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A b s tra c t
Broadband wireless communications suffer from hostile radio propagation envi
ronments, with a multipath frequency-selective fading. The orthogonal frequency
division multiplexing (OFDM) and orthogonal frequency division multiple access
(OFDMA) are recognized as spectral efficient multicarrier techniques to combat
multipath effects. Despite numerous advantages, the OFDM and OFDMA have a
number of drawbacks due to a large number of subcarriers, including a high peak
to average power ratio (PAPR), high sensitivity to carrierfrequency offset (CFO),
lower frequency diversity, a need for an adaptive or coded scheme to overcome
spectral nulls in a channel, and a high complexity in OFDMA users’ terminals.
Alternatively, single carrier communication techniques, e.g. the single carrier with
frequency domain equalization (SC-FDE) and single carrier frequency division mul
tiple access (SC-FDMA) have drawn great attention for their lower PAPR, similar
performance and efficiency as OFDM/OFDMA. However, SC-FDE and SC-FDMA
suffer the disadvantages such as the very unbalanced complexity in transceiver and
severe noise enhancement and propagation problems.
In this thesis, we first introduce the concept of layered FFT structure and inter
mediate domain between frequency domain and time domain. It is motivated by
the judicious use of the Divide-and-Conquer (D&C) approach which is used in the
computation of discrete Fourier transform (DFT). Based on the novel concept, we
give a detailed transceiver design of the asymmetric orthogonal frequency division
multiplexing (A-OFDM) and quadrature orthogonal frequency division multiple
access (Q-OFDMA) systems. The proposed systems can achieve a less or same
guard-interval overhead and the same bandwidth occupation to the conventional
OFDM/OFDMA systems, with a reduced PAPR and improved CFO robustness
and frequency diversity. The A-OFDM/Q-OFDMA systems can also achieve a low
complexity in downlink receivers. The parameter configuration is investigated for
scenarios of the predefined and adaptive users’ data rates. In the scenarios of un
coded and coded systems, the bit error rate (BER) performance of the A-OFDM

and OFDM are evaluated analytically, and the results are validated by simulation
results. It is shown that the BER performance of the A-OFDM system bridges
that of the conventional OFDM and single carrier systems, i.e., the A-OFDM sys
tem could achieve better performance than the OFDM system when the signal to
noise ratio (SNR) is above a threshold depending on the channel condition. The
same result also applies to the Q-OFDMA systems. We investigate that different
advanced equalizers, such as the minimum mean square error (MMSE) equalizer,
reduced rank equalizer, decision feedback equalizer (DFE) and turbo joint chan
nel estimation and detection, can improve the system performance. In a multiple
input multiple output (MIMO) environment, we propose the Alamouti-like spacetime block coding (STBC) technique to increase the diversity gain, and the spatial
multiplexing to increase the capacity of the A-OFDM/Q-OFDMA systems. The
presented novel single- and multiple- user OFDM systems unify a number of exist
ing system models, they are suitable for future broadband wireless communications.
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C h ap ter 1
In tro d u ctio n
O verview : This chapter presents the motivation and objective of the research,
describes an outline of this thesis and highlights the major contributions.

1.1

T h esis M o tiv a tio n

Over the past few years, there has been a rapidly growing demand for the data
rates in cellular and local area wireless communications systems. The first gen
eration (1G) wireless telephone technology is the original analog, voice-only cel
lular telephone standard, developed in the 1980s. The second generation (2G)
cellular telecommunication networks are digital systems. Global system for mo
bile communications (GSM), personal digital cellular (PDC) and digital advanced
mobile phone system (D-AMPS) employ time division multiple access (TDMA)
technique, while cdmaOne is a code division multiple access (CDMA)-based sys
tem, which uses direct sequence spread spectrum for multiplexing and multiple
access. The third generation (3G) cellular wireless communication systems, in
cluding wideband CDMA (W-CDMA), CDMA2000 and time division-synchronous
CDMA (TD-SCDMA), are CDMA-based systems. The future fourth generation
(4G) communication systems will be able to provide a comprehensive Internet pro
tocol (IP) solution where voice, data and streamed multimedia can be provided to
subscribers on an ” Anytime, Anywhere” basis, and at higher data rates than pre
vious generations. Orthogonal frequency division multiplexing (OFDM) is one of
the principal technologies to exploit the frequency-selective channel property with
low complexity.
OFDM and its multi-user version, orthogonal frequency division multiple ac
cess (OFDMA), have developed into the popular schemes for wideband digital
1
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Introduction

wireless and wired communications, including digital subscriber line (DSL), dig
ital audio/vedio broadcasting (DAB/DVB), wireless local area network (WLAN)
(IEEE 802.11 & high performance radio LAN/2 (HIPERLAN/2)), worldwide inter
operability for microwave access (WiMAX) (or IEEE 802.16) and third generation
partnership project - long term evolution (3GPP-LTE). One of the biggest advan
tages of OFDM/OFDMA system is the ability to convert dispersive broadband
inter-symbol interference (ISI) channels into parallel narrowband ISI-free subchan
nels, which significantly simplifies equalization at the receiver end. From a theo
retical standpoint, the spectrum-efficient OFDM/OFDMA systems are known to
closely approximate the ” water-filling” solutions of information theory. However,
OFDM system also suffers from the following three well-known problems:
1. High peak to average power ratio (PAPR), requiring PAPR-reduction tech
niques to control the resulting nonlinear distortion at the power-amplification
stage.
2. Sensitive to carrier frequency offset (CFO), which is caused by transmitreceive oscillators’ mismatch and Doppler effects, resulting in inter-channel
interference (ICI) or the corruption of the whole frame of data.
3. Uncoded OFDM does not enable the available frequency diversity, and chan
nel coding provides limited frequency diversity in OFDM systems.
In the OFDMA system, with restricted signal bandwidth, more subcarriers are
desired to get high spectrum efficiency and better flexibility, which aggravates the
aforementioned problems. Furthermore, in the downlink (point to multi-point),
each receiver needs to implement a full-size discrete Fourier transform (DFT) no
matter how many subchannels or subcarriers the user occupies in one OFDMA
symbol, which results in high complexity associated with DFT in each user’s re
ceiver.
As an alternative solution, a single carrier with frequency domain equalization
(SC-FDE) system [1] works around the aforementioned problems by shifting the
inverse fast Fourier transform (IFFT) module from the transmitter to the receiver.
SC-FDE retains OFDM’s capability of combating multipath while mitigating the
PAPR and frequency offset sensitivity problems. This in turn means that SC-FDE
system requires a cheaper power amplifier than its OFDM counterpart to support
a given average power. For this reason, SC-FDE is favored in uplink for the fact of
the power consumption reduction in the mobile terminals.
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Figure 1.1: OFDM and SC-FDE: different placements of an IFFT operation.

