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Abstract

Multicarrier transmission technology has shown tremendous potential in realizing high
data rates for next generation broadband wireless communication systems. Multicar-
rier modulation schemes are robust to frequency selective fading which are inherent in
broadband wireless channels. This thesis considers blind multiuser detection for the
recently proposed time frequency spread multicarrier CDMA (TF-MC-CDMA) sys-
tem in which the system uses both time and frequency domain spreading to achieve
diversity in both time and frequency domains. The challenge for TF-MC-CDMA
multiuser detection is to mitigate multiple access interference (MAI) in both the time
and the frequency domain. The objective of this thesis is to develop and analyze
the performance of blind multiuser detection algorithms for TF-MC-CDMA for three
types of channel models: AWGN with MALI slowly fading downlink Rayleigh multi-
path channels, and the slowly fading downlink multipath channels with Doppler shift
induced intercarrier interference (ICI).

A new suboptimal decoupling technique for blind multiuser detection for TF-MC-
CDMA in AWGN with MAI is proposed. It is found that the original TF-MC-CDMA
blind multiuser detection problem can be suboptimally decoupled into two blind mul-
tiuser DS-CDMA problems. These two problems can be solved separately using blind
DS-CDMA multiuser techniques. Our effort focused on using blind linear multiuser
detectors in which we investigated into four types of blind detection methods: blind

direct matrix inversion (DMI) method, blind CMOE RLS method, blind subspace
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multiuser detection method using SVD and PASTd adaptive subspace tracking.

The suboptimal decoupling technigue for blind multiuser detection for TF-MC-
CDMA is extended to slowly fading downlink Rayleigh multipath channels known as
type I detectors. Computer simulation results show that type I detectors do not work
well in slowly fading multipath channels even though such a scheme provides very
good performance in AWGN with MAIL In slowly fading channels, the orthogonality
of the time domain signature sequences is preserved. We propose a type Il detector
which uses a cascade implementation with the time domain detection output acts as
the input of the frequency domain detection. Computer simulations show that type
II detectors provide much better performance than type I detectors.

Blind multiuser detection for TF-MC-CDMA is further extended for slowly fading
Rayleigh multipath channels with Doppler shift induced ICI. In mobile channels,
Doppler shifts combined with multipath effects create random subcarrier frequency
shifts which in turn cause subcarrier frequency mismatch. Such mismatch leads to the
loss of orthogonality among subcarriers thus creating ICI. Our analysis shows that
Doppler shifts induced ICI has the effect of destroying the common-channel property
in downlink channels. The downlink TF-MC-CDMA signal becomes a quasi-uplink
signal because of user dependent subchannel gains.

The type II detector for slowly fading Rayleigh multipath channels is further
extended to apply in such channels with Doppler shift induced ICI. It is shown through
analysis and computer simulations that the proposed type II detectors implemented
using CMOE RLS algorithm, blind subspace SVD algorithm, and the blind subspace
PASTd adaptive subspace tracking algorithm, without modifications, provide robust

performance in multipath channels with Doppler shift induced ICL
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Chapter 1

Introduction

1.1 Overview of Current Wireless Communication

Systems

During the past two decades, wireless communications have been one of the fastest
growing industries in the world. Much of the growth in the past 10 years can be
attributed to the ever increasing popularity of the mobile cellular market. According
to the GSM Association (GSMA), the 2 billionth mobile phone user was subscribed
in June 2006 and it was estimated that new users are subscribing at a rate of 1000
per 1}111111te world wide. The demand for ubiquitous connectivity anywhere, anytime
in the near future is certainly unquestioned.

The first wave of wireless revolution came with the introduction of the first
generation (1G) analog systems such as AMPS which was built upon frequency di-
vision multiple access (FDMA). In 1G systems, voice service was the only service
provided to subscribers. With the emergence of digital communication technology,
evolution towards second generation digital systems such as GSM (2G), and later

EDGE/GPRS(2.5G) provided subscribers with a wider variety of data communica-

tion services on top of the still dominant voice service which include limited internet




access and the popular short messaging service (SMS). Current third generation (3G)
-mobile communication systems are built upon code division multiple access (CDMA)
using direct seduenee spreading codes in the time domain and allow users to enjoy
much higher data rates than ever before. CDMA systems are robust to narrow band
interference and provide an efficient utilization of both time and frequency and thus
are able to deliver enhanced voice services and sufficiently high data rates to support
a broader range of services such as multimedia, streaming applications, multimedia
messaging service (MMS) and internet surfing capab.ility. Another distinct advantage
of CDMA over traditional FDMA and TDMA is a cellular re-use factor of one [1].
Combined with soft capacity limits in CDMA based cellular networks (which offer a
graceful degradation when the multiple access interference exceeds a tolerable level as
new users are admitted into the system), this creates the possibility of intelligent soft
hand-off procedures when mobile users roam across cell boundaries. Although the in-
ternational standardization body for fourth generation (4G) has not yet released the
official specifications for the next generation system requirements, it is anticipated
that 4G systems will accommodate broadband services at data rates comparable to

those in contemporary WLAN systems.

1.1.1 Limitations of DS-CDMA in Broadband Wireless Chan-

nels

Existing 3G standards using DS-CDMA as the access air interface are adequate in
achieving high data rates as long as the channel is not severely frequency selective.
When a channel is frequency selective, a RAKE receiver must be used. For RAKE
receivers to perform well, they require very accurate channel information and channel

timing information which are usually acquired through training sequences and/or the

use of pilot symbols. Utilizing the RAKE receiver, however, does not eliminate the




problem of intersymbol interference (ISI) caused by the frequency selectivity of the
channel. As aresult, equalization techniques may be required to mitigate the ISI. The
combination of the RAKE receiver, channel estimation and equalization significantly
increases the complexity in the design of the receivers. 4G systems will very likely
operate in broadband wireless channels and the severely frequency selective nature
of the channel will pose difficult challenges in the design of DS-CDMA receivers
of practical complexity. Due to these limitations of DS-CDMA, multicarrier based
transmission multiple access schemes have emerge as potential candidates for next

generation access air interfaces [2].

1.2 Multicarrier-based Transmission

The concept of transmitting information over multiple subcarriers in parallel sub-
streams was first proposed by [3] in 1966. In 1971, it was shown in [4] that such
transmission can be realized using the discrete Fourier transform (DFT). However,
the implementation of such a transmission scheme at the time it was first proposed
was beyond existing technology. A major advancement in signal processing tech-
nology came with the invention of the fast Fourier transform (FFT) which enabled
efficient computation of the discrete Fourier transform (DFT). This made possible the
practical implementation of multicarrier transmission. The first popular standardized
multicarrier based system was based on orthogonal frequency division multiplexing
(OFDM) used in current WLAN standards IEEE 802.11a and 802.11g. The concept
of OFDM is to transmit at high data rates over parallel narrowband subchannels in
which the corresponding subcarriers are orthogonal. The advantage of OFDM based
multicarrier transmission is inherent in hroadband wireless communication systems in

which the channel is highly frequency selective. By dividing the available spectrum

into narrowband subcarriers and appropriately choosing the subcarrier bandwidth,
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each narrowband subchannel can be treated as frequency non-selective fading. The
success of OFDM, particularly in WLAN systems, has evoked its possible application
in broadband mobile communications [5] and solving the need for complex equaliza-

tion in 3G DS-CDMA systems.

1.2.1 Multicarrier CDMA

Multicarrier CDMA (MC-CDMA), first proposed in [6,7] is a multiple access scheme
that is based on a combination of OFDM and DS-CDMA. The main idea of MC-
CDMA is to use OFDM transmission while separating multiple access users using
CDMA. Two popular implementations of MC-CDMA exist: the first one retains the
name MC-CDMA, the other is known as MC-DS-CDMA. MC-CDMA spreads the
user’s signature sequence in the frequency domain by pre-multiplying a chip at éach
OFDM subcarrier branch. Therefore, the sequence of chips across all the subcarriers
constitutes the user’s frequency domain signature sequence. MC-DS-CDMA, on the
other hand, spreads the original data sequence in time first using DS-CDMA and
then transmitting the time domain spreaded data stream using OFDM transmission.
A detailed comparison of the two multicarrier multiple access schemes is given in [§]
and [9]. Both MC-CDMA and MC-DS-CDMA retain the robustness to frequency

selective fading while uncompromising the benefits of using CDMA.

1.2.2 Time-Frequency Spread Multicarrier CDMA

Recently, a new multicarrier based multiple access scheme known as time frequency
spread MC-CDMA (TF-MC-CDMA) was proposed by [10,11] which combines MC-
CDMA and MC-DS-CDMA. The main idea behind TF-MC-CDMA is to spread the
~ data in both the time and frequency domains. There are many advantages to TF-

MC-CDMA. Firstly, like MC-CDMA and MC-DS-CDMA, TF-MC-CDMA inherits



the benefits of OFDM based transmission and is robust to frequency selectivity in
wyireless channels. Secondly, the maximum user capacity for TEF-MC-CDMA is given
by the product of the spreading gain of the time domain spreading and the spreading
gain of the frequency domain spreading. This allows the use of short codes in both
the time and frequency domain to achieve the same maximum user capacity in MC-
CDMA and DS-CDMA employing long codes and high chip rates. Through both
time and frequency domain spreading, TF-MC-CDMA is able to benefit from time
and frequency diversity gains. Thirdly, TF-MC-CDMA allows a very flexible means
for resource allocation. Because TF-MC-CDMA systems are not fixed with solely
time domain spreading or solely frequency domain spreading, its adaptability is very
attractive in supporting a much wider range of services and data rates in broadband

wireless systems [5,12].

1.3 Challenges and Motivation

Multiple access interference (MAI) is a common problem in all CDMA based multiple
access systems. Whether it is MC-CDMA, MC-DS-CDMA, DS-CDMA, or TF-MC-
CDMA, the performance of the system depends on the severity of the MAI among
the users. MAI results from the non-orthogonality of the user signals at the receiver.
This lack of orthogonality can be due to either the use of non-orthogonal codes (i.e.
M-sequences or Gold sequences), or the orthogonality of the codes is corrupted by
the channel, or both. It was shown in [13] that multiuser detection T;echniques are
quite effective in combating MAT; however, it is also known that multiuser detection
methods almost always significantly increase the complexity of the receiver. Further-
more, [13] has shown that the complexity of the optimal multiuser detection method

grows exponentially with the number of users, making it unattractive for practical

implementation. Suboptimal, low complexity multiuser detection methods will be a




key aspect of receiver design in CDMA based systems.

1.3.1 Multiuser Detection in TF-MC-CDMA Systems

Since TF-MC-CDMA systems employ both time and frequency spreading, multiuser
detection will very likely be used in both the time and the frequency domain because
MAT can be present in both domains for reasons discussed previously. An optimal
multiuser detection method (which minimizes the probability of symbol error) would
be overly complex. Linear multiuser detection methods (a class of suboptimal mul-
tiuser detection methods) are attractive due to their simple implementation. The
idea of linear multiuser detection is to compute a set of weights such that using these
weights, the hneai‘ly weighted chip samples at the receiver produce an output that
minimizes a certain criterion such as the MAT (the linear decorrelating detector) or
the mean square error (the linear MMSE detector). For linear multiuser detection,
the challenge is to devise methods that can efficiently compute those weights and at

the same time gives acceptable performance.

1.3.2 Blind Signal Processing Techniques

Non-blind multiuser detection requires the knowledge of the signature waveforms of
all users in the system as well as accurate channel information. In many applications,
the receiver only knows its own signature waveform. This is particularly true in
receivers used in mobile handsets. Furthermore, estimation of channel parameters
usually requires training sequences and/ or pilot symbols both of which represent
overhead. These difficulties motivate the use of blind signal processing techniques
in which [14] first applied to DS-CDMA multiuser detection problems. In TF-MC-
CDMA, the blind multiuser detection problem is, based on only the received signal,

© the desired user’s own time domain spreading signature and its frequency domain




signature, to mitigate MAI in the received signal and perform detection when the

channel is unknown to the receiver.

1.4 Review of Related Works

The original multicarrier CDMA system was first proposed in [6,7]. TF-MC-CDMA
has been proposed more recently, as a means of achieving diversity gains in both the
time and the frequency domain and also greater flexibility and efficiency in resource
utilization. It was shown in [10] that TF-MC-CDMA outperformed single carrier
systems using the RAKE receiver in frequency selective Rayleigh fading channels
when system parameter values are properly matched to channel attributes such. as
coherence bandwidth and the delay spread. The uplink and downlink performances
of TF-MC-CDMA systems in indoor and outdoor wireless channels were investigated
in [15] and it was found that the system performance benefitted from both time and
frequency diversity gains. The presence of MAI is a fundamental limitation in any
CDMA based system and TF-MC-CDMA, unfortunately, suffers the same limitation.
Multiuser detection methods enhance the performance of CDMA based systems by
mitigating MAI. The complexity of multiuser detection methods ranges from the
most complex optimal multiuser detectors to non-linear and linear detectors. The
optimal multiuser detector and a few selection of non-linear and linear multiuser
detectors for DS-CDMA systems were extensively investigated in [13]. Non-blind,
linear multiuser receivers, namely the decorrelation detector and the MMSE detector,
were studied for TF-MC-CDMA in AWGN channels in [16] and [17]; in particular,
it was shown in [17] thﬁt the total supported users in the system can be grouped
using the time domain spreading sequences with users in the same group sharing the
same time domain signature sequence but have different frequency domain signature

sequence. Such a scheme reduces the potentially large joint cross-correlation matrix




into two smaller cross-correlation matrix, one for the time domain and one for the
frequency domain. Complexity reduction is achieved by applying separate time and
frequency domain detection and the authors in [17] have shown that such method gives
comparable performance to the joint time and frequency domain detection. However,
the drawback of methods proposed in [17] is that it requires knowledge of all users’
time and frequency domain signature sequences as well as accurate knowledge of the
noise power.

When the desired user only knows its own time and frequency domain signature
sequences, blind multius_er detectors must be used. This assumption is generally ap-
propriate for receivers used in mobile handsets. Linear blind multiuser receivers are
especially attractive due to their low complexity compared to the optimal multiuser
detector. The constrained minimum output energy detector (CMOE) for DS-CDMA
was investigated in [14] and [18] which demonstrated all linear blind detectors can be
represented in a canonical form and such form facilitated adaptive implementations
which was investigated in [19]. It was shown in [20] that the linear blind multiuser
detector for DS-CDMA can be equivalently formulated using the subspace decompo-
sition by decomposing the data correlation matrix into a signal eigen-subspace and a
noise eigen-subspace. It was further shown in [20] that both the blind decorrelating
detector and the blind MMSE detector can be computed through subspace decom-
position. Many recent works, such as that of [21] and [2.2}, have applied the blind
subspace methods to MC-CDMA and MC-DS-CDMA systems. Subspace methods
have shown considerable promise because the framework allows for adaptive imple-
mentation using existing subspace tracking algorithms [20, 23, 24] and blind joint
channel estimation [22,25].

Subcarrier frequency offsets in mobile channels due to Doppler shifts causes inter-

carrier interference (ICI) in systems using OFDM based transmission [26]. It is shown




in [27} that using a time domain signal é,na,lysis, the ICI in MC-CDMA can be mod-
eled as weighted frequency domain sampling. The effect of Doppler induced ICI in
mobile fading channels has been investigated for 15111'@ OFDM systems in [28] and [26].
The main result is that ICI creates leakage of energy from one subcarrier to another
when subcarriers are no longer orthogonal due to the random -offsets caused by the
Doppler shifts in the channel. In multipath fading channels, each path arriving at
tl}e receiver experiences a different Doppler frequency shift as a result of the random
angle of arrival. Therefore for TF-MC-CDMA, it is in general that due to multipath
propagation and user mobility, the orthogonality of the subcarriers are corrupted as a
result of ICT and at the same time, the orthogonality (if orthongonal codes are used)
of the frequency domain spreading sequences are lost due to the combination of both
multipath fading and ICI. Past research focus has been on mitigating solely the ICI
problem in OFDM systems; this is achieved through ICT cancellation and suppres-
sion techniques [29-31] all of which adds to the complexity of the receiver. In most
downlink applications, the orthogonality of the spreading sequences is critical for high
speed data transfer such as HSDPA for 3G mobile systems. For TF-MC-CDMA to
perform well, the receiver must be able to overcome the two major impairments, MAT

and ICI.

1.5 Thesis Contributions

The objective of this thesis is to propose blind multiuser detection methods for TF-
MC-CDMA in three different propagation environments: (1) the AWGN channel, (2)
the downlink multipath Rayleigh fading channel and (3) the mobile Rayleigh fading
channel with Doppler shift induced ICI. The main contributions of the thesis are

summarized as follows:

e An improved time and frequency domain signature sequence allocation scheme




is proposed. This scheme clarifies the time signature grouping scheme in [17] by
minimizing the number of users within a time domain signature group (and also
the number of users sharing the same frequency domain signature sequence).
Our proposed scheme ensures that all time domain groups have a .minimal num-
ber of users sharing the same time domain signature sequences and thereby
keeping the number of interfering signals in the time and frequency domain to

a minimal.

