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CHAPTER 1
INTRODUCTION

1.1 Wireless Systems

Since the introduction of analog cellular radio systems in the late seventies and early
eighties there has been a remarkable increase in the demand for wireless telephony.
During this time, a shift took place from a mostly professional use of the wireless
systems to a more popular use. With this shift came the consumer’s requirement for
a higher subjective speech quality, similar to that of wireline systems. Additionally,
due to the spectral limitations of wireless transmissions, systems offering a higher
spectral efficiency were needed.

The development of digital cellular radio systems introduced both the desired
increase in spectral efficiency as well as an improved quality of service (QOS).
Moreover, the utilization of digital transmission techniques offered the possibility
for many new services. The first digital cellular radio systems —also referred to as
second generation wireless systems— such as IS-54 in the U.S.A. or GSM in Europe,
were based on time division multiple access (TDMA). In a TDMA system, each user
is assigned a so-called time-slot during which its transmission may take place.

In parallel, another digital wireless system, using code division multiple access
(CDMA), was developed. In a CDMA system, each active user is assigned a different
code or signature sequence. Different CDMA implementations have been described
in the literature, such as time hopping (TH), frequency hopping (FH) and direct
sequence (DS), differing in their use of the signature sequence [1].

In the U.S.A., IS-95, based on DS-CDMA, has proven to be a popular standard
for wireless communication systems. The principle of DS-CDMA is based on the
spread spectrum (SS) techniques that were originally developed for military use.
In a DS-CDMA system, the user transmits a chip sequence, which is generated by

multiplication of its data stream and signature sequence, allowing the users to use



the full available frequency band for the full time period needed for the transmission.
In other words, no time or frequency slot structure is imposed.

CDMA has several features which enhance the capacity. First, as no slot
structures are imposed, the CDMA system inherently gains from the fact that a user
might not need the allocated resources all the time. For instance, it has been shown
that in voice communication a user will generate speech slightly more than half of the
time. In an FDMA (such as the original analog systems) or TDMA (such as IS-54 or
GSM) system, a user would waste approximately half of the allocated frequency or
time slots. In a CDMA system, however, the quiet user will not generate interference
for the other users in the same cell, hence more active users can be accommodated
utilizing the same amount of resources. Additionally, a wideband system such as
DS-CDMA, in combination with a RAKE receiver, has inherent frequency diversity,
which improves the performance with respect to a narrowband system at the expense

of an increased transmission bandwidth and complexity [2].

1.2 Multicarrier Modulation
The principle of transmitting data using multiple orthogonal carriers has been estab-
lished some time ago [3, 4, 5]. In [6] it was recognized that the discrete Fourier
transform (DFT) could serve as an efficient modulation and demodulation technique
for a multicarrier system, resulting in the orthogonal frequency division multiplexing
(OFDM) system. A multicarrier system has two major advantages over a single
carrier system: (1) reduced noise enhancement as a result of linear equalization; (2)
increased immunity to impulse noise due to the increased symbol time. In addition, a
reduction or elimination of inter-symbol interference (ISI) is possible with the use of
an appropriate guard-time or cyclic prefix. Moreover, due to the overlapping spectra
of the subcarriers a multicarrier system can achieve a higher bandwidth efficiency

than a single carrier system [7, 8], as is also depicted in figure 1.1.
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Figure 1.1 OFDM spectrum compared to BPSK spectrum.

Multicarrier based communication systems find broad application in wireline as
well as wireless environments. For wireline, multicarrier communications, research
has been driven by users’ rapidly increasing bandwidth demands for emerging
multimedia based services. These high bandwidth applications have led to the devel-
opment of the spectrally efficient high-rate digital subscriber line (HDSL), which
employs multicarrier modulation (MCM). Until now, most wireless, multicarrier
based systems have been developed for broadcasting, such as digital audio broad-
casting (DAB) and digital terrestrial television broadcasting (dTTb) [7, 9, 10, 11].
In [12] high-speed indoor wireless communication based on multicarrier modulation
is described.

Future wireless personal communication systems (PCS) will also require high

bandwidth since the multimedia services, currently only available through wireline



connections, will be offered by wireless service providers. Hence the interest in
wideband wireless communications in general. Recently, the use of multicarrier
techniques for wireless PCS has been considered in the IMT-2000 (third generation
mobile communications systems) standardization process [13]. In December 1997,
the TIA TR45.5 committee adopted the framework for Wideband cdmaOne, a
wideband CDMA standard backward compatible with IS-95. One of the main
differences between Wideband cdmaOne in the U.S. and WCDMA in Europe and
Japan is the downlink channel structure. Both systems support direct spread with
higher spreading factors. The former, however, also supports a multicarrier downlink
transmission, resulting in a multicarrier code division multiple access (MC-CDMA)
structure. This proposed MC-CDMA implementation uses three carriers, where each

carrier is spread as in the original IS-95 system.