The DFT-spread-OFDMA scheme [2], referred to as single carrier frequency
division multiple access (SC-FDMA) system [3], extends the single carrier system
to the multiple access applications. On one hand, DFT spreading at the SCFDMA’s transmitter allows the frequency selectivity of the channel to be exploited.
Thanks to the advantageous characteristics of lower PAPR and improved frequency
diversity over general OFDMA systems, SC-FDMA has been adopted as the uplink
transmission scheme in 3GPP-LTE [4-8]. On the other hand, the inverse DFT
(IDFT) despreading at the receiver results in that the noise is spread over all the
subcarriers and generates noise enhancement. Furthermore, if SC-FDMA is used for
downlink, the PAPR would be significantly increased because multiple users’ SCFDMA signals are added together. Therefore, WiMAX employs OFDMA in both
links to take the benefits of having the same access scheme in terms of reciprocity,
allocation flexibility, and bandwidth efficiency [8-10]; While in LTE-Advanced [11],
the uplink technology is not ensured for SC-FDMA.
Although all the aforementioned problems can be partially solved by applying
advanced signal processing algorithms, it is preferred if we can develop new mul
ticarrier systems which can retain the advantages of both OFDM/OFDMA and
SC-FDE/SC-FDMA systems while overcoming these problems. Consider the two
different placements of an IFFT operation in OFDM and SC-FDE [1,12], illus
trated in Fig. 1.1, in OFDM it is placed at the transmitter to multiplex the data
into parallel subcarriers, while in SC-FDE it takes place at the receiver to convert
FDE signals back into time domain symbols. In order to combine the advantages of
these two systems, can we transfer only part of the IFFT module of OFDM system
from the transmitter to the receiver? If we can, the challenges are how to process
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the received signals and how to extend it to the multiple access application. This
idea inspired us to invent the novel A-OFDM and Q-OFDMA systems, based on
layered fast Fourier transform (FFT) structure [13,14], which will be discussed in
detail in Chapter 3. The new systems remove the disadvantages of the conven
tional OFDM/OFDM A as mentioned above while reserving the advantages offered
by single-carrier system. More importantly, the A-OFDM/Q-OFDMA systems
provide a simple way to realize data symbol spreading across subcarriers so that
the frequency diversity performance is improved significantly in frequency-selective
channels.

1.2

T h esis O verview

Chapter 2 This chapter introduces the signal, channel and system models related
to the proposed systems in this thesis. The system models cover the multi
carrier single-access (OFDM, precoded OFDM), multi-carrier multi-access
(OFDMA), single-carrier single-access (SC-FDE), and single-carrier multi
access (SC-FDMA) systems. The advantages and disadvantages of these
systems are presented. The channel models include additive white Gaussian
noise (AWGN), frequency-selective, time-selective, IEEE802.15.3a, HIPERLAN/2 and IEEE802.16 SEI channel models.
Chapter 3 Motivated by the judicious use of Divide-and-Conquer (D&C) ap
proach in the computation of DFT, this chapter introduces the concept of
layered FFT structure and intermediate domain between frequency domain
and time domain. A detailed transceiver design of the novel single-access
A-OFDM and multi-access Q-OFDMA systems is presented, including sub
channel definition, structure of transmitter and receiver, signal relationship
in the intermediate domain, and linear frequency domain equalizers. This
chapter also investigates the variation of the basic system, diversity improve
ment methods, and the performance improvement of A-OFDM/Q-OFDMA
systems on complexity, PAPR, frequency diversity and CFO sensitivity. The
exemplified application and parameter configuration are specified under two
common scenarios, including predefined data rate and adaptive data rate.
Based on the theoretical and simulated analysis, we show that the A-OFDM
systems bridge general OFDM and single carrier systems, and provide signif
icant flexibility in system design and operation. System design issues, e.g.,
guard-interval overhead, bandwidth occupation, PAPR, CFO and computa-
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tion complexity, are also discussed for Q-OFDM A systems.
C h a p te r 4 This chapter intends to theoretically reveal the bit error rate (BER)
performance of the uncoded A-OFDM systems. Various modulation meth
ods, i.e. binary phase shift keying (BPSK) and M -ray quadrature amplitude
modulation (QAM), and equalization techniques, i.e., zero forcing (ZF) and
minimum mean square error (MMSE) criteria are considered. Based on the
convexity and concavity characteristics of the BER functions, we show that
the BER of the A-OFDM system is between that of OFDM and SC-FDE
systems. A-OFDM systems could achieve better performance than OFDM
when SNR is above a threshold depending on the channel condition, and ad
vanced equalizers, such as MMSE equalizer, can significantly decrease this
threshold due to the large frequency diversity in A-OFDM systems. The sig
nal to noise ratio (SNR) bounds for A-OFDM to outperform others are given
in this chapter.
C h a p te r 5 This chapter is dedicated to the performance limits of coded A-OFDM
systems in the multipath fading channels when optimal maximum-likelihood
(ML) detection is deployed, which can be generalized to analyze the coded
OFDM (COFDM), precoded COFDM and single carrier systems. At first,
the exact pairwise error probability is evaluated based on Craigs alternative
form of the Q-function. Then we derive a tight union bound on the bit error
probability based on the code transfer function. It is shown that the coded
A-OFDM systems have improved diversity whose order equals to the channel
codes Hamming distance times the FFT/IFF T size of A-OFDM systems. The
simulation results support the analysis and demonstrate superior performance
of the coded A-OFDM and Q-OFDMA systems with higher SNR.
C h a p te r 6 This chapter investigates various detection techniques such as linear
ZF, MMSE, reduced rank equalizer, decision feedback equalization (DFE),
and turbo joint channel estimation and detection, for Q-OFDMA systems to
mitigate the noise enhancement effect and improve the BER performance.
Regarding to the work of ZF, MMSE and DFE presented in this chapter, our
main contribution lies in extending the general equalization concept to the QOFDMA system and testing its performance. Regarding to the reduced rank
equalizer, it is motivated by the fact that singular value decomposition (SVD)
is a natural result of received signal precessing in Q-OFDMA systems, the re
duced rank equalizer can achieve performance close to MMSE equalizers with
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a complexity similar to ZF equalizers. The iterative (turbo) equalization in
conjunction with channel estimation for Q-OFDMA systems can mitigate the
noise enhancement effect and improve the BER performance. The channel
estimation technique makes use of both training symbols and soft coded data
information to suppress the inter-symbol interference (ISI) caused by chan
nel estimation errors in Q-OFDMA systems. It is shown that performance
improvement can be achieved with the proposed advanced algorithms.

Chapter 7 This chapter investigates the multiple input multiple output (MIMO)
extensions for Q-OFDMA systems. The Alamouti-like scheme is proposed to
combine space-time block coding (STBC) with Q-OFDMA. The STBC en
code the Q-OFDMA symbols in the intermediate domain and decode them in
the frequency domain, and codes across multiple Q-OFDMA symbols. With
two transmit antennas and several receive antennas, the schemes are shown
to achieve significant diversity gains from time, space and receivers. We
also investigate the spatial multiplexing (SM) realization in the Q-OFDMA
systems. This layered transmission is comparable to vertical Bell laborato
ries layered space-time (V-BLAST) scheme with outer coding and without
successive interference cancellation on at receiver. ZF and MMSE equalizer
structures are also derived and analyzed for the SM Q-OFDMA systems.
Chapter 8 This chapter presents a summary of the work, concluding remarks and
possible directions for future work.