A new suboptimal decoupling approach to blind linear multiuser detection for
TF-MC-CDMA is proposed. The original linear blind multiuser detection prob-
lem for TF-MC-CDMA can be suboptimally decoupled into two DS-CDMA
multiuser detection problems. This allows for separate blind detection for the
time and frequency domain multiuser detection with each of them being equiv-
alent to a blind multiuser DS-CDMA detection problem. Using the decoupling
strategy, the linear blind multiuser detector for each of the time and frequency
domain problem can be solved using existing linear blind multiuser detection

algorithms for DS-CDMA:

— Direct matrix inversion (DMI) method

— Constrained minimum output energy (CMOE) recursive least squares (RLS)

method
— Blind subspace method using singular value decomﬁosition (SVD)
— Blind subspace method using PASTd adaptive subspace tracking
The performance of each method in AWGN channel is investigated where non-
orthogonal spreading sequences are used. Performance in moderate, moderate

heavy, and full system capacity loads were investigated for each implementation

method.
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e The decoupling method for TF-MC-CDMA blind linear multiuser detection
is extended to detection in slowly fading Rayleigh multipath channel on the
downlink. This is known as the type I blind detector. It is shown that the
CMOE RLS, blind subspace multiuser detection using SVD and adaptive sub-
space tracking using PASTd are all applicable to type I implementation. The
only added complexity comes from the joint blind channel esvtimation. Us- -
ing computer simulations, the performance for type I detector using CMOE
RLS, blind subspace detection using SVD and adaptive subspace tracking us-
ing PASTd algorithm are investigated. A TF-MC-CDMA type II blind detector
is also proposed for the same channel model. Tn contrast to type I detector which
maintains the same parallel architecture as for the AWGN case, the type II de-
tector usés a cascade implementation in which the output of the time domain
detector is fed into the frequency domain detector. Since the time domain sig-
natures remain orthogonal in slowly fading channels, the type II detector is able
to reduce the number of interferers for the frequency domain detection stage by
matched filtering out users that does not share the same time domain signature.
The performance of the blind CMOE RLS algorithm, blind subspace detection
using SVD, and adaptive subspace tracking using PASTd are investigated us-
ing computer sim.ula,tions for the type Il implementation. Simulation results
showed that type II blind detectors provide better performance than type I

blind detectors.

e We further extend TF-MC-CDMA blind multiuser detection to slowly fading
mobile Rayleigh multipath downlink channel with Doppler shift induced ICI.
Our work contributes to the modeling and analysis of Doppler shift induced ICI
in TF-MC-CDMA and showed that the random Doppler induced ICI in a mobile

channel has the effect of destroying the common multiuser-channel property

11




of the downlink channel. As a result, the original TF-MC-CDMA downlink
blind multiuser detection problem becomes a quasi-uplink multiuser detection
problem where the channel now becomes user dependent. We extended the
type II blind multiuser detection methods for slowly fading Rayleigh multipath
downlink channel (without ICI) to the one with Doppler induced ICI. It is shown
that the original method developed for the downlink channel without ICI still
provides very good performance. Computer simulation results confirm that the
blind type Il receiver, implemented using the blind CMOE RLS, blind subspace
using SVD and blind subspace using adaptive subspace tracking with PASTd

give robust performance in mobile channels with Doppler induced ICI.

1.6 Thesis Outline

The roadmap for the rest of the thesis is as follows: Chapter 2 presents the TF-MC-
CDMA transmission system model as well as the channel models used in the thesis.
Chapter 3 discusses blind multiuser detection algorithms for TF-MC-CDMA signal
in AWGN channels when non-orthogonal spreading sequence's are used. Chapter 4
extends the TF-MC-CDMA blind multiuser detection methods proposed in Chapter
3 to slowly fading Rayleigh multipath channels. Chapter 5 further extends the work
of Chapter 4 to blind multiuser detection in mobile Rayleigh multipath channels with
Doppler shift induced ICIL Finally, conclusions and future research directions are

discussed in Chapter 6.
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Chapter 2

Time Frequency Spread
Multicarrier Spread Spectrum

System Model

2.1 Introduction

In this chapter, the TF-MC-CDMA system and channel models are described. The
chaptér is divided into three sections; in Section 2.2, the transmitter model and mod-
ulation for the TF-MC-CDMA system are described and the motivation for the time
frequency spread spectrum system is discussed. The model is the basis for the dis-
cussions of receiver designs in the remaining chapters. Section 2.3 describes the addi-
tive white Gaussian noise (AWGN) channel with multiple access interference (MAI)
and the synchronous downlink multipath Rayleigh fading channel that is used to
assess TF-MC-CDMA system performance in the remaining chapters. For the down-
link Rayleigh multipath fading channel model, four sub-models, namely, frequency

non-selective slowly fading, frequency non-selective fast fading, frequency-selective

slow fading, and frequency-selective fast fading channels are discussed. Section 2.4,
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Figure 2.1: TE-MC-CDMA transmitter model

discusses the demodulation process for TF-MC-CDMA signals. A summary of the

chapter is provided in Section 2.5.

2.2 Transmitter Model

The transmission model considered for the TF spread MC-CDMA system follows that
in [17]. The transmitter can be thought of as /' users transmitting simultaneously and
synchronously. The block diagram for the k' user is shown in Fig. 2.1. It is assumed
that a bit stream, dy[i] € {0,1}, from a binary symmetric source (BSS) is to be sent
for the k¥ user, k € {1,2,..., }. The bit stream is then m;)dulated using binary
phase shift keying (BPSK) into bi[i] € {—1,+ 1}. The BPSK modulated sequence
is passed through a linear time invariant (LTI) filter with a rectangular pulse shape

impulse response of duration 7}, resulting in an output waveform given by 2.1.

o0

bi(t) = Y bili)Pr (t — iT) (2.1)

1=0
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The signal b,(¢) is then mixed with a direct sequence (DS) time domain (TD) code

ap(t) given by 2.2 with spreading gain N and chip duration 7,

N-—1
ae(t) =Y alf)Pr(t - 5T.) (2.2)
J=0
f
where N1, = T} and { ap0] ... ap[N —1] } = a, is the k"™ user time domain

chip sequence. The DS time domain spread signal is replicated over M branches
onto M subcarriers of frequency wy,, {wm;m =1,2,..., M }. In branch m, a,(t)be(t) is
pre-multiplied by a frequency domain chip sequence ¢x|[m)] of duration T,. We further
assume that the set of subcarrier frequencies satisty the orthogonality condition over

the interval T}, given by

e ‘ '
/ exp(j(wmt + dm)) exp(—7(wit + ¢;))dt =0, m #1 (2.3)
Jo
and
T
/ exp(j{wmt + dm)) exp(—7(wit + ¢))dt A0, m =1 (2.4)
Jo

Hence, together with the carrier frequency w,, the transmitted signal s, (¢) for the £**

user is given by the sum of the outputs of all M subcarrier branches, i.e.

sp(t) = \/-?—\—/][3 Z bi(t)ag(t)cr[m] cos {(w, + wm) t} _ (2.5)

m=1

where P is the energy of si(t), i.e.

T,
P:/ s (1) sy (t)dt v (2.6)
Jo

The overall transmitted passhand signal is

s(t) = Z si(t)
AN e
— \/—2\_/7 Z Z bi.(t)ag(t)cx[m] cos {(we + wm) t}

k=1 m=1
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2.2.1 Equivalent Complex Baseband Signal

It is known from [32] and [33] that a transmitted passband signal can be written in

the form
s(t) = V2Re {s.p(t) exp (jwct)} (2.8)

where s, p(t) is the equivalent lowpass complex baseband signal of s(t). Equation 2.7

can be re-written as

s(t) = V2Re {\/:/[ Z Z b (t)ar(t)cr[m] exp {jwmt} exp {7wcf}} (2.9)

k=1 m=1

A comparison of 2.8 and 2.9 shows that

K M
P :
spp(t) =4/ i g E bi(t)ar(t)er|m] exp (Jwmt)

k=1 m=1
M (2.10)
=\/ = i Z b () a (t {Z cplm) exp (jw,,n,t)}
m=1

The term in the curly braces in 2.10 can be realized and implemented using the
IDFT [4] when the subcarrier frequency set {w,,})_, is chosen to have minimum
subcarrier frequency separation and satisfy the orthogonality condition given by 2.3
and 2.4.

To find the minimum possible subcarrier frequency separation, the orthogonality

condition given in 2.3 can be re-written as

7,
/ exp(j(wm — w)t) exp(i(Pm — ¢1))dt =0, m #1 (2.11)
Jo

Equation 2.11 holds if and only if

I,
(Wm — Wl) e

2

=nm, n is any nonzero integer (2.12)

The minimum subcarrier frequency separation is obtained for n = 1 and is equal to

2 . . . o . . . . .
2. If minimum subcarrier frequency spacing is used, the subcarrier frequencies are

16
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Figure 2.2: TPF-MC-CDMA baseband transmitter implementation using IDFT/IFFT

then given by

27m
T.

W = Wo +

m=0,1,..,M—1 (2.13)

where wp is an arbitrary frequency offset. For wy = 0 | the complex baseband signal
sLp(t) can be written as

spp(t) = \E Z b () (1) { S enfm] exp (1 2;t> } (2.14)

m=0

It is shown in [34] that the signal s;p(#) can be reconstructed from samples taken at

a rate of % samples per second, i.e.
[}

nT, [P & iy 2mmn
sppin] = srp <T/[c> =\ 57 Z bray[j] {Z cplm] exp <j i > } (2.15)
k=1

m=0
The term inside the curly braces in 2.15 is an M-point IDFT. Using this fact, the
TEF-MC-CDMA modulation can be efficiently implemented using IFFT if M is chosen

to be a power of 2. This is shown in Fig. 2.2.
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2.2.2 Allocation of Spreadihg Sequences

In TE-MC-CDMA, each user is allocated a pair of signature sequences, one for the
time domain spreading (TDS) and the other for the frequency domain spreading
(FDS). As long as no two users share the same TDS and FDS signature sequence pair,
the system is able to support up to N x M users, where NV and M are the TDS and FDS
spreading gains respectively. In [17], a scheme is proposed that allocates TDS and

FDS sequence pairs by grouping the K users in the system into N groups with each

i

group being represented by one of the N TDS sequences in the set {a;.as,....an
grou] g re| ) : | Jag, ...,

1

where ap = | q[1] ... @[N] } , and with each group supporting at most x = | £ |

users. The users within a group are then separated by the x FDS signatures chosen
T

from the set {ci,ca,...,cpr} where ¢ = [ all] ... aM] .1s the vector that

contains the FDS of the k" user. However, [17] did not specify how to choose the
TDS and FDS signature sequence pairs to minimize MAT in the system. To achieve
minimization of MAIL it is desirable to minimize the number of users sharing the same
TDS signature sequence and the number of users sharing the same FDS signature
sequence. This motivates us to propose a simple, systematic way of allocating the
time and frequency signature sequences that achieves this result. The TDS and FDS
signature sequence pairs can be viewed in an arranged two dimensional array, the TF
sequence matrix, as shown in Fig. 2.3. Using the TF sequence matrix, each user is
assigned a pair of TDS/FDS sequences according to the following rule.

In the first case, suppose the number of available TDS sequence N is equal to
the number of available FDS sequence M. Therefore, the TF sequence matrix is a

square matrix of size N by N (or M by M). Then,

1. The pairs along the main diagonal of the TF-sequence matrix are assigned first

sequentially going from left to right.

2. Once the main diagonal pairs are used up, this means that the last main diagonal
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Figure 2.3: TF spreading sequence matrix

pair belonging to the last column has just been assigned. The next pair is
selected from the first column. From the first column, let Rt — 1] be the
row number of the last signature sequence pair assigned from the first column.
Then, the row number of the next pair assigned is computed as ((R[i — 1] + N)

mod M)+ 1.

The following pair to be assigned will come from the next column to the right
of the column number of the last assigned pair. If the last column is reached,
the next column will be again the first column. We again use the row number of
the last pair assigned from the current column of consideration to compute the

row number of the next pair assigned using the same method as the previous

step.




4. This process is continued until all pairs have been used up

For the case when the number of available TDS sequence N is not equal to
the number of available FDS sequence M, without loss of generality, suppose that
N < M, and hence a long rectangular TF sequence matrix with N columns and M

rows(this is because we can always switch TDS and FDS labels), then

1. The pairs along the main diagonal of the TF-sequence matrix are assigned first

sequentially going from left to right.

2. Once the main diagonal pairs are used up, this means that the last main diagonal
pair belonging to the last column has just been assigned. The next pair is
selected from the first column. From the first column, let R} — 1] be the
row number of the last signature sequence pair assigned from the first column.
Then, the row number of the next pair assigned is computed as (R[i — 1] + N)
mod M. Therefore, the next assigned pair is located on column 1 and row
(R[i — 1] + N) mod M. Note that the modulo operation gives row numbers
going from 0, ..., M — 1. Since the row number in the T F—seﬁuence matrix goes
from 1,..., M, this means that a computed 0 row actually corresponds to the

M row.

3. The following pair to be assigned will come from the next column to the right
of the column number of the last assigned pair. If the last column is reached,
the next column will be again the first column. We again use the row number of
“the last pair assigned from the current column of consideration to compute the
row number of the next pair assigned using the same method as the previous

step.

4. This is continued until all pairs in the TF-sequence matrix are assigned.




It was shown in [16,17] that if the n'* time group (i.e. the group of users with
the same time domain signature sequence) contains x, users, then, the passband

transmitted signal in 2.7 can be equivalently re-written as

P N xo M
=\ ZZZ()M Jan (t)cxm] cos {(we + win) T} (2.16)

n=1 k=1 m=1

The equivalent complex baseband signal can also be re-written as

N Xn M
spp(t) =/ — I Z Z Z b (t)an(t)ce[m] exp (Jwmt) (2.17)

n=1 k=1 m=1

2.3 Channel Models

In this section, the éhannel models to be used for the performance analysis of TF-
MC-CDMA are reviewed. In particular, two channel models are presented: (1) the
AWGN channel and (2) the downlink multipath Rayleigh fading channel. For the
latter, four types of fading are considered (based on different channel characteristics)

from the wide sense stationary uncorrelated scattering (WSSUS) channel model.

2.3.1 AWGN Channel
The non-fading channel for TF-MC-CDMA is modeled as

r(t) = s(t) + n(t) (2.18)

where n(t) is a WGN process with double sided power spectral density equal to &2 and
r(t) is the received signal. When non-orthogonal spreading sequences are used for the
TD and FD, the severity of the MAI is determined by the pairwise cross correlations
of the TDS sequences {p;;;4,7 = 1,2,..., K}, and also the pairwise cross correlation

of the frequency-domain spreading sequences {f;;;4,7 = 1,2, ..., '}, where

N

pij = % 2 win]as[n]
i (2.19)
By =35 L cilmle[m]
'm=0
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In [16] and [17], the authors investigated the performance of non-blind TF-MC-CDMA
multiuser detection using this channel model and M-sequences was used for both the

TDS and FDS signature sequences.

2.3.2 Downlink Multipath Rayleigh Fading Channel

The multipath Rayleigh fading channel is modeled as a tapped-delay line linear time
varying (LTV) filter [35,36]. This model is motivated by the fact that copies of
the original signal arrive at the receiver with different delays and complex attenua-
tions. Following the analysis given in [33] and [1], the statistical properties of the
multipath Rayleigh fading channel can be described by the autocorrelation function
Rpp(t,t',7,7") of the LTV channel impulse respbnse h(t, ), where ¢ is the time vari-

able and 7 is the delay variable

Ryt 4, 7, 7"y = E{h*(t,7)h(t',7")} (2.20)

The wide sense stationary (WSS) assumption states that the autocorrelation function

- depends only on the difference of the variables ¢ and ¢, i.e.
R/,,h(t,t + At, T, T/) = th(At,T, 7'/) (221)

where At = |t —1/].

In the frequency domain (i.e. the Fourier transfqrm of the ¢ variable), WSS
means that contributions from different Doppler frequencies of the channel are uncor-
related. For Gaussian process, WSS directly implies strict sense stationarity which
is equivalent to stating that the statistics of the channel does not change with time.
The uncorrelatedvscattering (US) assumption states that the statistics of the different

delays are uncorrelated, i.e.

Run(t. ', 7,7") = Pun(t, ', 7)6(m — ') (2.22)




where Py, (t,t',7) is called the delay cross power spectral density function. Equiv-
alently, in a multipath fading chamnel, the US assumption states that paths with
different delays are uncorrelated and that any path does not provide any information
on another path.

The tapped delay line (TDL) model is a popular model because it satisfies the
assumptions of the WSSUS channel [1]. Using the TDL channel model, the continuous
time LTV channel impulse response of a multipath fading channel with L resolvable

propagation paths is given by

L—1

hit,7) =Y q(t)d (r—7) » (2.23)

=0

where ¢,(t), 7, represent the complex path gains and the delay of the [** path. The
time correlation of the complex path gains of the [** path is given by their corre-
sponding Doppler spectrum. To use the TDL model in computer simulation when
doing analysis, the path delays must be converted or rounded to an integer multiple
of the sampling time. Hence, in discrete computer simulation with sampling time 7,

the tapped delay line model channel response is

ht7) = 3 ) (r = IT3) (224)
(=0

where L' is the length of the channel impulse response in units of 7.
The Doppler spectrum in Rayleigh fading is obtained as following the derivation
given in [1]. Suppose the mobile station is moving at speed v and the " path arrives

in an incident angle 6, then it experiences a Doppler shift given by
v _
v = T cos (0) = fycos(0) (2.25)

where fy denotes the maximum Doppler shift and is equal to LCC—“ It is further assumed

that the arrival incident angle is uniformly distributed, i.e.

|~

pe(0) = 6 e (—n,+n] | (2.