1.3 Multicarrier CDMA
Different forms of MC-CDMA have been described by various authors [2, 14, 15, 16,
17]. For instance, Vandendorpe [17] describes a system which is a hybrid of OFDM
and DS-SS. In this dissertation, however, the MC-CDMA system as described by
Yee, Linnartz and Fettweis [14] is employed, in which each user bit is transmitted
simultaneously over multiple subcarriers without any spreading per subcarrier.
The resultant signal is a composition of multiple narrowband signals at different
frequencies, spaced regularly in the frequency domain. As a result, it provides
resistance against frequency selective fading due to the fact that each subcarrier will
be narrowband with respect to the coherence bandwidth of the channel [6, 7, 8].
In comparison with wideband transmission based on the DS-SS techniques, the
multicarrier transmission will not need to employ the complex RAKE receiver as

each subcarrier is essentially subject to flat fading.



A block diagram of the downlink in an MC-CDMA system is shown in figure 1.2.
In such an MC-CDMA system multiple access is achieved by assigning a 0 or m
degrees phase shift offset to each subcarrier for each user. The sequence of offsets
assigned to each user forms a unique orthogonal or pseudo-orthogonal signature
sequence, such as Hadamard, Gold or Kasami code sequences. Here, cx(m),m =
1,..., N, is the signature sequence of user k,k = 1,..., K,. When the subcarriers
are separated by 1/T;, where T}, denotes the bit duration, the multicarrier modulators
and demodulators can be replaced by an inverse discrete Fourier transform (IDFT)

and a discrete Fourier transform respectively.

1.4 Multiuser Detection

The performance of an MC-CDMA system —similar to a DS-CDMA system— is
limited by the presence of multiple access interference (MAI). As a result of the
multipath channel effect downlink (base-to-mobile) communications also suffers from
MAI, even if it implements orthogonal code multiplexing. Additionally, to increase
system capacity, transmissions aimed at different mobile users may be assigned
different powers, essentially creating a near-far problem for some users. Hence, it is
judicious to use a so-called ’near-far resistant’ (multiuser) detector to improve the
performance of the desired user.

The optimal near-far resistant detector performs much better than the conven-
tional matched filter (MF) detector at the expense of a complexity that is exponential
in the number of users [18]. A sub-optimal detector, called decorrelating detector,
that is linear (in operation as well as in complexity) was presented in [19] and [20].
Adaptive decorrelating detectors based on the bootstrap algorithm [21], have been
applied to the CDMA system in various operating scenarios [22, 23, 24]. Some
work on the application of the bootstrap algorithm to MC-CDMA has been reported

in [25, 26]. These adaptive bootstrap based detectors have been shown to achieve
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Figure 1.2 Block diagram of the downlink in an MC-CDMA system.



single-user performance, i.e. outperform the fixed decorrelators, in the case of low
interference power, while achieving equal performance in the case of high interference
power; as such they behave similar to MMSE based detectors [27, 28]. Another
sub-optimal near-far resistant detector, with a multistage detector (a cancelation
stage follows the decorrelation stage), was proposed by Varanasi [29]. With this
detector, however, the cancelation stage requires the knowledge of the received signal
energies. An adaptive multistage detector, as described in [30], does not suffer from
this limitation. Additionally, all the aforementioned detectors require the knowledge

of which users are active in order to utilize their particular codes.

1.5 Reduced Complexity Multiuser Detection
In general, the mobile terminal suffers from limited available resources such as
computing power and battery life and can, therefore, not accommodate the same
level of receiver complexity as the base station. However, for the downlink, the
received signal structure is less complex due to the assumed synchronized trans-
mission. Moreover, the mobile receiver is merely required to detect the desired user’s
data stream. Hence, it is both essential and realizable to develop a receiver for use in
the mobile terminal with a lower complexity than the ones currently proposed for the
uplink. In [31], a simplified adaptive decorrelator was developed by concentrating
only on the correlation of the desired user with the other users and ignoring the corre-
lations between the other users. This detector, however, still requires knowledge of
the active users and their codes. In [32, 33|, detectors were proposed that do not
require knowledge of which users are active and their respective codes, but rather

use a combined code to represent all the interfering users at once.



1.6 The Bootstrap Algorithm
The bootstrap algorithm is based on a cross-coupled structure that provides signal
enhancement for both the desired signal and the interference samples. The cross-
coupling is such that the output of one canceler is used to improve the output of
the other. Therefore, this structure can operate independently, hence the name
“bootstrap.” Also, this structure is often referred to as a signal separator rather
than an interference canceler as both outputs produce “cleaned” samples.