C hapter 2
P relim inaries
O verview : This chapter introduces the signal, channel and system models re
lated to the proposed systems in this thesis. The channel models include AWGN,
frequency-selective, time-selective, IEEE802.15.3a, HIPERLAN/2 and IEEE802.16
SUI models. The multiplexing schemes considered include the multi-carrier single
access (OFDM, precoded OFDM), multi-carrier multi-access (OFDMA), single
carrier single-access (SC-FDE), and single-carrier multi-access (SC-FDMA) sys
tems.

2.1

W ireless C h an n el M o d els

In this section, we describe and characterize the wireless channels. A point-to-point
channel for wireless communications are essentially dispersive, due to the multipath
propagation. Paths with different lengths cause different delayed and attenuated
versions of the transmitted signal at the receiver. Such dispersive effect can be
represented by a linear system with impulse response h(t, r) at time t due to an
impulse applied at time t — r, whose input x(t) and output y(t) are related by
( 2. 1)

where r represents the elapsed-time variable, and n(t) denotes the AWGN.
A channel in (2.1) is called frequency-selective if its frequency response varies
significantly within the frequency band occupied by x(t). In this case, the signal
is severely distorted by the channel. One parameter that describes the frequency
response variation in the frequency domain is called coherence bandwidth Wc,
which is the approximate maximum frequency interval over which two frequencies
7
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of a signal are likely to experience correlated amplitude fading. If Wc is small
in comparison to the bandwidth of the transmitted signal, then the channel is
likely to be frequency-selective. Otherwise, it is frequency flat. The reciprocal of
the coherence bandwidth is a measure of the multipath spread Tm of the channel,
which describes how dispersive the channel impulse response is in time domain.
That is,
( 2 . 2)

While a channel in (2.1) is called time-selective or time-variant if its time re
sponse changes significantly during the transmission. The Doppler spread Bd mea
sures the bandwidth of the power spectrum of the random process h(t, r) at time t
for a fixed r. The reciprocal of Bd is a measurement of the coherence time Tc of the
channel, which measures the time duration that the correlated impulse response.
That is,
(2.3)
Clearly, a slowly changing channel has a large coherence time or, equivalently, a
small Doppler spread. When Tc = oo, the channel is time-invariant, which can be
served as a good approximation for a short time-interval during which the channel
remains essentially constant. For such approximations, we will use h(r) to denote
the time-invariant frequency response h(t,r).
The following channel models are used in the work presented in this thesis.

2.1.1

A W G N C h a n n el

The AWGN channel is a statistical channel in which the information is given a
single impairment: a linear addition of white noise n(t) which has a constant
power spectral density over the entire frequency range and a Gaussian distribution
of amplitude with mean zero and variance a\. It is assumed that this channel is
wide-sense stationary, i.e., the autocorrelation function of n(t) only depends on the
time difference but not on the time epoch t. An AWGN channel can be represented
as
y(t) = x(t) + n(t)
by setting h{t,r) = 1 in (2.1).

(2.4)

2.1 Wireless Channel Models

2 .1 .2
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IE E E 8 0 2 .1 5 .3 a C h a n n el M o d e l

The IEEE802.15.3a channel model [15] is a modified Saleh-Valenzuela model [16]
where multipath components arrive in clusters. In this modified model, the am
plitude of every multipath gain has a lognormal distribution, and the phase is
randomly set to 0 or 180 degree with equiprobability. This multipath channel can
be classified by its discrete time impulse response
L

K

h(t) = X ^ 2 X !
1=1 k=l

~ Ti ~ rk,i) + n{t),

(2.5)

where l and k are the indices of clusters and rays, respectively, X represents the
lognormal shadowing,
is the multipath gain coefficient for ray k in cluster /,
Ti is the delay of the Ith cluster,
is the delay of the kth multipath component
relative to the Ith cluster arrival time 77, and <$(■) is the Dirac delta function. The
intervals between the arrival of clusters, and rays in each cluster, are modelled
as poisson processes with respective parameters. Aiming at different scenarios,
such as line-of-sight (LOS) or non-line-of-sight (NLOS), and the distance between
transmitter and receiver, four models, CM1 - CM4, are proposed with different set
of parameters.

2 .1 .3

H I P E R L A N /2 C h a n n el M o d e l

HIPERLAN/2 systems [17,18] are deployed in a wide range of environments such as
offices, industrial buildings, exhibition halls or even home environments. Different
channel models [19] have been used for the different environments, which have
been summarized in Table 2.1. The channels are wideband, with Rayleigh or
Rician modelled tapped delay lines. Each tap suffers independent Rayleigh or
Rician fading with a mean corresponding to an exponentially decaying average
power delay profile.

2 .1 .4

IE E E 8 0 2 .1 6 S U I C h a n n el M o d e l

The IEEE802.16 fixed broadband wireless channel model [20] is obtained by com
bining the parameters which come from the Hata-Okumura model [21,22], delay
spread model [23] and narrowband fixed wireless channel model [24]. A set of 6
typical channels, SUI-1 - SUI-6, are selected for the three terrain types which are
categorized by the different path loss conditions and K-factor values.
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Table 2.1: Channel models for HIPERLAN/2.
Channel
model
A
B
C
D
E

r.m.s
delay spread
50 ns
100 ns
150 ns
140 ns
250 ns

Characteristic

Environment

Rayleigh
Rayleigh
Rayleigh
Rice
Rayleigh

Office NLOS
Open space / Office NLOS
Large open space NLOS
Large open space LOS
Large open space NLOS

The generic structure of the SUI channel model includes input mixing module,
TDL module and output mixing module. The input mixing and output mixing
modules are general for MIMO channels, and can be ignored for SISO channels.
The TDL module models the multipath fading of the channel with three taps and
non-uniform delays, which can be represented by the impulse response
L

h(t)

=

^2aiS(ti=i

ti)

+ n(t),

( 2 .6)

where L is the number of taps, cq(t) are the tap gains with phase randomly set to
±1 with equiprobability, and 7/ are the tap delays. The gain associated with each
tap is characterized by a distribution (Ricean with a K-factor>0, or Rayleigh with
K-factor=0) and the maximum Doppler frequency. And the K-factor is defined by
K = FsFhFbK 0(Pu,

(2.7)

where Fs is a seasonal factor, Fs = 1.0 in summer and 2.5 in winter; Fb is the
receive antenna height factor, Fb = (h /3)0 46, h = 6m is the receive antenna height;
Fb = (6/17)—
062 is the beamwidth factor; K 0 — 10 and 7 = —0.5 are regression
coefficients; and u is a lognormal variable which has zero dB mean and a standard
deviation of 8.0 dB.