[N]
(]
(@
S
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D

23




Using 2.25 and 2.26 and doing a transformation of variables yields the probability

density function for the Doppler shift »

- 2.27
fa |sin (0)] i1 ( j )2 (2.27)
Jd —\7

Assuming that an ideal isotropic antenna is used and received power is uniformly

1 1 1
Pu (U) = 77_

distributed over all incident angles, hence the Doppler power spectral density, or the
Doppler spectrum is given by

2
Oy,

i 2
W.fd 1- (%)

where a,% is the mean received power. The autocorrelation function is obtained by

Bp(v) = (2.28)

taking the inverse Fourier transform of the Doppler power spectral density,
G (At) = apJo(2m f4AL) (2.29)
In Rayleigh fading, the gain on the path [, g;, is assumed to be zero mean complex

Gaussian with variance o7. Using this assumption, the envelope or the amplitude

magnitude has Rayleigh distribution given by the PDF
p(r) = Zexp (-5

h
=/ 919/

From the above discussion on Rayleigh multipath fading channel, four types of

(2.30)

fading can be distinguished. The root mean square (RMS) delay spread measures
the time dispersive nature of the channel. This is can be computed directly from the
power delay profile. In practice, the delay of the first arrival path is set to zero and
the delay of all other paths that arrives at the receiver later are all measured relative

to the first path. The RMS delay spread is given by

S o2{l)(r — )

Trms = =l (231)




where o7[l] is the mean received power of path [ and 7; is the delay of path /. One

can also define the coherence bandwidth Be being proportional to the inverse of the

RMS delay spread

1

Be ~ (2.32)

T’I"ITI/S
Then, with respect to the symbol period Ty (and system bandwidth By = [is) two
types of fading are differentiated. If Ty, >> 7.5 or equivalently By << B¢, then the
channel is a flat fading channel or a frequency non-selective channel. If Ts << Ty o
equivalently By >> B, then the channel is a frequency selective channel. A flat fading
channel is non-dispersive and only scales the fransmitted signal by a complex gain.
A frequency selective channel is dispersive and this dispersion induces intersymbol
interference (ISI)
"The Doppler spread or Doppler bandwidth Bp is defined as the range of frequen-
cies over which the Doppler spectrum is non-zero. In Rayleigh fading, the Doppler

bandwidth is approximately equal to the maximum Doppler shift

vfe

C

Bp =~ f4= (2-33)

The coherence time T can be defined as being proportional to the inverse of the

Doppler bandwidth
To ~ — (2.34)

With respect to the symbol period, one can differentiate .two other types of fading.
I Ty << T¢ or equivalently By >> Bp, then the channel is a slowly fading channel.
If T, >> T¢ or equivalently B, << Bp, then the channel is a fast fading channel. In
a slowly fading channel, the channel does not change much or can be assumed static
over a symbol period or several symbol periods. In fast fading, the channel changes

within a symbol period. Table 2.1 summarizes the four types of fading model.



CHANNEL TYPE CONDITIONS

frequency non-selective, slowly fading | T >> Trms, Bs << B¢

: T, << T¢c, B >> Bp
frequency selective, slowly fading Ts << Tyms, Bs >> Be
T, << T¢, Bs >> Bp
frequency non-selective, fast fading | Ts >> Toms, Bs << Bg
T, >>1Tc, Bs << Bp
frequency selective, fast fading Ty << Tpms, Bs >> Bc
T, >>Te, By << Bp

Table 2.1: Summary of channel fading models in mobile wireless channels

2.3.3 Cyclic Prefix Insertion and Removal of Block ISI

In using OFDM based transmission, implementation using the IDFT and DEFT mod-
ulation and demodulation requires the insertion of cyclic prefix. This is crucial to the
performance in frequency selective channels for any system that uses OFDM based
transmission including TF-MC-CDMA. Without loss of generality, let us assume our
channel is frequency selective and that the equivalent discrete time channel (after
sampling our signal) has L taps, then it can be written as a discrete time varying

finite impulse response (FIR) filter

L—1"
Wik, n = alklo[n — 1] (2.35)
=0

Then, the received OFDM block consisting of M transmitted symbols then will
experience block IST with the previous OFDM block with L overlapping symbols. The
problem with block ISI is that the output, which is obtained by linear convolution
with the channel impulse response, has a different value than the circular convolution
between the signal and the channel impulse response. In OFDM implementation using
IDFT and DFT, the circular convolution operation in the time domain is equivalent
to multiplication operation in the frequency domain [37,38]. Ideally, we would:like
to have the circular convolution operation have the same output as the true linear

convolution. To avoid block ISI and have circular convolution and linear convolution
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Figure 2.4: Cyclic Prefix Insertion

to produce the same output, a prefix is inserted consisting of the L — 1 cyclically
rotated symbols to our original OFDM data block as shown in Fig. 2.4.

Note that we can also achieve the same result by zero padding instead of adding
cyclic prefix. By using the cyclic prefix, we can write the output as the circular
convolution of the input signal and the channel impulse response. Denoting d as our

T
original OFDM data block, h = { Go - Gr—1 } as the channel impulse response,

then we have

y=dxh
: (2.36)
DFTM {y} = DFTM {d * h} = DFTM {d} o) DFT/\,[ {h}

where o denotes element by element multiplication and DFT), denotes the M-point
DFT. From the above, one can define an equivalent frequency domain transfer func-

tion H of the channel impulse response h

M . L1 . ’
—j2wml ' —j2mml
H=DFTy{h} =) g exD( Jomm ) =5 gexp <ﬂ) M > L(2.37)

=0

M M

=0
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Figure 2.5: Passband Demodulator

2.4 TF-MC-CDMA Demodulation

In this section, the demodulator used for demodulating TF-spread MC-CDMA sig-
nal is discussed. The purpose of the demodulator is to extract the set of sufficient
stabistics from the observation data with no loss of information. The set of sufficient
statistics at the output will be used for detection processing. In particular, we will
discuss two equivalent demodulation process: (1) Bandpass model demodulation and

(2) complex baseband model demodulation.

2.4.1 Passband Model Demodulation

The system block diagram of the demodulator is shown in Fig. 2.5. From the demod-

ulator system block diagram, the received signal (signal plus noise) coming from the



demodulator output at the n"* time domain chip of the I** subcairier is given by

nie
AU / r(t)Pr,(t — nTy) cos(wt)dt (2.38)
(

J(n=1)Ts

The noise component, specifically, of the output of the n* time domain chip epoch

of the I subcarrier is given by

T
N® = / n(t) Pr,(t — nT,) cos(wit)dt (2.39)
(

J(n—=1)T¢
The statistical properties of the noise term N,S,) are straight forward to derive using

the AWGN properties of the noise process 77,('75);

E{NOY = E{/(f n () Pr(t — T)cos(wlf)(lf}

J(n—1)Te

T
:./ E{n(t)}Pr,(t — nT.) cos(wt)dt (2.40)
(

S =0T
=0

Furthermore, we have
nie
E{l\/([ _[\T ™) / / E{'I’I )17,( )}PT( )P'] ( TC)X

(n—1)T, /(5—-1)1

x cos(wit) cos(wp,T)dtdT
nT, ITe

/ / —(5 t — T)Pr(t — nT,)Pp (T — 7T,)

(n—=1)7

X cos(wit) cos(wy, T )dth
niy, 716

- / / )bt Pry(t ~ 0T) Pr (7 — T

- (n—1)T, .

X cos(wt) cos(w,,7)dtdr

N, X nle
= '._O(Snj Ol / COS2 (w[t)dt
2 J(n—1)T,

]\()T
- 2 9 n/()m/
(2.41)

Hence, at the output of the demodulator, we accumulate N time domain chips

from each of M carriers for a total of M N buffered chips per transmitted symbol.

29




2.4.2 Equivalent Complex Baseband Model Demodulation

The demodulation for the equivalent baseband model implemented using IDFT mod-
ulation is accomplished using the inverse operation - the DFT. Applying the M point

IDFT to the sampled received signal given in 2.15,

M—1 .
—j2rm'n
DFTy {spp[n]} = \//\_ Z sppln]exp <$> (2.42)

Expanding and applying the orthogonality principle yields

1 =P i 27mn
. L& b
DFTy {sppln} = _/\/ E < 1Y g_l biau; {7;7:0 ck[m] exp <J M > }) X
(= 2 mm'n
X exp | —

B AR ) “ j2m (m—m')n
=7 Z Z ki e[ Z exp i

k=1 m=0 n=0
K M-1
= ,\/[ Z Z bkak}C;‘ I?) ]\[5,7”77
k=1 m=0
K
=P Z by cr[m/]
k=1
(2.43)
The sampled complex lowpass noise process is given by
, nT,
W{m] = DFTy {w { i } } = DF Ty {w[n]}
= (2.44)
Z w[n] exp —J2mmn
\/ M = M
The statistical properties of the complex baseband sampled noise process are
i 12mmn
E{W mj} = Z E{w[n]}exp —r
M
n=0 (245)

=0
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Figure 2.6: Complex Baseband Modulator and Demodulator
M—1M-—1 . A
97rmn —72mn/l
E{Wm|W[l]} = Z Z E {w[n)wn]} exp J exp [ — 2t
M M
n=0 n'=
= j\/vO(Sml
(2.46)

Fig. 2.6 summarizes the complex baseband modulation and demodulation.

2.5 Summary

In this chapter, the main principles of TF-MC-CDMA transmission and modulation
are presented. The unique feature of TF-MC-CDMA is the realization of using two
signature sequences for multiple access: one in the time domain (DS-CDMA), and
the other in the frequency domain (MC-CDMA). We have also provided an efficient
TDS and FDS sequence pair allocation scheme that minimizes the number of inter-
ferers in the each time domain group (and also for each frequency domain group).
Furthermore, the characteristics and assumptions of the commol.lly used multipath

fading channel model are reviewed. Finally, the demodulation for TF-MC-CDMA is
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presented.




Chapter 3

Blind Multiuser Detection for a

TF-MC-CDMA Signal in AWGN

3.1 Introduction

In this chapter, blind multiuser detection methods for TF-MC-CDMA systems in
AWGN are described. The results of this chapter build on the work in [16,17] which
uses separate time and frequency linear multiuser detection by using the decorrela-
tion detector and the MMSE detector when the receiver has perfect knowledge of
the signature sequences of all users in the system as well as the noise power of the
channel. Furthermore, the decorrelation detector and the MMSE detector considered
are implemented using matrix inversion. It is shown in [17] that by using a two stage
detection scheme, one for the time-domain spreading and the other for the frequency
domain spreading, the size of the matrix to be inverted in order to compute the mul-
tiuser detector weights can be reduced. The motivation for the work in this chapter
is to extend the two stage non-blind linear multiuser detection proposed by [17] to
a fully blind approach. To make a valid comparison between the our results and

those in [16,17], the work presented in this chapter retains the same transmission

i
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and channel model (AWGN) as those in [16,17], but our work focuses on blind signal
processing techniques which do not require the receiver knowledge of the signature
sequences of other users or the noise power. Furthermore, we also investigate into
more Computatiohally appealing adaptive multiuser detection methods.

The roadmap for this chapter is as follows: Section 3.2 describes the linear mul-
tiuse; detection problem formulation for TF-MC-CDMA. Section 3.3 discusses the
algoritinns for TE-MC-CDMA blind multiuser detection. Section 3.4 provides a dis-
cussion of the performance measures and evaluations for blind multiuser detection
methods for TF-MC-CDMA. Section 3.5 presents computer simulation results of the

blind multiuser detection algorithms presented in this chapter. Finally, a summary

of the chapter is provided in Section 3.6.

3.2 Linear Multiuser Detection for TF-MC-CDMA

The purpose of using multiuser detection in TF-MC-CDMA is to mitigate the MAI
in both the TD and FD and hence provide a better performance than that of con-
ventional single user matched filter detection. It was shown in [17] that the exact bit
error rate performimce of the TF-MC-CDMA single user matched filter detector in
AWGN channel is given by

. 1 12F),

boe{—1.+1}  bxe{-1,+1}

K
1 - Z b/cﬂucﬁuc} ) (3.1)
k=2

where, without loss of generality, it is assumed that the desired user is user 1. It
is shown by computer simulation in [16] and [17] that the non-zero cross correlation
{ plk,}f:.z and {3 k}z\zg of the time and frequency domain signature sequences of the
desired user and the other users cause the matched filter receiver performance to have
a relatively high bit ervor rate (BER) floor.

Proceeding from the passband demodulated signal given by 2.38, the discrete
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Lh th

signal output of the n'* sampled time chip from the m'* subcarrier stream of the

TF-MC-CDMA passhand demodulator in AWGN channel is given by
Zm = gm) LNy =1 Nym=1,.., M (3.2)

where

K
m 2P T,
Som —  / MEC Z brag[n]ci[m] (3.3)
k=1

and it was shown in 2.40 and 2.41 that NT(;") is a zero-mean Gaussian random vari-

N . 7 3 N . . .
able with covariance ’\70%5,,1]40,,,,1. After demodulation, the observation data for one

information symbol is collected in the N by M matrix Z where the elements of Z are

given by
Zaom =2 n=1.Nm=1,.,M (3.4)

Based only on the observation data and the knowledge of user 1's TD and FD
signature sequence pair, our goal is to compute two sets of multiuser detection coef-
ficients (one for the TD, one for the FD) such that the mean square error (MSE) is

minimized. Mathematically, this is stated as

(Wi, wi) = arg min  E {HAI)l - (w{"Z)*waQ} » (3.5)

W(,_G(CN %1 ,WfGCAl/Xl

2P T,

where A = /555

is the energy of user one (other users also have the same energy).
The optimal linear MMSE detector for TF-MC-CDMA is given by the solution

to the optimization problem given in 3.5.

3.3 Adaptive Blind Multiuser Detection for TF-

MC-CDMA

In order to find a solution for 3.5, one must simultaneously solve for the time domain

and frequency domain detector coefficients. This is generally a computationally com-
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plex problem. This motivates us to propose an intuitive albeit suboptimal approach
by decoupling the joint optimization problem into two separate optimization prob-
lems, one for the blind TD MUD and one for the blind FD MUD. To do this, we first
note that if one considers one particular subcarrier stream m, then this corresponds

to m* column of the observation matrix Z, z(™

Ssm,) ]\ffm)
(m) N, (m)
2™ = > + 17 | =st™ 4t (3.6) -
I S[(\‘I,n,) | I ]\fji;n) |

Substituting 3.3 into 3.6 yields

I
[2PT. |
2 =2 W?(bkc;ﬂ[ml)ak+n( : (3.7)

where a; = | ar[l] ... ax[N])]T s the time domain spreading chip sequence of
user k and n® is a zero mean Gaussian random vector with covariance %%INX N
It might be noted that 3.7 is equivalent to a multiuser signal model in DS-CDMA
in AWGN channel. The synchronous DS-CDMA signal model has the form {13, 39)
ri] = [Z\ AByli)sy + wli] where Ay, Byli], s, are the received amplitude, the 7
k=1

transmitted symbol and signature sequence of the k' user respectively and wli] is a
zero mean complex Gaussian random vector. If one denotes byci[m] as By, then 3.7
can be interpreted as a DS-CDMA multiuser signal.

Similarly, considering the n** time chip epoch, one would get the n'* row of the

matrix Z and get the equations of the same form as 3.6

EANER
s NP -
z,‘,"ly = + = sz + n,,JL ‘ (3.8)
s ] L N
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Figure 3.1: TF-MC-CDMA Multiuser Detector Architecture

Again, combining with 3.3 we obtain

W {)P T
g =" (b.a. . r S
z, ; V37 2 (brar[n]) ek + 0y, (3.9)

where n’ is a zero mean Gaussian random vector with covariance -511—,_)-1 Mx - Denot-
ing byag[n] as By, then 3.9 can also be interpreted as a DS-CDMA multiuser signal.
This result is significant because the joint TF-MC-CDMA blind multiuser detection
problem is now split into two separate DS-CDMA blind MMSE multiuser detection
problem and they can be simultaneously procéssed in parallel. Furthermore, because
blind linear MMSE multisuer detection in DS-CDMA has been extensively studied,
many techniques developed in past literatures can be applied. From 3.5 and 3.7, the
optimization problem in 3.5 is decoupled into two DS-CDMA blind LMMSE multiuser

detection problems, namely

w; = argmin £ {HA (brcrm)) — wlztm
wi  eCN X1

)
')

The block diagram for a detector for the decoupled problem is shown in Fig. 3.1. In

(3.10)

wi = argmin £ {HA bpag[n]) — Wz,

W e({x\lxl

Fig. 3.1, the slicer (the right most block in the diagram) threshold is set to zero.
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It should be noted here that the decoupled DS-CDMA optimization problems
in 3.10 can be modified, by considering both the received signal and its complex
- conjugate, to the Widely Linear (W Lj formulation which was shown in [40] to improve
contemporary linear MMSE processing. However, in this thesis, although we only
limit the analysis to linear MMSE processing, the application of the WL MMSE
processing to the decoupling technique presented here is straight forward. Three
different methods are now considered for solving the decoupled blind linear MMSE
multiuser detection problem: direct matrix inversion (DMI), recursive least squares

(RLS) and the blind subspace detection.

3.3.1 Direct Matrix Inversion (DMI) Method

The direct matrix inversion method (DMI) for blind detection of DS-CDMA multiuser
signals was discussed in [39]. The direct matrix inversion method involves computing
the inverse of the data correlation matrix of the received signal. Using the analysis of
the DMI method for DS-CDMA blind detection in [39], 3.10 can be re-written as 3.11

by expanding

Wi = argmin [wg-fE {z("”') (20) "’} w; — 2wl Re { A"E {20 (bye[m))} }]

weeerme ; (3.11)
Wi = argmin [wf’E {zf (z1) }Wf — 2wl Re {A*E {z] (bax [n])}}}
wfe(chl
Setting the derivatives with respect to w, and w; in 3.11 to zero yields
2C,wi —2|AlPa, =0
(3.12)
2C;wi —2]A ¢y =0
since
E Z(m) (bk,Ck [777,]) = Aak
{ } (3.13)

E {27 (byax[n]) } = Acy,
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Defining

C[, =F {Z(m) (Z(m))H}

N (3.14)
C; = £{al (z1)"}
the detector coefficients for user one are then given by
wi = |A’C/la
= 1
' ' (3.15)

* 2 ~—1
The matrices C, and C; can be estimated through their corresponding sample cor-
relations from the received signal either through block sampling averaging or adap-

tively /recursively updated using a forgetting factor as in

Culp,m] = \Cilp, m — 1] + (20 [p]) (2™ [p])¥
At[ ] A il ]+ (2" [p)(z"™ [p]) (3.16)
Cylp,n] = AClp.n — 1] + (z,[p]") (2, [p)")H

~

where A is the forgetting factor, C,[p, m] is the update of the time domain sample

correlation matrix for the m‘"

subcarrier stream, {m :m =1,2,..., M}, during the
P transmitted bit, {p:p=10,1,2,..}, and Cf[yp, n] is the update of the frequency
domain sample correlation matrix for the n'* time chip epoch, {n:n=1,2,.., N}
during the p** transmitted bit. It can be noted that Ct[p., 0] is equivalent to CL[y) -
1, M] and similarly Cf [p, 0] is equivalent to Cf [p—1,N].