The application of the bootstrap algorithm to an interference cancelation
problem was first proposed in [34]. The algorithm has also been successfully applied
to cross-polarization cancelation for satellite communications [35] and in a microwave
terrestrial radio link [36].

Three different structures for bootstrapped operation with different criteria
for adaptation, have been described: the backward-backward (BB) structure which
uses a minimum power criterion, the forward-forward (FF) structure which uses a
correlation criterion and the forward-backward (FB) structure which is a combination
of the BB and FF. In figure 1.3 the F'F structure is shown for a two-input/two-output
configuration.

In order for the bootstrap algorithm to converge to the steady-state, a so-called
discriminator is needed. In a digital implementation of the bootstrap structure, this
discriminator can be implemented using a hard-limiter. The function of the discrim-
inator is to emphasize the undesired component relative to the desired component.
It can be seen from figure 1.3 that without the discriminators the controls for both
weights are identical. To control wq; a sample of y;, which contains y; as interference,
is correlated with b;. However, b, should equal by to generate the proper feedback.
A similar explanation holds for the control of wi,. Initially, both b, and b, contain
interference, so neither weight is controlled properly. However, when one processor

cancels some interference it results in a cleaner sample for the other processor and
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Figure 1.3 Bootstrapped forward-forward structure.

vice versa. This is the essence of the so-called bootstrapping operation that can

perform blind signal separation [37, 38].

1.7 Frequency Offset Correction
For spectral-efficiency reasons, closely spaced subcarriers are used in a multicarrier
modulated system. A resulting drawback is a high sensitivity of the performance to
a frequency offset (FO), which results from a Doppler shift, due to mobile movement,
as well as from a mismatch between the carrier frequencies at the transmitter and
receiver [39, 40]. This is illustrated in figure 1.4 by the decrease in carrier-to-
interference ratio (CIR) as a function of the normalized frequency offset, which is the
absolute frequency offset as a percentage of the subcarrier spacing. For example, a
CIR greater than 20 dB requires the normalized frequency offset to be less than 7%.
To illustrate the strictness of this requirement, notice that for a subcarrier spacing
of 10 kHz and a carrier frequency of 1 GHz, the oscillator stability must be better

than 0.7 ppm, which exceeds today’s specifications.
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As a consequence of the frequency offset, the subcarriers’ orthogonality is lost,
causing inter-carrier interference (ICI). In addition, the constellation of the desired
signal at each subcarrier is rotated. This in turn results in inter-rail interference

between the I- and Q-rails, which further reduces the carrier-to-interference ratio.
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Figure 1.4 Carrier to Interference Ratio for conventional OFDM as a function of
the normalized frequency offset €.

A method for estimating the frequency offset based on the retransmission of
an information symbol, thus reducing the channel throughput, is presented in [41].
Another method, proposed in [40], merely mitigates the effect of the ICI instead of
completely correcting for the frequency offset. This scheme is based on a form of
repetition coding in the frequency domain, hence also suffers from a reduction in
bandwidth efficiency. A method using frequency domain correlative coding, which
does not reduce the bandwidth efficiency, was developed in [42].

On the other hand, as the ICI can also be regarded as correlation between the
different subcarriers, an adaptive decorrelator may be applied to compensate for the

negative effect of a frequency offset.



11

1.8 Outline

In chapter 2, multiuser detection for MC-CDMA is addressed. The conventional
decorrelator (based on the inverse of the correlation matrix) is derived and it is
shown that for MC-CDMA this detector is dependent on the channel coefficients.
Then, an adaptive signal separator, for multiuser detection, based on the bootstrap
algorithm is developed. Following this, a reduced complexity detector for operation
in a downlink scenario is developed. Both the conventional reduced complexity decor-
relator and the adaptive reduced complexity detector are examined and compared
with the full-dimensional detectors.

Chapter 3 treats the issue of frequency offset correction for OFDM. As
the presence of a frequency offset leads to inter-carrier-interference, an adaptive
interference cancelation structure to combat the effects of the frequency offset is
suggested. The adaptive structure is based on the bootstrap algorithm acting as a
signal separator for the different subcarriers. Also, another structure, based on blind
adaptive frequency offset estimation and correction is proposed.

A joint multiuser detection and frequency offset correction scheme for downlink
MC-CDMA is proposed in chapter 4. This detector combines the work on multiuser
detection (chapter 2) and frequency offset correction (chapter 3).

Finally, conclusions are presented in chapter 5.