2.2
2.2.1

C o m m u n ic a tio n S y s te m M o d e ls
O F D M S y ste m s

Future communication systems are demanding higher data rates, which requires
more bandwidth, and the channels are less likely to be flat. Furthermore, the mul-
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Channel
Magnitude
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Frequency

Figure 2.1: Frequency domain flat fading subchannels of OFDM systems.

tipath propagation effects in wireless channels compromise the system through
puts. The effects cause ISI, and smearing of multiple adjacent data symbols with
each other. Consider that the narrowband signals are less sensitive to ISI and
frequency-selective fading, the solution is to transmit a wideband signal with many
narrowband sub-bands, which is called multicarrier system, e.g. OFDM.
OFDM is a frequency division multiplexing (FDM) scheme utilized as a digital
multi-carrier modulation method. Despite being a nearly 50-year-old concept [25],
OFDM became both practical and attractive from the 1970s when FFT [26] and
guard interval [27] were proposed to be used, which allows OFDM achieve both
complexity and decoded bit count that was comparable to single-carrier counter
parts. In the last decade, OFDM has been widely adopted in a widespread variety
of high-data-rate communication systems, including DSL, DAB-T/DVB-T, IEEE
802.11a/g/n wireless LAN, and other emerging wireless broadband systems such
as WiMAX, 3GPP-LTE and fourth generation cellular systems.
Generally speaking, when the transmission bandwidth is larger than the chan
nel coherent bandwidth, the broadband wireless communication system faces a
frequency-selective channel. Fortunately, by implementing an IFFT at the trans
mitter and a FFT at the receiver, OFDM transmits multiple modulated subcarriers
in parallel, and converts a frequency-selective channel into a parallel collection of
frequency-flat subchannels, illustrated in Fig. 2.1. The subcarriers have the mini
mum frequency separation required to maintain orthogonality of their correspond
ing time domain waveforms, yet the signal spectral corresponding to the different
subcarriers overlap in frequency. The typical spectra of individual subchannels in
an OFDM signal is depicted in Fig. 2.2. The overlapping sine shaped spectra assure
zero inter-subchannels interference at the right frequency sampling points.
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a.

0.4

Frequency

Figure 2.2: The spectra of OFDM signals.

In order for IFFT/FFT to create an ISI-free channel and eliminate inter-block
interference (IBI) between successive IFFT-processed blocks, a cyclic prefix (CP) of
length no less than the channel order is inserted per transmitted block. The basic
idea of CP is illustrated in Fig. 2.3, which replicates the last Lcp samples from the
end of an OFDM block to the beginning of it, where we assume the maximum
channel delay spread has a duration of Lcp samples. Because CP comes with both
bandwidth and power penalty, which can be expressed by
Rate Loss = Power Loss = ——~ —.
N + Lcp

(2.8)

where N denotes the number of subcarriers.
Generally, nature provides a linear convolution when a signal is transmitted
through a linear channel, however, a circular convolution can be formed by adding a
CP onto the transmitted vector. Note that the duality between circular convolution
in the time domain and simple multiplication in the frequency domain is a property

2.2 Communication System Models
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Figure 2.3: The OFDM cyclic prefix (CP).
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Figure 2.4: Block diagram of baseband OFDM/SC-FDE system.

unique to the DFT, shown as
y = x©h

^

y = x©h,

(2.9)

which describes an ISI-free channel in the frequency domain, where each input
symbol x is simply scaled by a complex value h.

Therefore, the estimate will

generally be imperfect, owing to additive noise, co-channel interference, imperfect
channel estimation, etc, instead of the ISI, the most serious form of interference in
a wideband channel.
A block diagram of an OFDM system is shown in Fig. 2.4, an N-point IF FT
module is at the transmitter only for OFDM and at the receiver only for SC-FDE.
in A serial stream sn of information symbols is first passed through an error-control
encoder, followed by an interleaver. The encoded symbols are mapped to the de
sired constellation, whose output is denoted as xn. The sequence xn is then grouped
in blocks of size N to form zth OFDM symbol, x* = [xw , Ti/v+i,. . . ,

a/ - i ]t

, to

which an IF F T is performed to obtain
Xj = F J5xi}
where the time-domain signal block x* =
Appoint FFT matrix with (Fjv)m>n =

%iN+i , •.., Xijv+;v-i]r , and

(2.10)
is the

exp(—jZ 'irm n/N ). Before the transmis-
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sion over a tapped delay line (TDL) modelled channel h = [ho, h i , . . . , hhh~i]r , a
CP of length Lcp = Lh is inserted in xz. Denote (x;)cp = [xiN+N- Lcp, xiN+N- Lcp+i,
. . . , Ti n , XiN+1 , . . . , XjTv+yv-i]T with length M = N + Lcp as the time-domain signal
with CP, which will be transmitted to the radio frequency (RF) modules and sent
through the channel.

At the receiver, the symbol rate samples can be written as
{ y z)cp =

[U i M ,

U i M + l i ■ ■ • , V i M + M - l ]7

h\

0

ho

0

...

0 \

^

X i N + N - L cp

^

(

o

o

h2

0

o

0

o

( h0

...

n iM +

0

^

riiM

1

^ iM + 2

X iN + N -1

+

% iN

0

...

h Lh_i

...

^ 0

...

0

h Lh- i

0

ho

...

ho j

n iM + M -2

\

X iN + N -i

y

\

T l i M + M —1

/

( 2 . 11)

where riiM+m• m = 0. 1. . . . , M — 1 is AWGN. After removing the first Lrv samples
corresponding to the CP in one signal block, the received signal can be written as
Yi = Hxj + rij,

(2.12)

where n* = [niM+Lcp, niM+Lcp+i, • • •, n i M + M - \ ] T of length N is the AWGN block,
Yi = [ViM+Lcpi ViM+Lcp+h • • . , V i M + M - i]T, and the dispersive channel is represented
as an IV x iV circulant channel matrix H, whose entries are H 7j = fyi-j)modv?
i = 0, 1, . . . , N — 1, j = 0 ,1 , . . . , N — 1, where hi denotes the channel impulse
response that accounts for transmit-receive filters and the physical propagation
effects:

H =

^ h0

0

...

hi

h0

:

h2

hi

ho

0

. . .

^ 0

. . .

hL

h-1
0

hLh_i

...

..............
:

hi ^
h2

... ho

• • •

ho

h,Lh_i

...

0
h0

(2.13)
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Applying FFT to yi5 the frequency domain signal at the receiver is given by
y i = FNy? = FyvHF^Xi + FNnz = D x ? + nz,

(2.14)

where rq = FNni and D = F^HF^ is a diagonal matrix, given by
D = diag[d0, du . . ., dn, . . ., djv-i],

(2.15)

where dn = ^ 2 ^ 0hiexp(—j2TTnl/N) is the frequency response of the ISI channels,
and n is the index of the nth subcarrier. Thus, the signal relationships on the nth
subcarrier can be given by
Vn

dnxn T nn.