Note that the received power A only affects wi and w} through positive scaling.
The decision of the estimated information bit is unaffected because using BPSK,
the decision is computed as 131[])] = sgn (Re { (w;" Z)*W‘;}) and is unaffected by
positive scaling of the parameters wj and w}. Therefore, estimation of the received
power is not needed for detection. Furthermore, the detector coefficients need not
be computed every symbol time. In practice, for non-fading channels, the sample

correlation matrices for both the time and frequency domain reaches convergence

after a relatively few data symbols and re-computing the detector coefficients from the
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// Blind TF-MC-CDMA DMI Receiver in AWGN
In the p'* symbol, input matrix Z[p]
for(m=1,2,.... M)
update Cylp, m] = ACy[p, m — 1] + (20 [p)) (20 [p])
end for
for(n=1,2,....N) ,
update Crp, n] = ACs[p,n — 1] + (2, [p)]7) (zn[p])"
end for
Compute Detectors

w; =Cjlay
W} = CILCL
Perform detection
bi[p] = sgn (Re { (wi¥Z)" wi})

Table 3.1: Blind TF-MC-CDMA DMI Receiver Algorithm

updates of the sample correlation matrices further beyond that point does little change
to the performance of the detector. For fading channels, periodic re-computation of
the detector coefficients are necessary due to the time varying nature of the channel.
The period between update would depend on the coherence time of the fading channel.

The DMI algorithm is summarized in Table 3.1.

3.3.2 CMOE Recursive Least Squares (RLS) Method

The main drawback of the DMI method is the need for inverting the sample correlation
matrices C, and Cf. To avoid computing matrix inversions, the method of recursive
least squares (RLS) can be used. The RLS method is based on solving constrained
minimum output energy (MOE)/CMOE detector for blind multiuser detection in DS-
CDMA first proposed in [14]. Tt is shown in [13] that the DS-CDMA CMOE detector
and the blind linear MMSE detector optimization problems give solutions that differ
only by a positive scaling constant. Therefore, minimizing the MOE is equivalent
to minimizing the MSE. It is later shown in [18] that the CMOE detector can be

generalized to problems that have more than one user signature code constraint.
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Using the analysis given in [39], the CMOE alternative representation of the TF-MC-

CDMA MMSE decoupled optimization problem in 3.10 is given by

. ) 112
w; = argmin £ { wa{z(m)H } , wha; =1
w,eCNx1

(3.17)

— aremi H,T
W; = argmin E{wa z,

2 3
} s W;[C1 =1
wfe(CA\le

Based on the CMOE constrained optimization problem above, the RLS algorithm
computes the. detector weights according to the minimization of the sum of exponen-
tially weighted mean-square output with a forgetting factor [39)
Ip) _ 5
wi = argmin Y. AP HWLHZ(m)H , wia; =1

W[E(CNXI m=0

* . ¢ il=i || H T2 H (318)
Wi = alg’g}?} HX:O)\ wa z, H , wrep =1 :

The first summation in 3.18 states that the sum is over all subcarrier stream going
from the zeroth subcarrier stream from the zeroth transmitted symbol to the [*

th

subcarrier stream of the p™* symbol. Similarly, the second summation in 4.15 states

that the sum is over all time chips going from the zeroth time chip from the zeroth

transmitted symbol to the ¢ chip of the p**

symbol.
The solution to the optimization problem in 3.18 (up to a real positive scaling

constant) has a similar form to the DMI method

w* = C;'a
e (3.19)
W; = C;]C1

where again,

C, p,m| = /\C, P, M — 1] + Z(m)z(m)H
e ] o (3.20)
Cf[pa ’I’L] = /\ij[p7 n — 1] + Z;{,‘(Z;I},‘)H

To compute the detector, the RLS algorithm avoids computing the inverse of the

correlation directly by using the matrix inversion lemma [39] to recursively estimate
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// Blind TF-MC-CDMA CMOE RLS Receiver in AWGN
Initialization:

‘I)/,[O; 0] = Iyun, ‘1"[[0, 0] = Lyxnr
In the p'* symbol, input matrix Z[p)
for(m =1,2,..., M)

Compute Kalman Gain:

A1, [p,m—1]20™ [p]

LA 120 [p]H &, [p,m—1]z{")[p]
Compute Update:

D, [p,m] =\ <<I>f[p, m — 1] — ky (2™ [p])” D, [p, m — 1])
end for
for(n=1,2,...,N)
Compute Kalman Gain:
A [pn—1zn [p]”
1A~ (20 7))@ f[pn—TJzalp]”
Compute Update:
®ylp,n) = A7 (@4fp,n — 1) = ks (2ap]")" @slp,n — 1))
end for
Compute Detectors
w; = ®,a,
wi = ®rcy
Perform detection
by [p] = sgn (Re { (W}f”Z)* wil)

k[p,m] =

K, [p.n] =

Table 3.2: Blind CMOE RLS Receiver Algorithm

the matrix inverse. Letting ®,[j] =~ C,[j]™* and ®¢[j] ~ C;[j]™', the matrix inversion

lemma gives
g -1 r . A_Qq)t,[j—l]Z(nl)Z(m)H@t[j—l]
QI[Y] - /\ (T)[[} - 1] - 1+/\—1z(m)H(I)L[j_']‘]Z(m)

- - ; AT li=1]z) ()" & [
Blj) = A1, [ - 1) - e 2

(3.21)

where j is the iteration index.

The RLS algorithm has a much faster convergence than the least mean squares
(LMS) method using gradient descent method and is therefore less sensitive to the
choice of initial values [39]. The TF-MC-CDMA blind MOE RLS multiuser detection

algorithm is summarized in Table 3.2.




3.3.3 Blind Subspace-Based Method

The method of subspace blind multiuser detection for DS-CDMA was first proposed
in [20]. The idea is to decompose the autocorrelation matrix into a signal subspace and
a noise subspace through eigendecomposition. To see this, we consider the decoupled
multiuser detection problem for the time domain (the exact analysis holds for the

frequency domain multiuser detection problem)
C,, =F {Z(I') (Z([))H} = St lAlz St” -+ O{?II\’XN (322)

where

S/, = [a] ]ag\...|auv[]

2 N

Oy =

<
=l
(]
o

(3.23)

ol
l\Jl

|A|* = diag(AT, ..., A7)
and U, represents the number of linearly independent TDS signature sequence used in
the system, and A; represents the superposition of the amplitudes of all users that uses
the TDS signatured, 7 = 1, ..., U,. It is assumed that the spreading signature sequences
in the time and frequency domain form linearly independent sets. This is usually
not a problem in practical applications because fhe transmitter and receiver can be
coordinated to use sequence sets that are linearly independent. On average, the effect
of the channel does not affect the linear independence of the sequence sets. Assuming
this condition is satisfied, then the eigendecomposition of the autocorrelation matrix

can be written as

C, = UVAVUPY + stulul”
‘ - (3.24)
Ag") = diag </\§[’), /\gt))

Ut
where {/\Z(-{’)} are the U, largest eigenvalues of C, in descending order, the N hy U,
i=1

. t . . . .
matrix Ug) contains the corresponding U, eigenvectors as its columns and the N by

t . . . .
N —-U, UY contains the N — U, eigenvectors corresponding to the eigenvalue 7.
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The blind LMMSE detector is obtained by substituting the subspace decompo-

sition of C; into 3.19, i.e.

wi=C/'a; = (Ugt)/\gn)UgL)H + O-LQU'EI,L)U’EIL)I-])—lal
= UVAM) U, + ;‘—?-Uﬁ,t)US)Ha] (3.25)

where the last equality holds since the eigenvectors contained in the matrix Ug) span
the signal subspace which means that the vector a; can be expressed as a linearly

combination of the eigenvectors in the matrix UY and therefore
(UNHa, =0 (3.26)

Using a similar analysis for the FD case in the decoupled multiuser detection problem
yields

wi = U (AU, (3.27)

Hence, the blind LMMSE detector for both the FD and TD detection can be computed
once U,(g[')7 Aé”, U,(gf ), and Ai’f ) are estimated. Two methods are shown in [20] and
[39] to estimate the subspace parameters, namely, singular value décomposition and

adaptive subspace tracking using PASTd algorithm.

Singular Value Decomposition

The subspace parameters can be tracked by applying the singular value decomposi-
tion of the sample data matrix, or equivalently, the eigenvalue decomposition of the
sample correlation matrix. The sample correlation matrix can be obtained through
block sampling averaging or recursively updating using an exponentially weighted
window with a forgetting factor as in 3.20. As in the DMI méthod, the subspace
parameters need not be computed every symbol duration. In practice, for non-fading

channels, the sample correlation matrices for both the time and frequency domain
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// Blind TF-MC-CDMA Subspace (SVD) Receiver in AWGN
In the pth symbol, input matrix Z[p]
for(m=1,2,..., M)
Compute Update:
C,lp,m) = ACy[p,m — 1] + (2 [p]) (" [p)) "
end for
for(n=1,2,....N)
Compute Update:
&ylp, 1] = AClp,n— 1]+ (gl zalp)T)
end for

Apply Eigenvalue decomposition to C, and Cy
| to get eigenvectors and eigenvalues:

L A Uy c Ve . Us
{ug )};,:1 ’ {ugf)}j:]. ’ {)\5 )}_7':1 ’ {/\'gf)}jzl
Compute Detectors
wr = ng,)(AgL)>_1ﬁgt)1-1al
W} — fj'(sf)(Ag/))—lfjt(gf)f‘fcl
Perform detection
bilp] = sen (Re { (w;"2Z)" w7 })

Table 3.3: Blind Subspace SVD Receiver Algorithm

reaches convergence after a relatively few data symbols and re-computing the sub-
space matrices and detector coefficients from the updated sample correlation matrices
further beyond that point does little improvement to the performance of the detector.
For fading channels, periodic re-computation of the detector coefficients are necessary
due to the time varying nature of the channel. The period between update would de-
pend on the coherence time of the fading channel. The TF-MC-CDMA blind subspace

algorithm using SVD is summarized in Table 3.3.

Adaptive Subspace Tracking Using PASTd

A computationally more attractive algorithm for estimating the subspace parame-
ters is adaptive subspace tracking. In addition to its computational advantage, it is
adaptable to changes in channel conditions even when the channel is time varying

and thus more robust in practical applications. The PASTd algorithm was first pro-
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posed by [22] and first applied to DS-CDMA systems by Wang [30]. The concept of
adaptive subspace tracking can be summarized as follows [22] [24]. We consider the

optimization problem of the scalar function
J(W) =E { [xfi] — WW i HQ} (3.28)

where r[i] is a noisy observation vector with correlation matrix given by C, =
E{r[r[]"} and W € C¥*4 ¢ < N. There are two important properties of this

optimization problem:

1. W is a stationary point (the point where the gradient is zero) of J(W) if and
only it W can be factored as W = U, Q where U, is a N by ¢ matrix that

contains any ¢ distinct eigenvectors of C,., and Q is any ¢ by ¢ unitary matrix.

2. All stationary points of J(W) are saddle points only except the case when U,
contains the ¢ dominant eigenvectors (corresponding to the ¢ largest eigenval-

ues) of C,. In that case, J(W) attains the global minimum.

Here, we are interested in the case when ¢ = 1. Then the solution to the op-
timization problem is simply given by the eigenvector corresponding to the largest
eigenvalue. However, in practice, we only have access to the observation samples r(i]

and not C,; hence, we modify the original optimization problem into the exponential

weighted sum with a forgetting factor v

JW) = 3" 7= |[efn] = WEW e[| (3.29)

n=0

The PASTd algorithm has two main components: (1) Projection approximation and

(2) deflation. The projection approximation is

Wi r[n) =~ Wln — 11%r[n] = y[n], n=1,2, .1 - (3.30)
Then, applying the approximation, (3-29) becomes
J(W) = J(W) =" """ |e[n] = Wlly[n]||" (3.31)



The RLS algorithm can once again be applied to solve for Wi}, which, by property
(2) above, is an approximation to the eigenvector of C, corresponding to the largest
eigenvalue. The deflation technique can now be applied. Once an estimate of the
dominant eigenvector is obtained, the projection of the current observation vector
r[¢] onto it can be removed using a Gram-Schmidt like procedure and the problem is
now "deflated” or dimensionally reduced. Thus, if we repeat the same procedure (i.e.
applying the RLS algorithm again and solving for Wi]), we would get an estimate of
the next dominant eigenvector. Once we have the estimates of the eigenvectors and
eigenvalues, the blind subspace LMMSE detector can be computed. The algorithm

“1s summarized in Table 3.4.

3.4 Performance Measure

The most commonly used performance measure for a multiuser detector is the bit
error rate (BER). In TF-MC-CDMA, parameters such as the TDS factor and FDS
factor also play a significant role in determining the overall system performance and
efficiency in resource utilization. Another measure fdr blind multiuser detectors is
the output signal to interference plus noise ratio (SINR). This is computed as the
ratio of the desired signal to the sum of the total interference plus ambient noise. For

TE-MC-CDMA linear multiuser detectors, the output SINR is defined as

, - EAZIp) w by p]}*
SLVR(Wm f) - E {Vm’ ((W,{{Z[])])*Wf“)] [p]) } (3.32)

From the output SINR information, we can evaluate the convergence speed for mul-
tiuser detection algorithms. Also important measures are how BER performance and
the output SINR changes with the number of users in the system. To summarize,
bit error rate performance evaluated with multiuser capacity, output SINR, resource

utilization efficiency and rate of convergence are important in designing multiuser
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// Blind TF-MC-CDMA Subspace (PASTd) Receiver in AWGN

In the p"* symbol, input matrix Z[p] and previous estimates

~ U[, ~ Uf

AW A(o} {/\(:f) 4/)}
{ kot k=1 kot k=1
for(m=1,2,.... M)

Input z™ [p]

Set XY') =z [p)]

for(k =1,2,....U,)

(t) AE

o . : t
Projection Approximation: y,” = Hx,g)

p,m —1]

2
2

emvalue Undate: O m] — ~i® _ ]
Eigenvalue Update: A7 [p, m] = v\ [p.m — 1] + |y,

Eigenvector Update:

. (t)* R )
ﬁg’)['p, m] = ﬁg’) p,m — 1] + <—ﬂ—> (X,(f) - u,(f) [p,m — 1y, )

A 5\“") [p.m)

Deflation: Xl(‘:[il = Xiff) - ﬁif') [p, 777,]y£f’>
end for
end for
for(n =1,2,...,N)
Input z,[p]"
Set x\/) = z,[p]"
for(k=1,2,..., K)
Projection Approximation: yk(?f) = ﬁi;f) [p,n — 1]HX,Ef) ,
Eigenvalue Update: S\,g)[p./n] = 7;\2;”['1), n—1]+ ‘y,if)
Eigenvector Update:
()
ﬁg;f)['p, n] = ﬁfdf) [p,n—1] + <}(‘l§‘j[7 ]> (XEI) — 1“12”[])7 n— 1y
L pn
Deflation: X/E{Q1 = xggf) — ﬁgf) [p, 'n,]yif)
end for
end for

Compute Detectors

W;k — Ij(g[) (A(g[) ) —1 -['_‘J—gf)Hal

wi = OV AT,
Perform detection

bi[p] = sgn (Re {(w;"Z) w3 })

()

(f))
k

Table 3.4: Blind Subspace PASTd Receiver Algorithm
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receivers.

3.4.1 Receiver Complexity

In this section, we briefly discuss the complexity of the blind receivers for TF-MC-
CDMA in AWGN proposed in this chapter. The DMI receiver requires two matrix
inversions: one for the time domain and one for the frequency domain. The size of
the sample correlation matrices are N by N and M by M for the time and frequency
domain respectively. Using normal Gaussian elimination to find the matrix inverse,
the complexity is O(N?*+M?). The CMOE RLS algorithm has a complexity of O(N?)
per update for the time domain detector and O(M?) per update for the frequency
domain detector. However, in our algorithm, there are M updates per symbol for
the TD detector and N updates per symbol for the FD detector. Therefore, the
total complexity for the CMOE RLS algorithm is O(NM? + M N?). The subspace
SVD involves computing _the singular value decomposition on the received data, or
equivalently the eigendecomposition of the sample correlation matrices for both the
time and frequency domain. The worst case complexity for eigendecomposition for
the time domain is O(N?) and for the frequency domain is O(A?). Therefore, the
total complexity for the blind subspace SVD method is O(M? + N*). The adaptive
subspace tracking algorithm using PASTd has a complexity of O(N N) per update
for the time domain where N denotes the number of time domain signature/groups
used. Therefore, the maximum complexity occurs when N=N (when all available
time domain sequences are used) and the complexity will be O(N?) per update for
the time domain. For the frequency domain, the complexity is O(xnM) where x,
denotes the number of users within the n* time domain group or using the n** time
domain signature sequence. Under a fully loaded system, the adaptive subspace

tracking multiuser detection using PASTd is then O(N? + M?) per update. Suppose
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Multiuser Detector Complexity

DMI O(N? + M)
CMOE RLS - | O(NM”+ MN?)
Subspace SVD O(N? + M?)

Subspace PASTd | O(MU,N + Nx,M)

Table 3.5: Summary of TF-MC-CDMA Blind Multiuser detection complexity for
AWGN channel

TD spreading gain 7
FD spreading gain 15
Number of subcarriers 15

TDS sequence type | M-sequences
FDS sequence type | M-sequences

Table 3.6: Simulation parameters

the number of TDS sequence used is U; and y,, denotes the number of users within
the n®* TD group, then the total complexity for the blind subspace PASTd algorithm
is O(MUN + Ny, M) per symbol. The complexity of the algorithms are summarized

in Table 3.5.