CHAPTER 2

ADAPTIVE MULTIUSER DETECTION FOR MC-CDMA

2.1 MC-CDMA System Model
A downlink MC-CDMA system with N, subcarriers and K, active users (K, < K,
the maximum number of users) is considered (see also figure 1.2). Multiple access
is achieved by assigning a signature sequence from a set of Gold! code sequences of
length N, to each user. Each element (chip) of this sequence together with the user’s
information bit (added modulo 2) is BPSK modulated on a subcarrier. The use of
Gold codes of length N, results in a maximum of N, + 2 different codes [43].

The transmitted signal during the ¢® bit interval ((: — 1)T, < t < iT}) at

subcarrier m, m € 1,2,..., N,, may be described as
Ko , m—1
sm(t) = 3 cx(m)/r bi(i)V2 p(t) cos [27T (fc + F 7 ) t}
k=1 b
Ko
= 3 cr(m)y/pr bi(i) ém(t), (2.1)
k=1

where p(t) = ﬁl’[(gﬁ;) is a normalized rectangular pulse shape, by = =£1 is the
information bit of user & in the i*® bit interval, py is the power of user k, cx(m) =
iﬁ,m = 1,...,N,, is the signature code sequence of the k™ user and F' is a
dimensionless system parameter that determines the spacing of the subcarriers by

an integer multiple of the inverse of the bit time. Additionally, the orthonormal basis

function ¢,,(t), associated with subcarrier m, is defined as:

O (t) = \/szﬂ(%) cos [2% (fc + ij—; 1> t] , (2.2)

such that
1, m=n

0, m#n. (2:3)

iTy
1 %w%mm:{

i—1)T}

IThe performance of different code sequences, such as Gold, Walsh-Hadamard or
Kasami, will be very similar as the frequency selective channel reduces the (pseudo-) orthog-
onality of these code sequences.
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It is assumed that the subcarrier bandwidth, B,, is sufficiently small, such
that the inter-symbol interference (ISI) is negligible and no guard-interval is needed.
Additionally, as a consequence of the downlink transmission, the amplitude and
phase distortion at each subcarrier will be the same for all users’ signals, as shown
in figure 1.2. Hence, the complex transfer function for all users at subcarrier m is
described by

P, = ame?®m, (2.4)

where a,, is the amplitude distortion, and 6, the phase distortion, are random
variables (r.v.) that have a Rayleigh distribution and a uniform distribution in
the interval [—m, ), respectively. The correlation between the random variables A,
and A, is given by the spaced-frequency correlation function (a derivation is given

in appendix A):
1—g2m3Af

pAS) = 1+ (2mmgAf)2’

(2.5)

where 7, is the rms channel delay spread and Af is the frequency separation of
subcarriers ml and m2:
(ml—m2)F

Af = T (2.6)

Taking into account the effect of the channel as well as the additive noise the
expression for the signal of subcarrier m at the input of the receiver during the 3t
bit interval follows:

Tm(t) = hmSm(t) + npm (t), (2.7)

where n,,(t) denotes the additive white Gaussian noise process.
The received signal 7,,(t) is processed by a coherent (matched filter) detector
and it is assumed that the orthogonality of the subcarriers is still intact after trans-

mission through the channel.? The output of the detector for subcarrier m, sampled

2This assumption indicates that no significant frequency offset exists, either as a result
of a Doppler shift due to mobile movement or as a result of a carrier synchronization error
in the receiver.
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at time 7} is

o) = /( B (D) ém()e i dt

i-1)T,
K,
= am 3 alm)vBi i) + (i) (2.8)

Combining the N, subcarrier outputs, zp,, into a vector z and dropping the time

index 1, it follows that:

z=ACVPb +n, (2.9)

where P = diag{p1,..., Pk, is a K, x K, diagonal matrix that accounts for the
possibility of transmitting to different users with different powers. The matrix
A = diag{a;,...,ayn.} is an N, x N, diagonal matrix and n is a vector of length
N, containing independent identically distributed (i.i.d.) zero-mean Gaussian noise

samples with covariance matrix
R,=FE [nnT] =021y, (2.10)

where E is the expectation operator, o2 is the power of the additive noise and Iy, is

the N, x N, identity matrix. Additionally, the N, x K, code matrix C is defined as
C= [Cl,Cz,...,CKa], (211)

where ¢ = [ck(1), ck(2), .. ., ck(Ne)]T, T denoting the transpose operator.

The output of the receiver can be multiplied with either cg, to get the decision
variable using conventional single user detection (SUD) for user k, or with the
complete code matrix C, to generate decision variables for all users such that

multiuser detection (MUD) can be applied. Multiplication with C results in
x = CTz = CTACVPb +7 =P VPb +1, (2.12)
where the conditional (on A) code cross-correlation matrix Py, is defined as

P, =CTAC, (2.13)