(2.16)

When the channel response dn is known, the transmitted signal xn can be easily
estimated by a one tap equalization from the received signal. The followed de
modulation, deinterleaving and decoding can obtain estimates of the information
symbols.
Finally we list the main advantages and disadvantages of the OFDM systems:
Advantages:
• High spectral efficiency.
• Robust against ISI and fading caused by multipath propagation.
• Robust against narrow-band co-channel interference.
• Adaptive to severe channel conditions with computationally efficient equal
ization.
Disadvantages:
• Sensitive to CFO, which causes a loss in orthogonality and results in ICI.
• High PAPR, which leads to an inefficient transmit RF circuitry and distorted
signal modulation.
• Sensitive to clock frequency and timing offsets.
• Limited frequency diversity provided by channel coding.
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P r e c o d e d O F D M S y s te m s

Instead of having delayed and scaled replicas of the transmitted symbols as in
serial transmission, OFDM suffers the loss of the multipath diversity, which is
transferred by OFDM to the frequency domain in the form of fading frequency
response samples. From Equation (2.16) we can see the received signal on each
OFDM subcarrier is expressed as a gain of the dispersive channel tap. When the
ISI channels have spectral nulls close to or on the FFT grid, OFDM systems will
suffer performance degradation caused by the unreliable detection of the symbols
carried by these deeply faded subcarriers [28,29].
Channel coding has been utilized to improve the diversity across the frequency
and time. However, the frequency diversity gain depends on the error correction
capability of the error-control codes, thus only limited frequency diversity can be
achieved in OFDM systems. Recently linear precoding is introduced to OFDM
systems, the precoded data symbol modulated on a subcarrier is equivalent to
linear combination of the original data symbols, which removes the spectral nulls
of an ISI channel without even knowing the channel information and gain frequency
diversity [28-33].
A simplified block diagram of precoded OFDM system is shown in Fig. 2.5. The
only difference from the conventional OFDM systems is applying a unitary matrix
P to a group of data symbols before subcarrier mapping. Based on Equation
(2.14), we assume 5q = Ps*, i = 0, 1, . . . , N — 1 are the precoded symbols, where
Si = [siKiSiK+i,---,SiK+K-i]T, i = 0 , 1, . . . , A — 1 are the original transmitted
symbols and P is a iV x /{ precoding matrix. Thus the precoded OFDM system
model can be expressed by
Yi = F Ary, = FyyHF^Psi + F ^

= D P s *+ rq,

(2.17)

The precoder P is usually designed to improve performance over fading channels
by maximizing the channel cutoff rate [31,34], or maximizing the minimum product
distance [2,30,31]. At the receiver, the maximum likelihood decoder or Sphere
decoder [35,36] can be used to collect the full diversity with high complexity. In
the case of the N x K precoder P having all possible K rows linearly independent,
a linear equalizers is capable of benefiting from maximum multipath diversity in
linearly precoded OFDM systems [33]. Otherwise, the lattice-reduction-aided linear
equalizers can be invoked to collect the same full diversity order as that offered by
maximum likelihood detectors, but with a much lower complexity [37-39].
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Figure 2.5: System model of precoded OFDM.
Comparing with the conventional OFDM systems, the precoded OFDM systems
have the following advantages and disadvantages:
A dvan tages:

• More robust against frequency-selective fading by removing the spectral nulls
of an ISI channel.
• Improved frequency diversity, coding gains and BER performance.
D isadvantages:

• Precoders only cope with structured errors and poor to deal with random
errors introduced by the channel noise.
• The redundancy introduced by precoder increases the system complexity.

2 .2 .3

O F D M A S y ste m s

OFDM is a modulation technique rather than a multiple access strategy: all the
subcarriers are used by a single user at a time. Applying several multiple ac
cess schemes to OFDM, we have several types of multiple access OFDM systems:
OFDM-TDMA [40], OFDM-CDMA (or MC-CDMA) [41-43] and OFDM-FDMA
(or OFDMA) [44,45]. OFDMA allows users share subcarriers and time slots, it
is fundamentally advantageous over OFDM-TDMA and OFDM-CDMA when it
comes down to real system operations [46,47].
In OFDMA, the subchannel is a subset of the available subcarriers. In downlink
the subchannels are used for separating the data into logical streams, while in uplink
they are utilized for multiple access. In order to exploit the frequency selective
fading, the subcarriers of one subchannel are distributed over the entire channel
spectrum, as shown in Fig. 2.6. OFDMA achieves multiple access by assigning
subsets of subcarriers to individual users . Users are not overlapped in frequency
domain at any given time, however the frequency bands assigned to a particular
user may change over the time, as shown in Fig. 2.7.
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Figure 2.6: The principle of division in subchannels. It achieves multiple access by
assigning subchannels 1 and 2 to user 1, and subchannel 3 to user 2.
frequency
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Figure 2.7: Time-frequency structure for OFDMA.
A block diagram of OFDMA system is shown in Fig. 2.8. Comparing with
the OFDM systems, in OFDMA the FFT space is divided into subchannels. The
signals can employ different coding and modulation, each user only knows its own
modulation scheme. In other words, in downlink, each receiver generally needs to
implement a full-size FFT no matter how many subchannels or subcarriers the user
occupies in one OFDMA symbol. This property makes it impossible to directly
extend some algorithms developed for OFDM to OFDMA, and the complexity
associated with FFT in each OFDMA user’s receiver is very high because of the
large FFT size. This problem can be solved by the proposed Q-OFDMA systems
in Chapter 3 of this thesis.
Currently, OFDMA is becoming the core technology in many communication
standards, including IEEE802.16 for wireless broadband access [10,45] and 3GPPLTE for next generation high speed mobile communications [48]. Here we summa-
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rize the advantages and disadvantages of OFDMA:
A dvan tages:

• Better data rate granularity based on both time and frequency domain re
source assignment.
• Smaller Link budget for low rate users.
• Receiver Simplicity with multiuser-interference free detection.
• Multiuser diversity capability.
D isadvantages:

• Higher sensitivity to carrier frequency offsets and phase noise due to the small
subcarrier interval.
• Larger PAPR because of the large size FFT.
• Lower frequency diversity gain.
• High complexity of user terminal because of the large size FFT.
9

The complex OFDM electronics, including the FFT algorithm and forward
error correction, is constantly active independent of the data rate, which is
inefficient from power consumption point of view.

2 .2 .4

S C -F D E S y ste m s

Although OFDM enables simple equalization, it introduces large PAPR, which re
quires large power backoff in power amplifier. Comparing with the multi-carrier
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systems, a prominent advantage of the single carrier (SC) modulation scheme is its
much lower PAPR. In narrow-band communications, single carrier modulation with
time domain equalizer (TDE) can efficiently eliminate ISI. However, ISI becomes
severe in broadband communications, which increases the complexity of TDE dra
matically. Combined with frequency domain equalizer (FDE) [1,12], the single
carrier approach delivers a performance similar to that of OFDM, with essentially
the same overall complexity. Both OFDM and SC-FDE have the capacity to deal
with the broadband communications, and there is a long on-going dispute over the
advantages of the two modulations [49-54].
Fig. 2.4 also shows the block diagrams of FFT based SC-FDE with CP insertion.
SC-FDE system can be simply regarded as shifting the IFFT in the transmitter to
the receiver without other changes in an OFDM system. The relationship between
transmitted and received signals after the FFT operation in SC-FDE is given by:
y = F ^ y = FyvHx + Fyvn,

(2.18)

y = FyvHF^Fyvx + FNn = D F ^ x + n.

(2-19)

which can be rewritten as

We can estimate the time domain signal x by using a frequency domain equalizer
followed by an IFFT:
x = F " D -'y,

(2.20)

where an FDE with ZF is utilised.
Here we summarize the advantages and disadvantages of SC-FDE:
Advantages:
• Reduced PAPR requirements from OFDM, thereby allowing the use of less
costly power amplifiers.
• The performance is similar to that of OFDM, and the receiver can combat
multipath similar to OFDM.
• Same overall complexity with OFDM, and lower complexity at transmitter.
• Less sensitivity to CFO.
Robustness to spectral null.