3.5 Simulation Results

Computer simulations were carried out to illustrate the performances of the four types
of blind detectors for TF-MC-CDMA discussed in this chapter: the DMI method, the
MOE RLS method, the s.ubspace SVD method, and the adaptive subspace tracking
PASTd method. The parameter values chosen are listed in Table 3.6.

The number of users used in the simulation reflect three levels of loading in a

typical TF-MC-CDMA system:
e Case 1: 49 users - moderate load

e Case 2: 77 users - moderate heavy load
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o Case 3: 105 users - full load

Figures 3.2, 3.3 and 3.4 show the BER, performance for each case. Not surprisingly, the
DMI method gives the best BER. performance. The subspace method using SVD can
achieve almost the same BER as the DMI method. The adaptive subspace tracking al-
gorithm using PASTd has a slightly degr.aded performance; the degradation increases
slightly with loading and at a target BER of 1079, the penalty is approximately 1dB
for 105 users. It can be seen that the adaptive subspace tracking outperforms the
CMOE RLS receiver with comparable complexity. The difference or gap between the
performance of the CMOE RLS receiver and other blind multiuser receiver consid-
ered, namely the DMI, blind subspace SVD, and the blind subspace PASTd detector,
increases with system loading. In a fully loaded system with 105 users, the differ-
ence in performance between the adaptive subspace tracking receiver and the CMOE
RLS is more than‘GdB at a target BER bf 107%. Nonetheless, comparing with the
matched filter detector, the CMOE RLS blind multiuser receiver 1'@111@1115 a much
better alternative.

The output SINR. curves as a function of the number of data smaples are shown
in Fig. 3.5, 3.6 and 3.7 and agree with the BER performance results. The DMI and
fhe subspace SVD methods have almost identical output SINR curves. The output
SINR of the adaptive subspace tracking receiver using PASTd is approximately 1dB
less than that of the DMI and subspace SVD receiver for the 49 and 77 user case
and slightly greater than 1dB less for the 105 (full capacity) users case. The output
SINR curves also show the convergence rate of the proposed‘receivers. It can be seen
that the CMOE RLS converges the fastest, the output SINR reaches stabilizes after
approximately 60 data samples. The convergence of the DMI and subspace SVD
are similar; they reach convergence after approximately 200 samples. The adaptive

T

subspace tracking using PASTd has the slowest convergence. The result shown for
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N =7, M =15, 49 Users (moderate lcad), AWGN Channel
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Figure 3.2: BER Performance with 49 Users

the PASTd tracking has been accelerated by using doing an SVD decomposition on
the first 50 data samples. Even with the acceleration, the PASTd tracking algorithm
has the slowest rate of convergence.

Finally, Fig. 3.8 and 3.9 shows the BER and output SINR as a function of the
number of users in the system. In Fig. 3.8, it can be seen that the BER performance
deteriorates fairly quickly going from 5 users to about 45 users. Beyond 50 users, the
BER degradation stabilizes to a steady increase. Fig. 3.9 shows similar results that
the system output SINR degrades fairly quickly from 5 users to 45 users and then

stabilizes to a steady degradation as the number of users in the system increases.
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N =7, M =15, 77 Users (moderate heavy load), AWGN Channel
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Figure 3.3: BER Performance with 77 Users
3.6 Summary

In this chapter, the blind multiuser detection problem for TF-MC-CDMA in AWGN
was investigated. It was shown that the blind LMMSE detector for TF-MC-CDMA
can be suboptimally decoupled into two DS-CDMA blind multiuser detection prob-
lems, one for the frequency domain, and one for the time domain. Three methods for
solving the decoupled multiuser detection problem, namely the DMI method, CMOE
RLS method, and the subspace method were studied. For the subspace multiuser
detection method, two implementations were considered: the singular value decom-
position method and the adaptive subspace tracking method using the PASTd algo-
rithm. Finally, simulation BER curves for the different multiuser detectors studied

were presented and discussed.
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N=7,M=15,105 Users (Full Load), AWGN Channel
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Figure 3.4: BER Performance with 105 Users
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Output SINR (dB)
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N =7, M =15, 49 Users (moderate load), AWGN Channel, Output SINR
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Figure 3.5: Output SINR, with 49 Users at SNR, 10dB
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N =7, M =15, 77 Users (moderate heavy load), AWGN Channel, Output SINR
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Figure 3.6: Output SINR with 77 Users at SNR 10dB
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N =7, M =15, 105 Users (full load), AWGN Channel, Output SINR
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Figure 3.7: Output SINR with 105 Users at SNR 10dB




N=7,M=15 AWGN Channel, BER vs. Number of Users
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Figure 3.8: BER, performance plotted against the number of users at SNR 10dB




N=7,M=15 AWGN Channel, Output SINR vs. Number of Users
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Figure 3.9: Output SINR plotted against the number of users at SNR 10dB
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Chapter 4

TF-MC-CDMA Blind Multiuser
Detection in Slowly Fading

.Rayleigh Multipath Channel

4.1 Introduction

The distinct advantage of using multicarrier based transmission is to combat fre-
quency selective fading by transmitting in multiple subcarrier streams such that each
stream experiences frequency non-selective fading. In this chapter, the channel is
assumed to be varying slowly with respect to overall transmission rate. Rayleigh
fading multipath channels are common in urban mobile communications where line
of sight signals are often not available and all received energies are from reflected
and scattered signals. In this chapter, blind linear multiuser detection algorithms are
proposed for TF-MC-CDMA system in downlink multipath fading channels. In par-
ticular, the focus is on the design of low complexity receiver algorithms suitable for
implementation in mobile handsets. In most realistic situations, the mobile receiver

may only know its own signature sequence and does not know the channel without
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using training sequences or pilot symbols. In this chapter, we discuss blind multiuser
detectors for TF-MC-CDMA where the receiver has no knowledge of the channel
information and has only knowledge of its own TD and FD signature sequences.
This chapter is organized as follows: Section 4.2 reviews the signal model in down-
link slowly fading Rayleigh multipath channels in a TF-MC-CDMA éystem. Section
4.3 presents the TF-MC-CDMA blind multiuser detection problem in slowly fading
Rayleigh multipath channels. Section 4.4 discusses the blind multiuser detection al-
gorithmsf Section 4.5 reviews performance measures. Section 4.6 provides computer

simulation results. Finally, section 4.7 concludes with a summary of the chapter.

4.2 Linear Multiuser Detection for TF-MC-CDMA
in Frequency Selective Fading Channels

An important motivation for using multicarrier based transmission is to maintain a
robust system performance in frequency selective channels. This is achieved through
transmission in multiple narrowband subcarriers such that each subcarrier étream
experiences frequency non-selective or flat fading. TF—MC—CDMA systems inherit
this characteristic that is also present in MC-CDMA, OFDM and MC-DS-CDMA
systems. A TF-MC-CDMA signal in frequency selective downlink fading channel
model with L paths represented by a tapped-delay line time varying channel impulse
response A(t, 7) is considered

L

hit.7) =S gt (7 — IT) (4.1)

I=1
where g,(t) is the time varying complex gain of path [ and T, is the chip duration.

Referring to the analysis in Section 2.3.3, the sampled received signal can be written

in terms of the discrete time convolution of the transmitted signal and the discrete




time channel response given by
rip[n, k] = sppln] * hlk, n) + win) (4.2)

where spp[n] is given by 2.15, w[n] is a complex WGN random variable with variance
Ny, and hlk,n] is the equivalent discrete time channel impulse response of h(t,T)
given by 2.35. The discrete time demodulated equivalent baseband signal is given by

the DFT of 4.2
DFETy {rppln, kl} = DF Ty {spp[n] * hin, k]} + DF Ty {wn]} (4.3)

Without using multicarrier modulation, the received signal would experience ISI as a
result of the frequency selectivity of the channel. However, in multicarrier modulation,
the use of IFFT/FFT implementation and the insertion of a cyclic prefix (as discussed
in Section 2.3.3) eliminates the ISI between OFDM blocks. The insertion of a cyclic
prefix (longer than the delay spread of the channel) enables the FFT demodulation
process to be equivalent to a circular convolution between the signal and the channel
in the time domain [37,38]. Hence in the frequency domain, under the circular
convolution theorem, the DFT of the transmitted sighal and the DFT of the discrete
time channel response multiplies. At the FFT demodulator output, each subcarrier
stream is a flat faded signal. The complex channel gain for each subcarrier stream
is obtained by computing the DFT of the discrete channel impulse response. Using
this fact, along with 2.37, 2.42, and 2.43, the demodulated downlink TF-MC-CDMA

signal in a frequency selective channel can be expressed as
K
Zum] = VP> buaglnle[m]H[m] + W,[m], m=1,2,.., M (4.4)
k=1

or equivalently

Zom] = Him]S,[m] + W,[m], m=1,2,...,.M (4.5)
L-1 .
where H[m] = Y grexp (.-L?\%ﬂl)
=0




Based on only the knowledge of the desired user’s TD and FD signature se-
quences, we propose blind linear MMSE multiuser detector that performs blind de- -

tection for the TF-MC-CDMA signal and jointly estimate the channel.

4.3 Blind Multiuser Detection in Slowly Fading
Channels

The decoupling method proposed in Chapter 3 for blind linear multiuser detection for
TEF-MC-CDMA signal in AWGN can also be applied in the case for the slowly fading
Rayleigh multipath channel. Similarly to the blind multiuser detection problem for
the AWGN channel with MAI case, the full discrete time TF-MC-CDMA demodu-
lated signal naturally decouples into one which involves only the TD spreading and

one that only involves the FD spreading.

The m'" column of Z gives the TD multiuser detection problem
K
z[m] = vV PH[m] Z (bper[m]) ag, + Wm], m=1,2,..., M (4.6)

=1
The n'" row of Z gives the FD multiuser detection problem

K
Z;l; = \/?Z (b;cfl,k{’ll]) 6!;: -+ W:I; n=1, 2 N (47)

k=1
where
¢ = diag(ci)H
H=\| H[1] H[2] ... H[M]
C[;;[l} (48)
(]//:CL(](C;‘T) =

Cp; [I\/f]

It can be noted here that, more compactly written, the channel impulse response g

and its DFT H is related by H = F /g where Fp p is the M by L Fourier matrix.
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Matched filtering can be applied for the TD multiuser detection if orthogonal
codes are used. Examining 4.6, the orthogonality of the TD signature sequences is
preserved when the channel is fading slowly with respect to the symbol duration.
On the downlink, the channel is synchronous in nature and thus warrants the use of
orthogonal signature sequences. Two types of detection, type I and type Il detection,
are proposed and their performance are investigated. Owr proposed type [ detector
uses separate “parallel” time and frequency domain processing through decoupling
where the output of the TD MUD does not feed into the FD MUD or vice versa. The
proposed type II detector uses a cascade implementation where the output of the TD
processing is input into the FD processing. In the next two subsections, type I and

type 1l detection are discussed.

4.3.1 Type I Receiver

The implementation of our proposed type I receiver uses the decoupled TD and FD
processing introduced in Chapter 3 with the exception that the matched ﬁlter can be
applied to the TD detection since orthogonality is preserved in the time domain for
slowly fading channels. Therefore, for the TD detection, matched filtering is applied
with the desired user’s TDS sequence. Fig. 4.1 shows the system block diagram of the
type I receiver. The frequency domain MUD is computed through the observation

data given by the rows of the observation matrix Z in 4.7. The blind LMMSE for

T

type I FD MUD solves the optimization problem
wj = sngnin £ {|VP Gurab) — waE
er(cw X

K
2zl = /P S (brag[n)) & +n’

h=1

Re-examining 4.9, if one let By = brag[n] and realizing that ¢, = diag(cy)H is

the effective I'D signature, then 4.9 is equivalent to the blind LMMSE multiuser
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Figure 4.1: Type I detector architecture

optimization problem for MC-CDMA in a slowly fading frequency selective channel.

The MC-CDMA multiuser signal model was investigated in [22,25,41,42].

4.3.2 Type II Receiver

The implementation of the type IT receiver uses a cascade architecture in which the TD
matched filtering is first applied and then the output is input into the FD multiuser
detector. Matched filtering of the desired user’s time domain signature is applied at
the first stage. The motivation for processing the TD detector using the matched
filter first is to filter out interferers from other time groups (interferers that does not
have the same TD signature as the desired user). Fig. 4.2 shows the system block
diagram of the type 11 receiver. The type II receiver implementation takes advantage
of the preserved orthogonality of the TD signature sequences to reduce the number
of interferers for the FD detection. Reversing the process where the FD detection is
cbmputed first does not achieve the same result. The reason is that matched filtering

can not be applied to the FD detection because orthogonality of the FDS is lost due
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to the effect of the channel. As a result, it is not possible to filter out interferers
that have different FDS than the desired user. The equivalent multiuser signal model
“using TD signature grouping given in Section 2.2.3 is useful in the analysis of type II
receivers. At the output of the demodulator, the elements of the N by M observation

matrix Z using the TD signature grouping can be written as

N Xj
Z,lm) = VP Z Z biwtnlflea[m|H[m) + Wy[m), n=1,..,N m=1, ., M
j=1 k=1
(4.10)
In vector notation, 4.10 is rewritten as
N X5
z[m] = VP Z Z bjcx[m] Hmla; + W[m] (4.11)
J=1 k=1
The inner product of 4.11 with user 1’s TD signature sequence yields
N Xy
allz[m] = 2'[m] = VP Z Z bisce[m)Hmla) a; + al Wm]
y J=tn= (4.12)
= VP Z Hm)] (biacelm]) +w'im], m=1,....M
=1
Equation 4.12 is simplified further in vector form to get
211
X1
7z = : - VP Z b1Cr + W (4.13)
r=1
Z'[M]
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where by, denotes the transmitted symbol of the user with TD signature sequence
1 and FD signature sequence «. We assume our desired user has TD signature se-
quence number 1 and FD signature sequence number 1. The blind LMMSE detector

optimization problem for the type II FD stage detection is thus given by

w} = argmin E {H\/ﬁ (by1) — W?z/

2

} (4.14)
weCMx1
Comparing with 4.9, the FD blind LMMSE multiuser detection problem given by 4.14
has the same form and is equivalent to blind multiuser detection for MC-CDMA mul-
tiuser signal in slowly fading frequency selective channel. Applying matched filtering
for the FD MUD is inappropriate in this case because the orthogonality of the fre-
quency domain spreading sequences is lost due to the effect of the channel. Therefore,
blind multiuser detection techniques must be used for the FD processing. However,
the CMOE RLS and blind subspace methods used for solving the decoupled TF-MC-
CDMA multiuser detection problem in AWGN in Chapter 3 can be applied to the
FD processing for both type I and type II detectors but with added complexity as a
result of the need for joint blind channel estimation that must be performed in order
to obtain the blind LMMSE detector for the FD multiuser detector.

The type I and type II FD multiuser detection problem have identical forms
comparing 4.9, 4.13 and 4.14. If the system has K active users and K < M, then it
is possible that all users have different FD signature sequence because for spreading
sequences of length M, there can be at mlost M linearly independent sequences.
Therefore, for K’ < M, the type I FD detector is req‘uired to suppress /' —1 interfering
FD signature sequences. However, for the type II FD detector, it is only required to
suppress x1 — 1 interfering FD signature sequences where y; is the number of users
sharing the same TD signature sequence as the desired user. By construction and
definition of x, x1 < K.

It K > M, then there will be some users that share the same FD signature se-
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quence and this means that all M linearly independent FD signature sequences are
used in the system. Therefore, for the type I FD detector, it is required to suppress
M —1 interfering FD signature sequences. However, for the type IIFD detector, it is
again only required to suppress y; — 1 interfering FD signature sequences. Further-
more, it is easy to see that y; < M.

To summarize, since the type I and type Il detector FD MUD problem differ only
in the number of Llsél's, we can then solve both problems using the same methods
assuming the FD MUD problem has U-users (for type I, U = M; and for type II
U=x1if K > M and U = K for type I and U = x; for type Il if K < M). To
solve the FD MUD problem, two methods used in Chapter 3 are revisited and‘applied
to the TD MUD problem, namely, the CMOE RLS method and the subspace blind

detection method.

4.3.3 CMOE RLS Blind Detection

From our analysis in the previous section, we have shown that the TF-MC-CDMA
FD blind linear MMSE MUD problem for both type I and type II (differing only in
the number of interfering FD signature sequences) is equivalent to blind linear MMSE
MUD for MC-CDMA signal. It was shown in [22] that the CMOE RLS algorithm
can be applied to MC-CDMA signal. We apply the CMOE RLS algorithm to the
FD MUD of our proposed type I and type II detectors for TF-MC-CDMA signal and
investigate its performance in slowly fading Rayleigh multipath channel.

Using the CMOE RLS blind detection algorithm, we seek a solution for the
blind LMMSE multiuser detection problem given by 4.14. Using the CMOE criterion
formulation, the same CMOE RLS optimization problem is arrived as presented in
Section 3.3.2 with a slight modiﬁéation in the constraint where the constraint is now

on the effective FD signature sequence of the desired user instead of the original FD
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signature sequence. The type I detector frequency domain CMOE RLS MUD problem

is given by
7lp)
wj = argmin’ g Nlpl=n w2, H w?’él =1 (4.15)
WfG(C”XI ne0
where €& = diag(c;)H is the effective signature waveform and j[p] denotes the ;%
time chip of the p** transmitted symbol. The summation in 4.15 states that the sum
is over all time chips going from the zeroth time chip from the zeroth transmitted

th th

symbol to the 7" chip of the p"* symbol.

The solution to the CMOE RLS optimization problem is given by 3.19, i.e.
. ol N =L v~
wh = (c{'Cflcl) C./.]cl (4.16)

where the data correlation matrix is given by the recursive updates from the columns
of Z, namely

Celp,n] = \Cy[p,n — 1] +2- (2", n=1,..N (4.17)

Recall that Cy[p, 0] is equivalent to Cy[p — 1, N].
The type I CMOE RLS MUD probleﬁl is given by
P

2
W} = argmin E AP ZHW” [ ‘
ercf\lxl N
=0

, wig =1 (4.18)

The solution of 4.18 is also given by 4.16 where now the data correlation matrix is

given by the recursive updates from the output of the TD matched filter.

