users is K = 32 (a

fully-loaded system), the bandwidth is 5 MHz and the carrier frequency is 2.56 GHz.

The number of subcarriers is 512 which are equally spaced in a 5 MHz bandwidth.

Long scrambling codes are used. We assumed that the total radiated power from two

transmit antennas is equal to that of a single transmit antenna. In both the PIC

and EM receivers, three-stage detectors with a MRC receiver as the first stage have

been used. The best value for the parameter βk in the EM algorithm was obtained

by experiments. We found the best values for βk’s as βk = 0.8 for both one-receive
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and two-receive antenna scenarios.
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Figure 4.9: Raw BER vs. SNR in Vehicular A channel.

Fig. 4.9 shows the simulation results for both downlink scenarios in the vehicular

A channel. As it is observed, by increasing the number of antenna we achieve more

performance gain as expected. From the figure we can recognize three different groups.

Group one includes the performance results for single-transmit single receive antenna

case, group two is two-transmit one-receive antenna and finally, group three is for the

two-transmit two-receive antenna case. The performance of the receiver algorithms

within each group is consistent, that is, the MMSE receiver has the best performance

behavior and the MRC has the worst. Starting with MRC outputs as the initial value

for the PIC algorithm, results get improved to the extent shown in the figure after

two iterations for the PIC algorithm. The EM-based algorithm can improve MRC
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outputs a bit better than the PIC algorithm with the same number of iterations. This

improvement due to the EM algorithm is more noticeable especially in high SNR. It is

obvious if we start with a better initial value than MRC outputs for the PIC and EM

(e.g., outputs of the MMSE receiver), we achieve better performance gains. However,

the complexity of the receiver increases surely.

Fig. 4.10 shows the simulation results for both downlink scenarios in the pedes-

trian B channel. Similar results in the vehicular A channel case are observed.
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Figure 4.10: Raw BER vs. SNR in Pedestrian B channel
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4.11 Effects of Frequency Interleaving

In this section, we present the effect of the frequency interleaver in both SISO and

STBC MC-CDMA systems. In Figure 4.11 we see the effect of the frequency inter-

leaver on the MRC, MMSE, PIC and EM algorithms in a SISO MC-CDMA system

when the modulation is QPSK and the channel is vehicular A (120 km/h). As we

can see, there is a big degradation in the performance of the MRC receiver when

the frequency interleaver is applied while for the other receivers (MMSE, EM, and

PIC) we get rather good gain by applying the frequency interleaver. For the PIC

and EM receivers, three stages of iteration with MMSE outputs as the first stage

are considered. In Fig. 4.12, effects of the frequency interleaving are shown in an
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Figure 4.11: Effects of frequency interleaving in a MC-CDMA system.
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STBC MC-CDMA system with QPSK and in the vehicular A channel. The MRC

and MMSE receivers are considered. We observe from the figure that, interleaving

degrades the performance of the MRC algorithm while it improves the MMSE output.

The conclusion is that when advanced receivers, such as the MMSE, PIC, and EM
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Figure 4.12: Effects of frequency interleaving in an STBC MC-CDMA system.

are implemented, frequency interleaving improves further their performances whereas

in the case of a simple receiver, such as the MRC, it degrades its performance.

4.12 Summary

In order to provide a high peak data throughput for future mobile communication

systems, multiple antennas and multicarrier techniques are likely to be used. It
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is also very probable that advanced receivers will be used to mitigate the effect of

interference.

In this chapter, we presented the LS channel estimation and signal detection

algorithms including the MRC, MMSE, PIC and EM-based detectors in the SISO and

STBC MC-CDMA systems over multipath fading channels. In the SISO MC-CDMA,

our results showed that the MMSE receiver provides a huge performance gain over an

MRC receiver in terms of BER. Since the implementation of the MMSE receiver in

the MC-CDMA system is not complex, we can use some advanced detectors (such as

the PIC or EM) to further improve the performance of the receiver. We provided the

complete complexity analysis for the baseband part of a SISO MC-CDMA system with

our proposed receiver algorithms. The effects of Doppler shifts on the performance of

our proposed receiver algorithms were studied. If the Doppler shift is comparable to

the frequency spacing of the system then we face high degradation in the performance

of the proposed receiver algorithm.

In the STBC MC-CDMA system, we compared the performance of the proposed

receivers in two downlink scenarios. In one scenario we assume two transmit and

one receive antennas and in another scenario two transmit and two receive antennas.

The results of these two scenarios were compared with the SISO case. We see that

by increasing the number of antennas the achieved gain is increased and a high gain

is achieved when two transmit and two receive antennas are used. This shows the

advantage of using multiple antennas. In all cases and scenarios, our PIC and EM-

based algorithms show better results than those of the MRC receiver if we take the

MRC output as initial values for those algorithms. However, with two iterations in

the PIC and EM algorithms, we cannot achieve the same performance gain as that

in an MMSE receiver. According to our numerical results, the MMSE receiver has

the best performance in terms of BER versus SNR. If MMSE results are used as

initial values for the PIC and EM algorithms, then we can possibly further improve

the results achieved from it. However, this increases the complexity of the PIC and
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EM-based receivers.