2.2 Communication System Models
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• Coding, while desirable, is not necessary for combating frequency selectivity,
as it is in nonadaptive OFDM.
D isadvantages:

• ISI exists when considering system imperfection, in particular, channel esti
mation errors.
• Severe noise enhancement and propagation.
• unbalanced complexity in transceiver.

2.2.5

S C -F D M A S y stem s

As an extension of SC-FDE to accommodate multiple-user access, SC-FDMA is a
multiple access technique, which utilizes single carrier modulation at the transmit
ter and frequency domain equalization at the receiver. SC-FDMA can be regarded
as DFT-precoded or DFT-spread OFDMA [3], its main principle is the same as
that for OFDMA. However, the transmitters in an SC-FDMA system transmit
the subcarriers sequentially, rather than in parallel. At the transmitter, a DFT is
performed prior to the IFFT operation, as shown in Fig. 2.8, which spreads the
data symbols over all the subcarriers and breaches the orthogonality of the users,
however brings the benefits of robustness to deep fading of the frequency selective
channels and lower PAPR than OFDMA. With the aforementioned properties, SCFDMA has been adopted as the uplink multiple access scheme in 3GPP LTE [4-6].
On the other hand, at the receiver, the DFT despreading operation spreads the
noise over all the subcarriers and noise enhancement effect may degrade the per
formance.
Fig. 2.8 shows a block diagram of an SC-FDMA system. The transmitter firstly
groups the modulated symbols into the blocks each containing M symbols, then
transforms the time domain data symbols to frequency domain by an M-point DFT
before going through OFDMA modulation. There are two approaches to map each
of the M DFT outputs onto one of the N(> M) orthogonal subcarriers: localized
and distributed [3]. In the localized subcarrier mapping scheme, user’s data inhab
its a set of adjacent subcarriers and a frequency-selective diversity can be achieved.
In distributed subcarrier mapping scheme, the subcarriers used by a terminal are
spread over the entire signal band, and the frequency diversity can be achieved.
The system can handle [N/ M\ simultaneous transmissions without co-channel in
terference. After going through OFDMA modulations, the receiver transforms the
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received signal into the frequency domain via an Appoint FFT, de-maps the subcarriers, and then performs FDE, which is necessary to combat the ISI existing in
single carrier modulation. The M-point IFFT transforms the equalized symbols
back to the time domain, then the followed detection and decoding estimate the
original data.
Before the equalization operation, the signal model of SC-FDMA can be ex
pressed by:
y = F tvH F ^ F jv/ x + Fyvn = D F a/ x + n,

(2.21)

then one-tap frequency domain equalizer can be utilized to SC-FDMA system.
In summary, SC-FDMA has the following advantages and suffers from the fol
lowing drawbacks:
A d v a n ta g e s:

• Reduced PAPR requirements from OFDMA, especially in the uplink com
munications.
• Similar performance and overall complexity as that of OFDMA.
• Robustness to spectral null.
• Low sensitivity to CFO.
D is a d v a n ta g e s :

• ISI exists when considering system imperfection.
• Higher complexity in the transmitter side.
• Increased PAPR when SC-FDMA is used for downlink, because multiple
users’ SC-FDMA signals are added together.

C h a p te r 3
A sy m m e tric O F D M a n d
Q u a d ra tu re O F D M A
O verview : In this chapter, by extending the convolution theory of DFT, structure
of layered FFT is introduced. Based on this framework a novel A-OFDM system is
proposed to bridge general OFDM and single carrier systems. Adaptive to the capa
bility of the transceiver, A-OFDM systems provide signißcant flexibility in system
design and operation. We show how effects of noise enhancement and frequency
diversity counteract each other in A-OFDM systems. To accommodate multiple ac
cess, A-OFDM is extended to Q-OFDMA systems. We analyze the system design,
establish the signal relationship in intermediate domain, analyze the complexity,
PAPR reduction, frequency diversity improvement and CFO sensitivity, and hnally
we compare the BER performance with conventional OFDM/OFDMA systems.

3.1

In tro d u ctio n

As we mentioned in Chapter 2 Section 2.2: OFDM systems suffer from large PAPR
[55,56] and hight CFO sensitivity [57-59]; SC-FDE systems are subject to noise
enhancement and propagation, and the complexity at the transmitter and receiver
is very unbalanced; In OFDMA systems, a large number of subcarriers, N, not only
brings large PAPR and high sensitivity to CFO, but also increases the complexity
associated with DFT at each user’s receiver [60]; and as the multi-access version
of SC-FDE, SC-FDMA systems have severe noise enhancement and propagation,
which only have been drawn attention as an alternative to OFDMA in the uplink
communication.
In this chapter, after establishing an innovative ” layered” concept in FFT algo23
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rithms, we develop a framework of novel OFDM systems which provides solutions
for the aforementioned important problems. This layered FFT structure is es
sentially an extension of the convolution property. Based on the framework, we
propose novel systems which can overcome the aforementioned problems and pro
vide the following advantages:
• Reduced PAPR;
• Improved CFO sensitivity and frequency diversity;
• Low complexity and power consumption at terminal, which are adaptive to
the user’s data rate;
• Reduced complexity at the transmitter;
• Same guard-interval overhead, similar link performance and same bandwidth
occupation to conventional OFDM/OFDMA schemes; and
• Minor alteration from the conventional OFDM/OFDMA transceiver.
The new single-access systems will be named as Asymmetric OFDM (A-OFDM),
because the partial IFFT in OFDM systems is transferred from the transmitter
to the receiver, which causes the FFT/IFFT modules at the transceiver of new
OFDM system are asymmetric. And the new multi-access systems will be named
as Quadrature OFDMA (Q-OFDMA), according to the two-dimensional subcarrier
assignment approach. Different from conventional OFDM/OFDMA systems, the
new systems have multiple IFFTs at the transmitter, and in Q-OFDMA system
each user occupies one or several subcarriers in each IFFT operator. The outputs
of these IFFTs are interleaved, and a single guarding interval is then appended. In
the transmitter side, it seems that orthogonality does not exist among subcarriers.
However, the orthogonality is elegantly recovered in the receiver and a one-tap
equalizer is still applicable.
This chapter mainly considers the downlink case, that is, links from point to
multipoint. The transmitter and receiver mentioned hereafter generally refer to the
transmitter in the central device (e.g., base station) and the receiver in each user’s
terminal (e.g., mobile device), respectively, unless stated otherwise. This chapter
also mainly focuses on the analysis of Q-OFDMA systems, while the analytic results
hold for A-OFDM systems.
The rest of this chapter is organized as follows. In Section 3.2, based on the
Divide-and-Conquer (D&C) algorithm in the computation of DFT, the concept

3.2 Layered FFT Structure
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of layered FFT structure is introduced. Based on the layered FFT structure, AOFDMA systems and Q-OFDMA systems are presented in Section 3.3 and Section
3.4, respectively. Based on Q-OFDMA systems, Section 3.4 introduces the new
subchannel assignment strategy, transmitter and receiver design, and diversity op
tions. In Section 3.5, system performance related to complexity, PAPR reduction,
frequency offset sensitivity, and frequency diversity improvement is analyzed. De
tailed analysis about BER performance for uncoded and coded systems will be
presented in Chapter 4 and Chapter 5. In Section 3.6, parameter and system
configuration are investigated for two common and important applications with
predefined and adaptive data rates. Simulation results are presented in Section
3.7.