P

Crlp) = > N2 2 )" =ACylp — 1] + 2'[pj2/[p]” (4.19).
i=0
Applying the CMOE RLS algorithm presented in Chapter 3 for the TF-MC-CDMA
signal in AWGN, the inverse of the correlation matrix is approximated using the
matrix inversion lemma and is given by

A2 — 1aq” @, [j — 1]
1+ A 1gf @,y — 1]q

D] = A"yl — 1] - (4.20)
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where j denotes the iteration index and q = z! for type I detection and q = 2’ for
type II detection.

To complete the solution, it is necessary to solve for the effective FD signature
¢y = diag(cy)H.: Since the user only knows its own FDS signature and not the channel,
the channel must be jointly estimated in order to perfofm the detection. Once the
channel parameters are estiﬁla.tecl, the FD blind multiuser detector is given 4.16 for

both type [ and type II detectors.

Blind Channel Estimation

For the blind channel estimation for the FD MUD detector using the CMOE RLS
algorithm, we make use the analysis for MC-CDMA blind channel estimation given in
[22]. From the CMOE solution given in equation (4-16), the type I detector minimum

output energy (MOE) is given by

MOE(w})=FE {‘w?”zf

2} (4.21)
Similarly, the MOE for type II is given by
MOE;(w)) = E{|wi"7 |’} (4.22)
Expanding either 4.21 or 4.22 yields the same result, i.e.
MOE(w}) = E{|wi'a]|*} = B { (wy"]) (wi''2D)"}

= E{wj"z (z)"w}}

(4.23)
= wj';HE {Z,ll (ZZ)H} W}
= w"Csw;
Substituting the CMOE solution given by 4.16 into 4.23 yields
. qH _ ,
MOE(w;) = [(e/'C;'e) ™ C7'a] ¢ [ (@ Cria) ™ o' o

- (etc)'e)”
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It was shown in [22] that the MOE expression given in 4.24 can be maximized with
respect to the effective FD signature sequence of the desired user ¢; to estimate the
effective FD signature, and in the process, the channel. Using this approach, 4.25

gives the optimization problem for the channel estimation, namely
argmax { MOE(w})} = argmax { (EfC;lél) _1} (4.25)
& &

Equivalently, one can minimize the reciprocal of 4.25 and therefore, the estimated
effective signature is given by
¢) = argmin {(E{”C]lél) } (4.26)
€)
Using the fact that ¢, = CiH where Cy = diag(cy), H = Fyx g and the RLS esti-
mate ¢, ~ CJZI, the channel response can be estimated by solving the optimization

problem in equation (4-26), applying the substitutions expanding (4-26) yields

g = argmin {gHFﬁf}XLCf’@fC,lFMX,Jg} (4.27)
g
For a normalized channel impulse response g (i.e. ||g|| = 1), the solution, unique up to

a multiplicative complex constant, to 4.27 is the normalized eigenvector correspond-
ing to the smallest eigenvalue of the matrix FY, ,CY®;C F . The uniqueness
of the solution is guaranteed if two conditions are met: (1) the composite matrix
[€1]Cal...|Ck] has rank equal to the number of linearly independent FD sequence used
in the system U; (2) the channel estimation problem is solvable only if the number
of linearly independent FD sequence used in the system U satisty L < M — U for a
* channel with a discrete time impulse response of length L [42] (this condition will be
discussed again in more detail in Section 4.3.4). The second condition states that the
maximum system capacity is reduced for multipath channels since rewriting condition
(2) yields U < M — L. This is because in a multipath fading channel, only U out of a

possible M linearly independent FD sequences can be used in the system. Therefore,
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// Type 1 Blind TF-MC-CDMA CMOE RLS Receiver
// in Slowly Fading Rayleigh Multipath Channel
Initialization: :

®;[0,0] = Tpyxm
In the p* symbol, input matrix Z[p]
Set w; = a;
for(n=1,2,...,N)

Compute Kalman Gain:

A B p[pn—1zafp]”

1A~ (zalp) ) @ f[p—1zap] T

Compute Update:

D,[p,n] = A" (Q/[y)? n—1] —ky (z,,,,['p]T)H Drp,n— 1])

end for
Perform Channel Estimation:

Find smallest eigenvector g corresponding to the smallest eigenvalue of

Fi  CY®,CiF s

Compute Estimated Effective FD Signature: ¢; = Fy« 8
Compute FD Detector '
Perform detection

bi[p] = sgn (Re {(w;"Z)" wi})

kf [p? 'I’L] -

Table 4.1: Type I CMOE RLS Blind Receiver Algorithm

the maximum user capacity for TF-MC-CDMA system in a slowly fading multipath
channel is now given by the product N x (M — L). The channel estimation solution is
unique up to a multiplicative complex constant which means that only the magnitude
of the channel impulse response can be uniquely estimated and there is an unknown
phase. However, this can be resolved by using differential detection or phase tracking
by periodical insertion of pilot symbols [22]. Thel algorithms we presented assume
that this complex constant has been perfectly estimated; however, the algorithms can
be easily modified using differential BPSK. Finally, the type I and type 11 CMOE
RLS blind detection algorithm for TF-MC-CDMA are summarized in Table 4.1 and

4.2 respectively.
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// Type II Blind TF-MC-CDMA CMOE RLS Receiver
// in Slowly Fading Rayleigh Multipath Channel
Initialization:
(0] = Tpssens
In the p** symbol, input matrix Z[p]
Set wi = a; ‘
Compute: z' = al’Z[p]
Compute Kalman Gain:

—1 T
k _ AT B rp—1l]z
f[p] 'l+)\—1(z’T)H<1>f[7J—-l]z’T

Compute Update:
, N
w0 =7 (2= 1=k (27) @0~ 1)

Perform Channel Estimation:
Find smallest eigenvector g corresponding to the smallest eigenvalue of
F/[\/[/X LC{-I (bfchMxL
Compute Estimated Effective FD Signature: ¢; = Fp« &

Compute FD Detector

Perform detection

I}l[p] = sgn (Re {(Wj)HZ/T})

Table 4.2: Type [T CMOE RLS Blind Receiver Algorithm




4.3.4 Blind Subspace Multiuser Detection

It was shown in [22,25,41,42] that the blind subspace multiuser detection éall be
applied to MC-CDMA signals. In this section, we apply the blind subspace multiuser.
detection method for our proposed TF-MC-CDMA type I and type IT FD multiuser
detection in 4.9 and 4.14. The correlation matrices for the type I and type II detectors

can be re-written as

C,=F {4,’, z7 H} =S/ |APSY + 02
! '<')~ R (4.28)
C.f =F {Z/Z/H} = Sf {AF 87 -+ U;I,\/[XA,/
where
S =[&el ... |e] (4.29)

contains the effective FDS signature waveforms of each user. Recall that the F'D blind
MU‘D for the TF-MC-CDMA type I and type IT detector only differs in the number
of interfering FD sequences. Therefore for type I detector, U = K if K < M and
U= M if K > M and for type 1T detector, U = x;. |A|* denotes diag(A3, A3, ..., A?)
where A; is the total energy of all users using the same FD signature sequence,
i = 1,2,...,U. The eigendecomposition of the correlation matrix then yields the

subspace components [39)

Cr = BPRVTY? + TP TP

_ . ) (4.30)
AV = diag ()\g'f), /\E]f))

Then, based on the discussion of subspace detection in Section 3.3.3, the blind

LMMSE detector for the type I and type II FD MUD is given by

~ ~ -1 -
wy = U0 (R0) - Tie, (4.31)

Estimating the effective FDS signature waveform is the last step to complete the blind

subspace solution given by 4.31.
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Blind Channel Estimation

It was shown in [42] that the effective signature waveform and the channel response
can be jointly estimated by exploiting the orthogonality nature between the noise
subspace and the signal subspace for MC-CDMA signals. For our proposed type I
and type II detector joint channel estimation using the blind subspace method, we
follow similar analysis as given in [42].

The orthogonal set of eigenvectors UY) from the eigendecomposition of the cor-
relation matrix C; spans the signal subspace of S; = [&,]&] ... |€y], then the orthog-

onality between the signal and noise subspace gives the result
UM =0 (4.32)

Using this fact, the least squares method can be used to estimate the effective signa-

ture waveform and the unknown channel response

ﬁfzf) " C 1

2} (4.33)

¢ = argmin {
c1

Using the definition of the effective signature waveform and expanding 4.33 yields an
expression almost identical to 4.27.

g = argniin {gHFf,XLC{[fJ,flf)fJ,ff)HCLFA,,ng} (4.34)

g

Upon restricting the solution to normalized g, the solution for g is given once again
by the eigenvector corresponding to the smallest eigenvalue of the composite matrix
Fi . CH U0 C1F pyx,. Such estimation is unique up to a complex constant as
in the case with the channel estimation using the CMOE RLS estimates described
in section 4.3.3. Using the subspace decomposition, the approach to channel esti-
mation for both the CMOE RLS method and the subspace method relies on 4.32
being solvable. Recall that by definition, the matrix UY contains all eigenvectors

corresponding to the full eigenvalue decomposition of the sample data correlation
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matrix that does not belong to the signal space collection. Suppose the signal space
has rank U, then the matrix fjfyf ) contains M — U eigenvectors. Also recall that
the length of the unknown channel impulse response is L and hence the number of
unknowns to solve for is also L. Therefore 4.32 contains M — U equations and we are
seeking for the solution for L unknowns. For the system of equations to be solvable,
the number of equations must be greater than or equal to the number of unknowns
and therefore, we arrive at the condition that A — U > L which was stated without
justification in Section 4.3.3. Hence, the maximum users that can be supported is
 limited by the channel impulse response length and the number of subcarriers used.
Therefore, with M being fixed, the maximum number of users that can be supported
in a slowly fading Rayleigh multipath channel is N x (M — L). For our proposed
TF-MC-CDMA type [ and type IT detector, we present here two implementations for
the blind subspace multiuser detection in slowly Rayleigh fading channel, namely, the
singular value decomposition of the data matrix and adaptive subspace tracking using
the PASTd algorithm introduced in Chapter 3, and investigate their performance in

slowly fading Rayleigh multipath channel.

Singular Value Decomposition

The singular value decomposition implementation applies the exact eigendecomposi-
tion to the sample correlation matrix. The sample correlation matrix can be obtained
either through batch sample averaging or an exponentially weighted recursive update
with a forgetting factor which is more suitable for dynamic channels. The compu-
tation of subspace parameters using SVD need not be re-computed for every data
sample. However, the interval between re-computation of the blind detector should
accommodate to the changing dynamics of the channel such as the channel coherence

time. The type I and type II detector implementation using the SVD method is
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// Type I Blind TF-MC-CDMA Subspace (SVD) Receiver
// in Slowly Fading Rayleigh Multipath Channel
In the p** symbol, input matrix Z[p]
Set w; = a,
for(n=1,2,...,N)
Compute Update:
Cylp. n] = ACylp,n = 1] + (za[p}") (2a[0]")"
end for

Subspace Eigenvalues: {/\5 )}
oy CATA
Form Subspace matrices: Ugf )./ A,(gf )., Unf )
Perform Channel Estimation:
Find smallest eigenvector g corresponding to the smallest eigenvalue of
Fﬁll X LC{{U'&DU‘I&” i C 1 Fl\// X L
Compute Estimated Effective FD Signature: ¢y = Fpyx 18
Compute FD Detector
W} — U((gf)(Agf))_lUgj)Hé]
Perform detection
bi[p] = sgn (Re {(w;¥Z)" wil)

Table 4.3: Type I Blind Subspace (SVD) Receiver Algorithm

summarized in Table 4.3 and Table 4.4 respectively.

PASTd Adaptive Subspace Tracking

Alternatively, the subspace parameters can also be estimated using the PASTd adap-
tive subspace tracking algorithm used in Chapter 3. The adaptive subspace tracking .
using the PASTd algorithm offers a computation advantage over the singular value
implementation method as discussed in.Chapter 3. The adaptive algorithm need not
be modified for the slowly fading channels. Again, the only added complexity comes
from the joint channel estimation step which the channel coefficients are obtained
once the subspace parameters are computed. However, we note that the PASTd al-

gorithm only tracks the subspace eigenvectors belonging to the signal subspace but
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// Type II Blind TF-MC-CDMA Subspace (SVD) Receiver
// in Slowly Fading Rayleigh Multipath Channel
In the p** symbol, input matrix Zp]
Set w; = a3
Compute: z’' = allZ[p]
Compute Update:
&ylp] = Al — 1] + (2 [p]") (' [p)")
Apply Eigendecomposition to C; to get

M
Subspace Eigenvectors: {ﬁg”}
A

7

1"
Subspace Eigenvalues: {/\,~ }
j=1
O AL g

Form Subspace matrices: U
Perform Channel Estimation:

Find smallest eigenvector g corresponding to the smallest eigenvalue of

T ()1 () H

Fjillx LC{.[ U‘glf)U’gf) Cl FM XL

Compute Estimated Effective FD Signature: ¢ = Fp 18
Compute FD Detector

. T A (A1) H =

Wf — Ugf)(Agf)) lUg./) ¢,

Perform detection

bulp) = sen (Re {(w))""2" })

Table 4.4: Type II Blind Subspace (SVD) Receiver Algorithm
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in fact we also need the estimate of the noise subspace eigenvectors as well. To do
that, we invoke a orthogonality relationship relating the noise subspace eigenvectors

and the signal subspace eigenvectors [23]

U,(f)U(jf)H — I - Uy (4.35)

n ke 8 s

Using 4.35, we do not have to explicitly update the noise subspace eigenvectors using
the PASTd algorithm. It can be computed through the signal subspace. The algo-
rithms for type I and type IT detectors using PASTd adaptive subspace tracking are

“summarized in Table 4.4 and 4.5 respectively.

4.4 Performance Evaluation Measure

The performance evaluation criteria for blind multiuser receivers presented in Section
3.4 applies to the slowly fading channel as welL The output SINR is defined as in
section 3.4 except that the expectation is now over all channel realizations for a given
Doppler rate and delay profile.

AT B E {thZ[P]W/H)rl [D]}2 |
SINR(WGL W) = o T Zipw ool § (4.36)

Furthermore, because our blind multiuser receivers pertorm joint channel estimation,
we also evaluate the mean square error in the channel estimation. This is defined as
the variance of the channel estimation error as a function of the number of samples

processed. This is defined as,

e(g) =E{llg —gl’} (4.37)

4.4.1 Receiver Complexity

The receiver computational complexity in the downlink slowly fading Rayleigh multi-

path channel is slightly different from the AWGN channel case discussed in Chapter
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// Type I Blind TF-MC-CDMA Subspace (PASTd) Receiver
// in Slowly Fading Rayleigh Multipath Channel

In the p” :symbol input matrix Z[])] and previous estimates
(f) ol
()
Set w; = a;
for(n=1,2,...,N)
Input z,[p]"
Set x\/) = z,[p]”
for(k =1,2,....U)
Projection Approximation: yf = uff) [p,n — 1]Hx,(\,;f?

Eigenvalue Update: :\,(\f ) [p,n] = 7/\,{: [p., n—1]+ |1

Eigenvector Update:

) A
(f) [p,n] = u<f) [p,n — 1] + m (x,&f) - u,@[pgn — 1]y,§n>

Deflation: xfgf_gl = XE:‘/V) (f) [, n]yif)
end for
end for
Form Signal Subspace Matrices: ﬂgf). A

Compute: UL OV =1 - 0PTPH
Perform Channel Estimation:
Find smallest eigenvector g corresponding to the smallest eigenvalue of
Fii  cHODUY"C F v
Compute Estimated Effective FD Signature: ¢; = Fpy« &
Compute FD Detector
wh = ﬂg.f)(Agf)>—'1_ﬂg./>ll~
Perform detection
bilp] = sgn (Re {(w;"Z)" w3 })

Table 4.5: Type I Blind Subspace PASTd Receiver Algorithm
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/] Type 1T Blind TF-MC-CDMA Subspace (PASTd) Receiver
// in Slowly Fading Rayleigh Multipath Channel
In the p" svmbol, input matrix Z[p] and previous estimates

(f "
k=1

Set w) = a

Compute: z' = al'Z[p]
Input z’'[p]*
Set x\ = 2/[p|”
for(k =1,2,..,U)

Projection Approximation: Yy

() (f)

=a[p - 1]H (f)

Eigenvalue Update: /\A7 [p] = 7/\2;” p—1]+ ‘yk

Eigenvector Update:

NOE R
o) = o 1]+ (5 ) (47 - o - 0y”)

f N ~(f f
D=x ol ply”

Deflation: x

end for
Form Signal Subspace Matrices: Ijgf), A&f )
Compute: U 0P =1 - 00
Perform-Channel Estimation:
Find smallest eigenvector g corresponding to the smallest eigenvalue of
F]\lxIC”U O C R
Compute Estimated Effective FD Signature: ¢; = Fy/« &
Compute FD Detector
W? _ ﬂg'[)(A( )) 1U( ”~
Perform detection

= (e )

Table 4.6: Type II Blind Subspace PASTd Receiver Algorithm




3 even though the methods used in bo‘r,]vl cases are inherently the same (CMOE RLS,
blind subspace using SVD, and blind subspace using PASTd subspace tracking). The
difference stems from the fact that in slowly fading downlink channels, matched filter-
ing is applied for the time domain detection because orthogonality of the TD signature
sequence are preserved in slowly fading channels. Furthermore, there is added com-
plexity for receivers in slowly fading downlink channel coming from the joint channel
estimation coniputations. The CMOE RLS channel estimation involves computing an
eigendecomposition of a L by L matrix to find the eigenvector corresponding to the
smallest eigenvector; this has coi‘nplexity O(L?). Both the blind subspace methods
using SVD and adaptive subspace tracking PASTd also involve computing an EVD
of a L by L matrix to find the eigenvector corresponding to the smallest eigenvector
to estimate the channel. The FD detector computation for both CMOE RLS type |
and type II detectors have the same complexity as in the AWGN channel case which
is O(M?) per update. Becauée there are N updates per symbol for type I, the total
complexity for type I is O(NM?). For type II, only one update is computed per
symbol, hence the total complexity of type II CMOE RLS is O(M?). Hence in this
case, there is a computational advantage going from type I to type Il for the CMOE
RLS implementation. The FD detector computation using blind subspace method
through SVD is based on the data autocorrelation matrix rank. For type I, this is
min { K, M}. In most realistic situations, M will be less than K since one of the main
motivations for using TF-MC-CDMA is to use short signature codes [17]. For type
11, this is y; and as discussed before, v, < M. Using SVD, the complexity for the
type I blind subspace detector computation is O(M?) and for the type IT detector
O(x3). In this case, when the system is below full capacity, there is computation
advantage going from type I to type II. The frequency domain detector computation

using blind subspace method using PASTd adaptive subspace tracking is also based



Multiuser Detector | Type Complexity
CMOE RLS Type I | O(NM? + L)
CMOE RLS - | Type Il | O(M?+ L%)

Subspace SVD Type I | O(M?> + L?)
Subspace SVD Type 11| O(xi + L%)
Subspace PASTd | Typel | O(NM? + L)
Subspace PASTd | Type II | O(yiM + L?)