We also studied the effects of the frequency interleaver on the performance of

the proposed receiver algorithms. Frequency interleaving substantially improves the

performance of the MMSE, PIC, and EM-based receivers and highly degrades the

performance of the simple receiver such as the MRC receiver.





Chapter 5

Conclusions and Future Research

5.1 Conclusions

In the first part of this work, we considered MIMO and space-time coding concepts.

We discussed the information theoretic aspects of multiple antenna systems. The

space-time block coding was considered due to its simplicity. Then, the problems

of using space-time block coding in multipath fading channels and in a system with

more than two transmit antennas were addressed. It was seen with simulation that

the performance of a 2 × 1 space-time block coded system in a multipath fading

channel is not necessarily better than that of a SISO system. By implementing

an additional receive antenna in a space-time block coded system, the performance

of the system will be dramatically improved. We considered time-reversal space-

time block coding in order to overcome the problem of multipath fading channels.

Since there exists no orthogonal space-time block code for more than two transmit

antennas derived from complex signals, the non-orthogonal or semi-orthogonal space-

time block code was introduced. When it comes to non-orthogonal STB coding, one

is facing the interference from the codes themselves. If the channel is multipath

fading the situation is even worse due to interference caused by the delay spread of

93
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the channel. We introduced the novel time-reversal non-orthogonal space-time block

code for a multipath fading channel. This novel transmission scheme greatly improves

the performance of non-orthogonal space-time block codes.

In the second part of this thesis, we considered the WCDMA system, which is an

accepted technology for the air-interface of 3G systems. Since space-time block cod-

ing is part of the standard of 3G systems, we gave the system model for a space-time

block coded WCDMA system. In a real scenario, when we are dealing with multipath

channels, MAI is a main element to decrease the performance of the system. There-

fore, we need multiuser detection. We went through some conventional receivers and

finally we introduced our novel EM-based algorithm for tackling the problem of MAI

in a space-time block coded WCDMA system when channels are multipath fading. It

was shown that the EM-based receiver can be downscaled to a conventional RAKE

receiver or can be transformed to a PIC receiver by adjusting a scalar parameter.

Performance of the EM-based multiuser detection was shown to be better than both

RAKE and PIC. Then, the EM-based algorithm was used in the WCDMA system

extension, HSDPA, when the modulation order is higher (16QAM). We showed that

even in that system, we gain better performance compared to RAKE and PIC.

In the third part, the combination of OFDM and CDMA systems, i.e., MC-CDMA,

was considered. As it was mentioned in the introduction, a multicarrier scheme is most

likely going to be the air-interface of the B3G or 4G systems. We first considered

a SISO MC-CDMA system in a multipath fading channel. A pilot-based channel

estimation and different receiver algorithms including MRC, MMSE, PIC and EM-

based were introduced for this system. The complexity analysis for different parts of

SISO MC-CDMA were provided. Then, we introduced the STBC MC-CDMA in a

multipath fading channel and we examined the performance of the different receiver

algorithms for this system. The conclusion is that the MC-CDMA scheme can be a

highly potential method for future wireless communication systems but it has its own

challenges, some of which were addressed in the third part of this thesis.



5.2. FUTURE RESEARCH 95

5.2 Future Research

Since future wireless communications systems become faster and ubiquitous, there is a

cogent need for key innovations at the algorithmic level. Specifically, signal processing

techniques are crucial to future wideband wireless communications.

In this dissertation, we review the multiple antenna concept. There are still many

open questions. From the information theory point of view, the capacity of MIMO for

time-varying fading ISI channels is completely unknown. The capacity of a MIMO

system is also unknown when the channel is fast time-varying fading and the CSI

is not known at the transmitter. The proposed time-reversal algorithm in this work

and in general, most of the MIMO techniques herein and elsewhere are considered

in a single user system. In many practical systems, multiple users share the same

channel, at the same time and frequency band, resulting in MAI at the receiver.

Therefore, there are a number of unanswered questions about the performance of

these techniques in multiuser scenarios.

To have a high spectral efficiency, future wireless communications should be able

to utilize advances in receiver algorithms such as multiuser detection, interference

cancellation, and iterative detection and decoding strategies. There has been great

interests in finding suboptimum detectors with acceptable complexity and marginal

performance degradation compared with the optimum detector. However, still the big

challenge ahead is to develop better multiuser detection and interference cancellation

approaches that will greatly increase the performance of the existing methods without

greatly increased complexity.

As it was mentioned throughout this thesis, one of the major challenges for the

design of a wideband wireless communication system is the multipath propagation

that results in time-varying high channel time dispersion and frequency selectivity.

Frequently proposed candidates in such situations are multicarrier schemes such as

OFDM and the combination of OFDM and CDMA or DS-CDMA (MC-CDMA).
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OFDM and MC-CDMA convert a frequency-selective channel into a parallel collection

of frequency flat subchannels. The main challenges are solutions for high speed mobile

usage that causes large Doppler shifts and increasing the efficiency of the system for

the broad value range of relevant parameters, e.g., data rate and delay spread.
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