3.2

Layered F F T S tru ctu re

It is well known that the D&C approach to compute the DFT and IDFT is the
basis of FFT and IFFT algorithms [61], including the radix-2, radix-4, radix-16
FFT algorithms and so on. Below, referring to Fig. 3.1 we recall the process of
the row-wise D&C approach in calculating an Appoint inverse DFT (IDFT) of the
signal x = {Fj}, i = 0,1, • • • , N —1. We distinguish symbols in different layers with
different accents: x for a frequency-domain symbol, x for an intermediate domain
symbol, and x for a time-domain symbol. A normalizing factor is used in DFT and
IDFT to maintain signal power unchanged, which results in a scalar difference in
the well known convolution theory.
D ivide and C onquer algorithm in calculating an N -point ID FT:
Step 1: Stack the input signal x row-wise into a P x Q matrix X = {xPig},
p = 0,1, • • •, P - l,g = 0 ,1, • • •, Q —1 with xPA = xpQ+q and N = PQ\
Step 2: Compute a P-point IDFT for each column of X, and yield a new
matrix X with q-th column xg = (xo,q, Xii<7, • • • , xp_p9)T,
where xtq =
Y ^ I q xP,qW ppl and Wfl = exp(-j27rp//P);
Step 3: Multiply X by a phase weighing matrix and generate a new matrix
V = {vlq} with (/,g)-th element v^q = WNlqxlq,
Step 4: Compute a Q-point IDFT for each row of V;
Step 5: Read out the resulting P x Q matrix X = {x/iTn}, Z= 0,1,--- , P —1,
m = 0 , 1, • • • , Q —1 column-wise, and the resulting vector x is the
IDFT of x, and x — {x^}, i = 0,1, • • • , N —1 with x/+mp = x^m.
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The circular convolution property of DFT [61] states that, given two N-point
signals x, h and their circular convolution output y = x® h, their respective DFTs
are related by y = x/Ax © h, where © and © denote the circular convolution and
element-wise product of two vectors, respectively. Now let us study the relationship
of these three signals in terms of their intermediate outputs at step S2 in the D&C
approach.
According to SI in the D&C approach, we define matrices X = {xg}, H = {hg},
Y = {yg}, ^ = 0,1, • • • ,Q — 1 with respective q-th columns
X-q — { Z o ^ i %1 ,qi

i %p,qt

i % P-l,q)

i %p,q =

% p Q+ q i

hq

:

t h ' P —l , q )

i ^p , q

^ pQ+qi

yq

(ho,qi h l ,q i
=

(V0, qi V l , q i

>Up,qi

>V P - l , q ) 5Up,q =

Up Q + q i

(3.1)

p = 0,1, • • • , P — 1, and it remains that y q = x/Axg © hq.
Let xq, h q and y q be the IDFTs of xg, hg and y q, respectively. According to
the convolution property of DFT, it is straightforward to see that y q = y/Qxq® hq,
which establishes the relationship between the three signals in the intermediate
domain. This convolutional relationship can be represented in matrix form as

y, =

VQüA.

(3.2)
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where
“

\T

y <7

( VO ,qi V l ,qi ij2,qi

^

(3.3)

Xq

(•£(),qn ^1 ,qi %2,qi ' 5% P - l , q ) T :
/ w
^
^0,<7 hp^ \q ■■■

(3.4)

^l,q
H ,=

h*2,q

^0,q
h\5q

\ hp-l,q /iP-2,7

yp-i,q)

■■■ k q
(3.5)

k ,q

j

Together with the circular convolution property of DFT, we have a three-layer
IFFT structure now: the input layer (frequency domain), the intermediate layer
{xg, Hq, yq} and the output layer (time domain), as shown in Fig. 3.1. In principle,
we can design systems by exploiting the data in any layer of this Layered IFFT
Structure. In particular, for A-OFDM/Q-OFDMA systems, if we focus on the
intermediate domain and assign each user’s data to x g, significant advantages can
be achieved. In other words, the input layer of the new systems is the intermediate
domain, instead of the frequency domain, shown in Fig. 3.1 .

3.3

A -O FDM System

According to Equation (3.2), we can see that OFDM and SC-FDE systems cor
respond to P = 1 and P = N respectively. We can design asymmetric OFDM
systems by choosing any factor P of jV, preferably a power of 2 for implementa
tion convenience, and letting xg, q = 0 ,1 ,..., N / P — 1 be the inputs. The value
of P can be negotiated between the transmitter and receiver according to their
power supply, hardware capability (linearity of power amplifier, capability of FFT
module, etc.) and duplex requirement. The baseband structure of the proposed
A-OFDM is shown in Fig. 3.2, and three system structures comparison is shown in
Fig. 3.3.
At the transmitter, input data is first coded, interleaved and modulated, and
then arranged into an P x Q array. The data in the g-th column of the array
is denoted as vector xg. A Q-point IFFT is then applied to each row. Under
the assumption that the IFFT outputs are stored in the same array, then the
outputs are read out column-wise. In practical systems this can be realized by a
P x Q rectangular interleaver. The output of the interleaver is appended with a
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CP (or ZP). The signal is transmitted over a channel with a digital TDL model
h = [h0, h i , . . . , h^_i]T. The channel is assumed to be quasi-static, being constant
over at least one OFDM symbol period.
At the receiver, after removing the CP, the samples are input column-wise to
a P x Q array. A Q-point FFT is applied to each row. Assume the FFT outputs
are stored in the same array, and denote the FFT outputs in the q-th column as
y q. Now y q and x9 have the relationship of
y q = y/Q H qZq + ng,

(3.6)

where H q is the channel matrix defined in (3.5),
contains AWGN samples, each
having zero mean and variance
Note that the samples in
have the same
mean and variance as the noise samples introduced in the received time-domain
signals, because the FFT does not change the statistical property of the AWGN.
The receiver structure of A-OFDM is similar as that of Q-OFDMA, and will be
represented in detail in Section 3.4.

3.4 Q-OFDMA System
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3.4

Q -O F D M A S y s te m

In OFDMA systems, a subchannel is generally formed in the way as shown in
Fig. 3.4(a). The N subcarriers are divided into a number of successive groups.
Each group contains a number of successive subcarriers, after excluding the ini
tially assigned pilots. A subchannel has one element from each group allocated
through a pseudorandom process based on permutations. More details of the sub
channel definition for IEEE802.16 OFDMA systems can be found in [10] and the
IEEE802.16 standard.
The advantage of this conventional subchannel assignment scheme is that each
user benefits from the large frequency diversity because of the randomness of the
occupied subcarriers, and resource allocation (subcarriers, time slot, etc.) can be
optimized with little constraint to realize multi-user diversity. This scheme also
enables efficient spectrum reuse between different cells. On the other hand, such
systems suffer from problems including severe PAPR, CFO sensitivity and high
complexity. In this chapter, we propose Q-OFDMA systems which can mitigate
these problems while retaining most of the advantages of OFDMA systems.
The proposed Q-OFDMA systems are motivated by the judicious use of Divide-
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and-Conquer (D&C) approach in the computation of DFT. The basic idea of the
proposed Q-OFDMA systems is as follows: In the transmitter, assign user k's
modulated data to one or multiple re-defined subchannels corresponding to the
xq in the intermediate domain; while in user k :s receiver, compute y q from the
received signal and then solve the xq from (3.2) with pre-estimated Hq. Let the
inputs be in the intermediate domain, shown in Fig. 3.1 directly leads to reduced
PAPR, improved CFO sensitivity and frequency diversity; while the following new
subchannel assignment scheme enables the reduction of receivers’ complexity.