Table 4.7: Summary of TF-MC-CDMA Blind Multiuser detection complexity for
slowly fading Rayleigh multipath channels

on the sample correlation matrix rank. Using the PASTd adaptive subspace tragking,
the complexity for the type I blind subspace detector computation is O(M?) under
normal system capacity and for the type IT detector is O(y1 M) per update. For type
I using PASTd, there are N updates per symbol, therefore, the total complexity for
type I receiver is O(N M?). However, for type I, there is only one update per symbol,
therefore the total complexity for type II PASTd detector is O(x1M). We also see
that using the PASTd subspace tracking algorithm, there is computation advantage
going from type I to type I1. Together with the joint channel estimation estimates, the
detector complexities for the multiuser detection methods considered are summarized

in Table 4.7.

4.5 Simulation Results-

Computer simulations were carried out to illustrate the performance of the following
multiuser receivers in downlink slowly fading Rayleigh multipath channels: CMOE
RLS, subspace SVD, and the adaptive subspace tracking using PASTD implemented
in both type I and type 11 arclﬂtectures. The channel model used in our simulation is
the ITU-A model for evaluating outdoor/indoor pedestrian environment. The power
delay profile for the ITU-A model is given in Table 4.8. The TF-MC-CDMA chip

period is chosen to be 100ns. For simplicity, we round the relative delays of the delay
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Tap | Relative Delay (nsg) | Average Power (dB) | Doppler Spectrum
2z
1 0 0 ——
wfayf1=(2)
2
2 110 -9.7 —
”fd\/]';<7)
3 190 -19.2 —
I‘fd\/:l'_z(fid)
4 410 -22.8 —
wsaf1-()

Table 4.8: I'TU-A Pedestrian Rayleigh Fading Channel Power delay profile

TD Spreading Gain 8
FD Spreading Gain 16
Number of Subcarriers 16
TDS Sequence Walsh-Hadamard
FDS Sequence Walsh-Hadamard
Number of FDS Sequence used 11

Table 4.9: Simulation parameters

profile to the nearest 100ns. Furthermore, we assume the mobile user is moving at
speed of 3km/hr which corresponds to normal walking pace in urban areas. The
system parameters chosen are shown in Table 4.9.

We consider three levels of system loading, light moderate (35 users), moderate
(55 users) and high (75 users). The BER performance curves for 35 users, 55 users
and 75 users are presented in Figures 4.3, 4.4, and 4.5. It can be seen from the
BER figures that the TF-MC-CDMA type I detectors are far inferior in perform’ance
to the type Il detectors especially in the 35 and 55 users case. This result is not
surprising given that the type II cascade processing eliminates interferers from other
time-groups by matched filtering while type I detectors do not enjoy this property.
There is a large difference in performance between type I and type II blind subspace
PASTd detectors and it can be seen that type I blind subspace PASTd detector has the

poorest performance among all receivers considered. For light to moderate loads (i.e.
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downlink slowly fading Rayleigh channel, 3km/hr, 35 Users

BER

| = © = subspace SVD (type 1)
| —©&— subspace SVD (type 1) | o
107} | = © — subspace PASTd (type 1) | oo\ N\ %
Fi| —O— subspace PASTd (type [I)| " 1101110 i NS :
| — B = CMOE RLS (type I) S NN TN
| —B—CMOERLS (typeI) | .....................\\. . .. &
107 : n '
0 5 10 15 20

Avg SNR (dB)
Figure 4.3: BER performance for 35 users case

the 35 users and 55 users case), it can be seen that the type 1l blind subspace PASTd
detector’s performance matches closely to that of the type II blind subspace SVD
although there is a slight (<1dB) penalty for using an adaptive tracking algorithm
instead of computing the SVD. However, at higher system loading, the blind subspace
SVD detector has a hetter good performance. |

For the type II detectors (in the 35 users and 55 users case), we see similar
trends as in Chapter 3 for the TE-MC-CDMA blind multiuser detection problem in
AWGN. We see that the subspace detection using SVD provides -the best performance
and the subspace detection using PASTd subspace tracking hut j)l'oxficles fairly good
performance.

We also present output SINR plots to confirm our BER performance results and

to look into the convergence of the proposed detectors. Figures 4.6, 4.7 and 4.8 provide

85



downlink slowly fading Rayleigh channel, 3km/hr, 55 Users

— B - CMOE RLS (typel) |- - N K N
S5— CMOERLS (ypell) |~ W\
1072L. .. | — © — subspace PASTd (type I) 7
[ | —©— subspace PASTd (type II)|

— © — subspace SVD (type |)
—O— subspace SVD (type )

0 5 10 15 20
AVG SNR (dB)

10

Figure 4.4: BER performance for 55 users case

the oﬁtput SINR versus data samples plot for 35 users, 55 users, and the 75 users
system load. The convergence of the blind subspace PASTd algorithm is relatively
slow compared to the other two. This is expected since we have already observed this
relatively slow convergence in Chapter 3. In our simulations, the PASTd algorithm
has been accelerated by applying a batch SVD decomposition to the first 50 data
samples. The SINR, plots confirm that type II detectors outperform type I detectors.

We also studied the channel estimation capabilities for our proposed detectors.
The sampled mean square channel estimation error is plotted against the data samples
in Fig. 4.9 for type I and type II CMOE RLS, blind subspace SVD, and blind subspace
PASTd ada(ptive subspace tracking detectors.” Again, the channel estimation error
plots confirm the type Il detectors estimates the channel much better than type II

detectors. The cascade implementation of type Il detectors remove MAI using the

86




downlink slowly fading Rayleigh channel, 3km/hr, 75 Users

BER
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Figure 4.5: BER, performance for 75 users case

orthogonality of the TD spreading codes thus giving better joint channel estimation

during the FD detection stage.

4.6 Summary

In this chapter, the TF-MC-CDMA blind multiusér detection problem in a down-
link slowly fading Rayleigh multipath channel was investigated. Two types of blind
multiuser detectors were proposed and investigated. The first type, known as type [
detector, retains the same parallel processing form as the blind multiuser detector for
the AWGN channel with MAI by using the decoupling method discussed in Chapter
3. The second type, known as type II detector, uses cascade processing where the

output of the TD processing is used as the input to the frequency domain processing.
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SINR Comparisons, 35 Users
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Figure 4.6: Output SINR for 35 users case at SNR 12dB

It was found that both methods involve solving an equivalent MC-CDMA multiuser
detection problem (that differ only in the number of FD interfering sequences in
slowly fading channel for the FD multiuser detector coefficients. The type [ and type
IT detectors were then applied with three multinser detection methods, namely, the
CMOE RLS method, blind subspace method using SVD and blind subspace method
using PASTd adaptive subspace tracking. Computer simulation results show that‘
type II detectors outperform type I detectors. The cascade implementation of the
type Il detector reduces the amount of interference going into the F'D MUD stage by

applying matched filtering in the TD detection.
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Figure 4.7: Output SINR, for 55 users case at SNR 12dB
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Output SINR (dB)

Output SINR Comparison, 75 Users
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Figure 4.8: Output SINR for 75 users case at SNR, 12dB
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Blind subspace SVD, 35 Users
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Figure 4.9: Mean square channel estimation error for 35 users at SNR, 16dB
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Chapter 5

TF-MC-CDMA Blind Multiuser
Detection in Downlink Mobile
Rayleigh Fading Channel with

Doppler Induced ICI

5.1 Introduction

In this chapter, the random frequency offset caused by mobile Doppler shifts in down-
link multipath fading channels is investigated. Previous discussions in Chapters 3 and
4 have implicitly assumed that any frequency offset is compensated exactly at the re-
ceiver. Frequency offset is a result of the mismatch in frequency between the detected
signal and the demodulator’s oscillators. Perfect frequency matching is important in
multicarrier based modulation because subcarrier frequency offset or mismatch results
in leakage from one subcarrier to other subcarrier as a result of loss of orthogonal-
ity creéting intercarrier interference (ICI). Random frequency mismatch is caused by

the Doppler shift in mobile communication multipath channels and the effect of in-
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tercarrier interference is most severe when subchannels or subcarriers have minimal
separation. The result is a loss of orthogonality in the FDS codes. In this chapter, we
investigate the performance of the TF-MC-CDMA blind multiuser detectors proposed
in Chapter 4 in multipath fading channels with Doppler induced ICIL.

The roadmap of this chapter is as follows: section 5.2 discusses the mathemat-
ical model of ICI in TF-MC-CDMA and its analysis in TF-MC-CDMA downlink
transmission. Section 5.3 discusses the blind multiuser detection algorithms used in
combating ICI in downlink multipath fading channels. Section 5.4 presents computer

simulation results. A Summary of the chapter is provided in Section 5.5.

5.2 Modeling Intercarrier Interference

In this section, a mathematical model for ICI in TF-MC-CDMA caused by mobile
Doppler shifts as a result of user mobility is discussed. It is shown in [26] that
intercarrier interference (ICI) in OFDM systems caused by mobile Doppler shifts can
be modeled as a frequency shift within the channel impulse response. Because of
multipath propagation, each path arrives at the mobile receiver isotropic antenna
with incident angle 6; and experiences a Doppler shift 1;(Hz). In [43], it was shown
that if the Doppler shift is considered into the tapped delay line channel model, then

the continuous time varying channel impulse response for a L path multipath channel

is given by
-1

Wrt) = gt} OO (7 — 7y (1)) (5.1)

=0

If the channel is assumed to be changing slowly with respect to the transmission
rate so that the complex channel gains, path delays and Doppler frequency shifts are

relatively constant over at least an OFDM data block, then we can rewrite 5.1 as
L—1

h(T, f;) _ Zgleﬁ“vl(ﬂ—ﬂ)é (7- — 7-[) (5.2)

=0
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The Fourier transform with respect to the delay variable 7 gives the function

L1
g 727rvl(t ) —jQW/Tl ) (53)

=0

An important result in [27] showed that nsmg a time domain analysis from the received
signal, the effect of Doppler induced ICI in MC-CDMA systems can be viewed as a
formi of weighted sampling in the frequency domain. Using this result and sampling
the channel frequency response given in 5.3 with integer multiples of the frequency
separation between subcarrviers fs, the Doppler induced ICI weight coefficients can be

found. Assuming that M subcarriers are used, this yields

L—1
/_71(777/Ofs-, t) — Z g[e~72W'Ul([‘—T{)e_jQﬂ"lTlrl')fsTl (5.4)
=0

where f, = T M is the subcarrier frequency spacing and Ty is the duration of an OFDM

symbol transmission. Samples of the channel impulse response in the ¢ variable at
multiples of T is yields the discrete channel impulse response

L—1
]_7‘(777,0.]"3_, 7T9) = Z me.ﬂrr'ul(iTs —71) p=32mmo foTi (55)

1=0

If we approximate and discretize the path delays to integer multiples of T, and let
g = % be the normalized Doppler offset of the [ path, then we can rewrite 5.5 as

W(mg, 1) = Zg,, exp i exp A exp 7

=0

Iz_:l g2me (i —1) —j2mmyl
=) gexp i exp Vi

=0

(5.6)

The frequency domain channel transfer function is then the M point DFT of h(n, 1)

with respect to the variable i.

M—-1L-1

I—1 L— , , ‘ ' |
1 2  — 1 — 32l I, Y
H(mg,m) = =3 ?}: Z g1 exp (ﬂ/\%__l) exp ( J A?/T[mo ) exp < _j/\;/fTI??L)
. | M=l jor(( mi — el) 2l (5.7)
I — e Jem\\& — — & . — 12Ty
M - ;91 exp < i ) exp (—————A/j )
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It is shown in [28] that using OFDM based transmission, the DFT demodulated re-
ceived signal is weighted by the frequency domain channel transfer function H(mg, m—

mo). Applying this result to the TF-MC-CDMA received signal yields

M~ 1
7Lp[Mo] \/ Z braxn)] ck, [m]H (mg, m — mg) + W[my] (5.8)

=0
The term H(mg, m —mg) weighted by the frequency domain spreading chip sequence

ck[m] is the ISI induced by the channel and represents the leakage of energy from the

th th.

subcarrier to the mg"" subcarrier. Expanding 5.8 yields

— & M—1
replmo) = \/ 47 2 brar[n] > cilm)]
A’,:l

m=0

M=1L7] Vel . (5.9)
WL L exp (Zxlatmomallizall ) oxp (=iZmmat) | 4 W [mq]

Equation (5-10) is the received TF-MC-CDMA signal model that includes both the
effects of both multipath fading and Doppler induced ICI. This result can be used
to model TF-MC-CDMA signals in downlink mobile fading channels. If the mobile
receiver is stationary relative to the transmitting basestation and as a result, no
Doppler frequency shifts, then we can set g, = 0 for [ = ., L. By doing this,

then we have

M—1
rrplmel = Z brag[n] > cim]
m=0
1A/ 1
(A_l Z Z gL exp <727‘(7m1 m)Z) exp (LQTI’B_O_I)> + T/V[’I"Ilo] (510)
PRI L—1
Z brap[n] > ci[m|0mme D giexp (M) + Wmg|
k=1 an=0 {=0

which is the received signal model for the slowly fading Rayleigh multipath channel
discussed in Chaptol and Chapter 4.
We now deﬁne the effective frequency domain chip sequence (as a result of ICI)

M1

Gimo] = Z cplm)H (mog, m — my) (5.11)

m=0
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Equation (5-8) can be rewritten as

K

rLplmol = Z brar[n]Grmo] + Wmo) (5.12)

k=1

or in a more familiar form

K
Grlm
rurlnal = 3 tanla] (S o] + Wi (5.13)

k=1 Ck [’Ino]

Defining the effective frequency domain complex subchannel gain as

: G[me]
G = 5.14
k[’nlo] i [777,0] ( )
Using (5-14) and (5-15), the received signal can be written as
K ) :
rip(me] = Z bay [n]G[mo]cr[mo] + Wmy) (5.15)
. h=1 .

which is an equation identical in form to 4.4 with the exception that 5.15 is a quasi-
uplink synchronous model (even though we are analyzing a downlink channel) since
each user experiences a user dependent channel gain G} [mg] instead of a common
channel gain. As a result, we can also define an equivalent channel impulse response
g =IDFT(G)).

Based on the above discussion of the modeling of ICI due to Doppler shifts in a
mobile communication channel, we can summarize two important effects of ICI in TF-
MC-CDMA: (1) it destroys the orthogonality of the FDS codes and (2) it transforms

a downlink synchronous model into a quasi-uplink synchronous model.

5.3 Blind Multiuser Detection

This section discusses using the blind multiuser detection methods proposed in Chap-
ter 4 to the TF-MC-CDMA signal given by 5.15 without knowledge of the ICI co-

efficients, the Doppler frequencies, and other interfering users’ time and frequency
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domain signature sequences. Since it was shown in Chapter 4 that type II detectors
out-performs type I detectors, we only discuss type II detectors. In particular, we
revisit the CMOE RLS method and the subspace blind multiuser detection method
using SVD and adaptive subspace tracking through the PASTd algorithm to show
that all these algorithms gives robust performance in mobile multipath fading chan-

nels with Doppler induced ICI.

5.3.1 Type 1I Detection Formulation

Based on the previous discussion of the type II detectors in Chapter 4, we begin
by rewriting the TF-MC-CDMA received signal given by 5.15 using the groupings
of TDS sequences, with all users sharing the same time domain signature sequence

forming a group. This gives

;\r ]

rLplme] = Znmo) \/_ Z Z brw@nl7]Colmo] Gl lmo] + W mo) (5.16)

7=1 k=1
Using vector notation, 5.16 can be re-written as

N oOXj

z[mg) = VP Z Z binCi[mo] G [mola; + W my] (5.17)

=1 k=1

The orthogonality of the TDS sequences is preserved when the channel is varying
slowly with respect to the transmission rate and thus we can simplify 5.17 by applying

matched filtering for the time domain detection
N Xy
al'z[mg] = 2'[my) \/_Z Z hinCelmo) Gilmolal a; + af Wm]
J=te=t | (5.18)

X1 .
= \/FZ b1rCulmo) Gl [mo) + W'
k=1

Re-writing 5.18 using vectors yields

X1
z = = \/EZ bﬁlnéh‘, + w' ] (519)
r=1 .




where now the effective FDS waveform is given by
Cr = diag(cy) G
Ge=| Gl G2 ... G[M]
diag(cx) =
Ck[]\/[]
Then, the same optimization problem for the type II blind LMMSE detector as in
Chapter 4 (see equation 4.14) is obtained with the slight difference in the effective

FDS signature since the complex channel gain vector is now user dependent. However,

the FD blind LMMSE optimization problem remains the same as before, i.e.

2} (5.21)

w = argmin £ {H VP (byy) — w7

Wj‘E(,“HXl

5.3.2 CMOE RLS Blind Detector

In this section, we show the CMOE RLS blind detector for blind multiuser detection
can be applied in mobile Rayleigh fading channel with Doppler shift induced ICI.
Since \the optimization problem in 5.21 is similar to that in 4.14 except the effective
FDS waveform has a quasi-uplink interpretation. Using this fact, the CMOE RLS

algorithm remains the same as that in chapter four, namely

. e H o 1m N =1 1~
W‘/. = (C{[Cf1C1> CflC] (522)

where C;l is approximated recursively using the matrix inversion lemma, i.e.

| , A28 - 122 @] — 1]
C 'l =@ — NP =1 < Sl f
;= @l b —1] P

(5.23)

Using the results in Section 4.3.3, the effective FDS sequence, and hence the effective
frequency domain channel gain for the desired user can be estimated using the MOE

expression and then maximizing it with respect to the desired user’s effective FD
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// Type II Blind TF-MC-CDMA CMOE RLS Receiver
// in Slowly Fading Rayleigh Multipath Channel
// with Doppler induced ICI
Initialization:

(I)f[o] = IMXM
In the p** symbol, input matrix Z[p]
Set w; = a,
Compute: z' = aj' Z[p]
-Compute Kalman Gain:

. AT e -[1)—1]Z’T

kilel = 1+/\‘1(Z”’f)y‘i’f[?)—l]Z’T

Compute Update: :

NH
el = (50— 11k (7)1 1)
Perform Channel Estimation:
Find smallest eigenvector g corresponding to the smallest eigenvalue of
Fi Ol @ CiF yxs
Compute Estimated Effective FD Signature: ¢, = Fpyw 8’
Compute FD Detector
W} = (I)fEI]‘
Perform detection

81[73] = sgn (Re {(W‘;)HZ/T})

Table 5.1: Type II CMOE RLS Blind Receiver Algorithm for multipath fading chan-
nels with Doppler induced ICI

signature. This again ends up being a familiar problem to find the normalized eigen-
vector corresponding to the smallest eigenvalue of the matrix F{. , CI ®:CiFxr

The algorithm is summarized in Table 5.1.

5.3.3 Blind Subspace Multiuser Detection

The blind subspace multiuser detector for TF-MC-CDMA signal in mobile fading
channel with Doppler induced ICI can be formulated in the same way as presented
in Section 4.3.4. The data correlation matrix from the TF-MC-CDMA multiuser

detection problem in 5.15 can be expanded into

Cf EE {Z/Z/H} = g.f ‘A‘Q g}l + UiIMxM (524)
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where

St =[E1lea. .. [&y] (5.25)

contains the effective FD signatures of the users within the same time domain signa-
ture group as the desired user (user 1). Applying the eigendecomposition to C; gives

the signal and noise subspace decomposition

G = DPAPTP 1 20T

_ o ) (5.26)
D = diag (Aﬁf% AF\;?)
The solution to the type II FD blind LMMSE detector is given by
- - -1 .
wi =0 (Agﬂ) OWHE, (527)

The effective FD signature can be estimated using the exact same procedure as in
Section 4.3.4 by exploiting the orthogonality nature between the noise subspace and
the signal subépace. Combined with the least squares estimation, we arrive again at
the familiar optimization problem for the channel estimation

g = argmin {gHFf\{[XLC{{fJ$7f)fJ,flf)HC1FA4ng} (5.28)
g

Solving the optimization problem in 5.28 again requires finding the normalized eigen-
vector corresponding to the smallest (least dominant) eigenvalue of the composite
matrix FL, CHUP UL C Fyyy. As in Chapter 4 where it was implicitly assumed
that the channel ICI has been perfectly compensated, the channel estimation in this
case is also unique up to a multiplicative complex constant for the same reasoning
discussed in Section 4.3.4. Therefore, the maximum user capacity for the TF-MC-
CDMA downlink system in a multipath fading channel with Doppler induced ICI is
also N x (M — L) as long as the two conditions stated in Section 4.3.3 are satisfied.

Therefore, assuming the two conditions are satisfied, the Doppler induced ICI effect
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// Type 11 Blind TF-MC-CDMA Subspace (SVD) Receiver
// in Slowly Fading Rayleigh Multipath Channel
// with Doppler induced ICI
In the p** symbol, input matrix Zp)]
Set w; = a;
Compute: z' = allZ[p]
Compute Update:
&ylr) = A&lp — 1) + () [T

Apply Eigendecomposition to C to get
() mm{l\ M}

J

Subspace Eigenvectors: {
=1

~ min{ K M}

Subspace Eigenvalues: {/\” )}

=1
Form Subspace matrices: 9% A(gf ,USQ
Perform Channel Estimation:

Find smallest eigenvector g’ corresponding to the smallest eigenvalue of

s (D) () H

F/[;[/ XLC{I U$1f)Uz(1f) C'l FM X L

Compute Estimated Effective FD Signature: ¢, = Fpx 8
Compute FD Detector

. ~(f)/ ~ () H =

Wf — U(gj)(A(sf)) lUgf) ¢y

Perform detection

= o e ("]

Table 5.2: Type II Blind Subspace (SVD) Receiver Algorithm

does not change the user capacity of the system as the system is still capable of sup-
pressing N x (M — L) — 1 interferers. However, there is a penalty to pay in terms
of BER performance because ICI reduces the average output SINR as a result of the
leakage of subcarrier energy. The subspace parameters can be obtained using the
SVD method or the PASTd adaptive subspace tracking. Both methods require no
modification for the Doppler induced ICI channel. We summarize the both the type
II blind subspace detector algorithm using SVD and using PASTd adaptive subspace

tracking in Table 5.2 and 5.3 respectively.
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// Type IT Blind TF-MC-CDMA Subspace (PASTd) Receiver
// in Slowly Fading Rayleigh Multipath Channel

// with Doppler induced ICT :

In the p™* symbol, input matrix Z[p] and previous estimates

{ \(f kf)}k_]

Set w; = a;
Compute: 2z’ = allZ[p)
Input z'[p]"

Set x\) = 2/[p|”
for(k=1,2,...,x1)
() _ ) H . (D
Projection Approximation: vy, = @,"’[p — 1]"'x;

Eigenvalue Update: /\A;f ) p] = 7/)\2f [p—1] + 1:(],5;[ ) \2
Eigenvector Update:
o] = 11+ (s ) (<0 - o - 1"
Deflation: x,(‘Ql = xff) (f)[p]y,sf)
end for
Form Signal Subspace Matrices: fJgf ), Agf )
Compute: U(”Um” =] - ﬂg”UgﬂH
Perform Channel Estimation:
Find smallest eigenvector g corresponding to the smallest eigenvalue of
Fi G oo C\Fuxr
Compute Estimated Effective FD Signature: ¢, = Fpyu 8’
Compute FD Dc‘rcctm
wi = UV(AV)-10Y e,
Perform detection

1;1[])} = sgn (R'e {( f)” 2 }>

Table 5.3: Type IT Blind Subspace PASTd Receiver Algorithm




TD spreading gain .8
FD spreading gain 16
Number of subcarriers 16
TDS sequence type Walsh-Hadamard
DS sequence type Walsh-Hadamard
Number of FDS sequence used 11
Carrier frequency 1.9 GHz

Table 5.4: Summary of simulation parameters

5.4 Simulation Results

Computer simulations were carried out to illustrate the performance of the proposed
TEF-MC-CDMA type II CMOE RLS receiver, blind subspace receiver using SVD, and
the blind subspace receiver using PASTd adaptive subspace tracking for downlink
slowly fading Rayleigh multipaﬁh channels with Doppler induced ICI. The channel
model used is again the I'TU-A 4 path model for evaluating outdoor/indoor pedestrian
test environments provided in Table 4.5. The TF-MC-CDMA chip period is 100ns.
Again, for simplicity, the relative delays of the multipath arrivals are rounded to the
nearest 100ns and we do not modify the average receiving powers. The mobile speed
.considered here is pedestrian speed which corresponds to 3km/hr. The simulation
parameters are summarized in Table 5.4.

Three types of system loading are considered: 35 users (light moderate load), 55
users (moderate load), and 75 users (high load). Figures 5.1, 5.2 and 5.3 show the
BER performance curves for the 35 users, 55 users, and 75 users load respectively.
Comparing the 35 users case and 55 users case with the simulation results in Chapter
4 (perfect frequency offset correction), it can be seen that the performance is still
very good for all three type II detection methods. In particular, we once again see
the closeness in performance between the type II blind subspace SVD and the blind

subspace PASTd detectors for the 35 users and 55 users case. However, as the system
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Slowly Fading Rayleigh w/ Doppler ICI, 35 Users, 3km/hr
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Figure 5.1: BER performance for 35 users case

reaches a high user loading, the type II blind subspace PASTd detectqr deérades sig-
nificantly. This observation is also consistent with the simulation results from Chapter
4. From the BER 1561‘f01'n’1ance simulatioﬁ results, we can see that without using any
frequency offset corrections, the type II blind subspace SVD, PASTd detectors and
the CMOE RLS detector are robust to Doppler induced ICI in the channel.

We next present the output SINR results. Figures 5.4, 5.5 and 5.6 show the
output SINR. against the number of data samples processed for the 35 users, 55
users and 75 users case respectively. The output SINR results show that in all three
system load cases, the slowest to converge is the blind subspace PASTd algorithm.
The convergence speeds of the CMOE RLS detector and the blind subspace SVD
algorithm are similar. In all user load cases, the blind subspace SVD performs the

best which confirms the result of the BER performance results above. At high user
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Slowly fading Rayleigh w/ Doppler ICI, 55 Users, 3km/hr

BER

| —B—CMOERLS(typell) | i NN

L —Q— subspace PASTd (type I1)| . il il CUUTTUUNDING
- subspace SVD (ype ) | NN\ ]

10 : :
0 5 10 15 20
Avg SNR (dB)

Figure 5.2: BER performance for 55 users case

loading, the PASTd does not perform well.

Finally, we present the mean square channel estimation ervor plots in Fig. 5.7
for all three type II detector implementation methods. This channel estimation is
different from the channel estimation in Chapter 4 where we are truly estimating the
channel’s path gains. The channel estimation here estimates the effective frequency
domain complex subchannel gains given in 5.14. It can be seen from Fig. 5.7 that all

three detector schemes give similar channel estimation performance.

5.5 Summary

In this chapter, the mobile Doppler shift induced ICI is analyzed and derived for the

TEF-MC-CDMA slowly fading downlink model. This was shown to have two important
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Slowly fading Rayleigh w/ Doppler ICl, 75 Users, 3km/hr
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Figure 5.3: BER performance for 75 users case

effects: (1) the loss of orthogonality of the FDS sequences and (2) due to ICI, the
pure downlink model becomes a quasi-uplink synchronous blind multiuser detection
problem. We also show that we need not modify the TF-MC-CDMA type II CMOE
RLS method and the blind subspace method proposed in Chapter 4. It is shown that
they can be directly applied as long as the rank criteria is fulfilled. However, computer
simulation results confirms that due to Doppler induced ICI, there is a performance

degradation as compared to the performance without ICI.
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Output SINR Comparison, 35 Users, Doppler ICi Channel
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Figure 5.4: Output SINR. for 35 users case at SNR 12dB

107




Output SINR Comparisons, 55 Users, Doppler ICI Channel
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Figure 5.5: Output SINR for 55 users case at SNR 12dB
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Output SINR Comparison, 75 Users, Doppler ICl Channel
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Figure 5.6: Output SINR for 75 users case at SNR 12dB
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Figure 5.7: Mean square channel estimation error for 35 users at SNR 16dB




Chapter 6

Conclusion and Future Research

6.1 Conclusion

TF-MC-CDMA has shown significant promise to accommodate the demands of 4G
broadband mobile communication systems. It combines the benefits of DS-CDMA
and MC-CDMA that are high user capacity, robust to frequency selective fading,
and flexibility in providing a framework for adaptive resource allocation. Any system
using CDMA based multiple access is interference limited, and this is no different for
TF-MC-CDMA. In fact, TF-MC-CDMA must contend with interference in both the
spreading in time and freqL’lency. The method of multiuser detection mitigates the
near far problem and suppresses the multiple access interference thus providing much
better performance than single user matched filter detection. Non-blind multiuser
detection requires the knowledge of the spreading sequences of all users and accurate
channel information. Blind multiuser detection methods 2 \fdid the use of pilot symbols
and training sequences to acquire this information and provide much superior band-
width utilization than non-blind multiuser detection. This is especially important

in receivers operating in next generation mobile handsets. This thesis is focused on

extending the applicability of blind multiuser detection methods to TF-MC-CDMA




systems in three different channels: (1) the AWGN, (2) the downlink slowly fading
multipath Rayleigh channel, and (3) plle downlink slowly fading multipath mobile
Rayleigh channel with Doppler shift h.'lduced ICL

In Chapter 2, the modeling of TF-MC-CDMA transmission and demodulation is
considered. The WSSUS channel model is also discussed and the equivalent frequency
domain channel transfer function for a frequency selective channel is obtained for
system using multicarrier based transmission. One of the key results developed in
Chapter 2 is that a systematic allocation of the time and frequency domain signature
sequences for TF-MC-CDMA so as to reduce the total multiple access interference
by minimizing the number of users sharing the same TD signature (and the same FD
signature). This allocation scheme is not specified in [17].

In Chapter 3, the blind linear multiuser detection problem for TF-MC-CDMA
in AWGN with MAI is discussed. The key result of Chapter 3 is that one can subop-
timally decouple the TF-MC-CDMA multiuser detection problem into two separate
blind multiuser DS-CDMA problems, one for the TD spreading and one for the FD
spreading. This has the advantage of utilizing parallel processing. The blind DMI al-
gorithm, blind CMOE RLS algorithm, the blind subspace algorithm using SVD, and
the blind adaptive subspace algorithm using PASTd were applied to the proposed
decouple detector and their performances were investigated.

In Chapter 4, lthe blind multiuser detection problem for TF—MC~CDMA in a
slowly fading downlink multipath Rayleigh channel is discussed. The key result is
that two types of TF-MC-CDMA blind detectors are proposed based on the results
developed in Chapter 3. The first type, known as the type I detector, follows the
same decoupled processing method as in Chapter 3 for the TF-MC-CDMA blind

detection in the AWGN. The second type, known as the type II detector, uses a

cascade processing with the output of the TD processing serving as input to the FD




processing. Computer simulations have shown that type IT detectors outperform type
I detectors. The type 11 detector takes advantage of the orthogonality of the time
domain spreading sequences to elimin;mte interference from users belonging to other
time domain signature groups. Therefore, the signal coming from the time domain
detector only contains interferers from users within the same time domain user groups
which is guaranteed to be less than or equal to the frequency domain spreading gain.

In Chapter 5, the TF-MC-CDMA blind multiuser detection problem in slowly
fading downlink multipath Rayleigh channel with Doppler shift induced ICI is dis-
cussed. We first presented the modeling of Doppler shift induced ICI in a WSSUS
multipath fading channel. There are several important results that came from the
analysis: firstly, the ICI creates leakage of energy from one subcarrier to another
that results in a loss of orthogonality in the fre-quency domain spreading codes; and

secondly, the downlink multiuser detection problem becomes a quasi-uplink problem.

6.2 Future Research

The results presented this thesis on blind multiuser detection for TF-MC-CDMA
provide a glimpse of the immense possibilities and potential applications of TF-MC-
CDMA systems in future mobile communication systems. There are many interesting
research areas that can be branched off into various directions in conjunction with
other currently new research results in the areas of MIMO, Bayesian Monte Carlo

methods, and signal processing techniques for fast fading channels.

6.2.1 MIMO TF-MC-CDMA Multiuser Detection

MIMO using multiple transmit and receive antennas can further increase the capac-
ity of TF-MC-CDMA systems. Such a system can fully utilize time, frequency, and

spatial diversity. Some ground work has been laid in [21] investigating the perfor-
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marnce éf un-coded TF-MC-CDMA subspace detection using multiple antennas. The
integration of transmit diversity with space-time coding methods such as space-time
trellis coding and space-time block cc;‘ding can further improve the performance of
TF-MC-CDMA systems. The addition of MIMO transmission and reception will in-
crease the complexity receiver, hence the challenge remains to design receivers that

incorporates spatial diversity in TF-MC-CDMA systems while maintaining a practical

level of complexity.

6.2.2 Bayesian Monte-Carlo Blind Multiuser. Detection for

TF-MC-CDMA

The Bayesian Monte-Carlo technique is a new signal processing technique that can be
used in any type of statistical inference problems. In the communications area, blind
multiuser detection, blind equalization are all special types of statistical inference
problem. The main idea of Bayesian Monte-Carlo signal processing is to approxi-
mate the solution by simulating samples from the posterior distribution. There are
two popular Bayesian Monte-Carlo techniques used for such applications: (1) Markov
chain Monte Carlo (MCMC) which is a batch processing method and (2) Sequential
Monte Carlo (SMC) which is a recursive processing method. It was shown in [44] that
near optimal results can be obtained by applying the SMC technique to blind detec-
tion in OFDM systems. Such detectors have the potential to achieve near optimal
performance because this type of detection method approximates the optimal MAP
estimate that truly minimizes the probability of error. Another advantage of such
methods is that they can be incorporated into any model with a fully blind approach

with all unknown parameters jointly estimated.
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6.2.3 TF-MC-CDMA Blind Multiuser Detection in Fast Fad-

ing Channels

The blind multiuser detection techniques discussed in this thesis applies to slowly
fading channels. That is, the channel is approximately constant for at least the
duration of an OFDM symbol. However, if the channel changes rapidly within an
information symbol, then other techniques must be used. Several challenging issues
arise in fast fading: (1) The fast fading channel gain need té be tracked for each
subcarrier stream in order to perform multiuser detection. (2) One can not rely
on the orthogonality of the time domain signature grouping of the users since in fast
fading channel, the orthogonality of the time domain signature will in almost all cases

be lost. (3) the decoupling technique will not be very effective for the two reasons

previously stated.
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