3.4.1

S u b c h a n n e l D e fin itio n a n d T r a n s m it te r

Unlike the subchannels in conventional OFDMA systems, which are defined in one
dimension in the frequency domain, subchannels in Q-OFDMA system are defined
over an array of two dimensions in the intermediate domain, as shown in Fig. 3.4
(b). This array is of size P x Q, where N = PQ and both P and Q are powers of 2
(or 4, 16 if radix-4, radix-16 FFT algorithms preferred). In the transmitter, users’
data symbols are arranged into this array. Instead of performing an fV-point IFFT,
a Q-point IFFT is applied to each row. To be consistent, each grid in this array
is still defined as a subcarrier, although it does not have the explicit meaning of
the subcarrier as defined in general OFDMA systems. In principle, subchannel can
consist of subcarriers randomly scattered in the array. However, to enable receivers
with low complexity adaptive to users’ data rates, subchannel is defined specifically
in this chapter. The qth subchannel, q £ [0, Q —1], consists of all subcarriers in the
q-th column in the array as shown in Fig. 3.4 (b). There are in total Q subchannels,
each with P subcarriers. Each user can occupy one or multiple subchannels, i.e.,
occupying subcarriers with same index (indices) over P Q-point IFFTs. According
to Fig. 3.4 (b), the resource that each user occupies spreads over the two orthogonal
coordinates1, so the system is named as Quadrature OFDMA (Q-OFDMA).
The baseband of the proposed Q-OFDMA system is shown in Fig. 3.5. To
compare the Q-OFDMA with the well-known OFDMA and SC-FDMA systems,
Fig. 3.6 shows the intuitionistic difference of the core baseband modules among
three systems. At the transmitter of Q-OFDMA systems, each user’s data is first
encoded, interleaved and mapped to a certain constellation. Then according to
predefined mode, each user’s data is assigned to specific subchannels. Without loss
of generality, let us focus on user k. Assume that at a specific frame, user k occupies
M subchannels represented by set

= {Cz}, ^ = 0,1, • • • , M —1, Q £ [0, Q —1].

1The two coordinates can be depicted as time and frequency coordinates, in a non-strict sense.
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Denote user fc’s modulated symbols to be transmitted within the frame as s^ =
(s * q\
s ^ j ■• • jSpAf-i)- Preferably, the symbols are assigned subchannel by
subchannel, i.e., at subchannel Q,
= (s\p , sjp+1, s-p+2, • • • , -s-p+p_x)T. After all
users’ data is assigned, the transmitter transforms the signals from intermediatedomain to time domain. Referring to Fig. 3.1, modules involved in the process
include the weighing operator, the per-row IFFT and the column-wise read-out.
For subchannel Q, the weighting operator can be represented as
where <f>£.
is a diagonal matrix
<I>C, = diag(l, W ^ \

••• ,

(3.7)
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In practical systems, the column-wise read-out can be realized by a rectangular
interleaver or a serial-to-parallel converter, depending on the structure of IFFT
modules.Finally, the output signal in time domain is appended with CP or zero
padding (ZP). The length of CP or ZP is the same as that of the conventional
OFDMA systems, i.e., it should not be smaller than the delay spread of a channel
to avoid intersymbol interference (ISI). Hereafter, we assume CP is used. The re
sultant time-domain output, including the interleaved output and the cyclic prefix,
is defined as a frame. The framing process is illustrated in Fig. 3.7 where each
frame has the same overhead as that in general OFDMA systems. Each frame is
then forwarded to a digital-to-analog convertor (DAC) and a RF chain, and trans
mitted through antenna(s). The DACs in Q-OFDMA and conventional OFDMA
systems have the same sampling rate, however, in Q-OFDMA systems, the DAC
allows for better resolution and the power amplifier has improved power backoff
because of the reduced PAPR.

3 .4 .2

R e c e iv e r O p tio n s

To estimate each subchannels data in the receiver, we need to convert the received
signal from time-domain to intermediate domain, which is the inverse process of
S3-S4-S5, referring to Fig. 3.1.
As shown in Fig. 3.5, in kth user’s receiver, the CP is first removed. Denote
the obtained samples from one frame as y = (yo,yi,y2, • • • ,2/pg-i). The samples
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are then serial-to-parallel converted to a P x Q array R = {yp,q},p = 0,1, • • • , P —
1, q = 0,1, • ■■, Q — 1, where yPjq = yqp+p. Compute Q-point FFT for each row,
we get
1

= ~ m Y . y ^ WQq'

q= 0,l,--,Q-l-

( 3 . 8)

Collect the data at subcarrier q = Q from each FFT output and arrange them into
a vector as vCi - (h0)Ci, vUi, v2&, • • • ,vP- Ui)T. Let yCi =
(3.2), y^. can be formulated as

According to

yCi = d Q H c,x(i + nc>,

(3.9)

where
is a circulant matrix as defined in (3.5);
contains AWGN samples,
each having zero mean and variance a 2. Note that the samples in
have the same
mean and variance as the noise samples introduced in the received time-domain
signals.
If

is known, direct calculation of
W - 1

___

involves a matrix inversion, given by

w -1

= H c y c. / v Q , where H c is the inverse matrix of H ^. The complexity of this
approach is in the order of 0 ( P 2) for a Toeplitz matrix. This is actually a block
zero-forcing equalization method, and other block equalization methods are also
applicable [62,63].
Instead of a block equalization method, the following efficient algorithm can be
applied, which recovers the orthogonality between subcarriers and enables a simple
one-tap equalizer as that in conventional OFDMA systems. Observe that
is a
circulant matrix, which can be diagonalized as
DCl = F PHC,F "/%/P,

(3.10)

where Fp is the normalized P-point DFT matrix, and the superscript H denotes the
Hermitian conjugate. The diagonal elements of D^. equal to the Fourier Transform
of the first column vector in H^. A one-tap equalizer can be realized after left
multiplying Fp to y^
Fpy(i = v^FpHc.Xc, + Fpnc,
= C V D ClFpXCl + Fpnc,
Equation (3.11) brings frequency diversity via the matrix Fp in front of

(3.11)
and
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allows for multiple equalizers. The simplest one is zero-forcing (ZF) equalizer, and
the subchannel signal
can be calculated as

F ^ D -'F p y jV iv .

(3.12)

ZF equalizer in Q-OFDMA is prone to the noise enhancement and error prop
agation, similar to those in single carrier systems with frequency domain equalizer
(SC-FDE) [1, 54]. Advanced equalizers, such as minimum mean squared error
(MMSE), decision feedback equalizer [63] and iterative equalizers [64], can effi
ciently solve these problems. Similar to that in general OFDMA systems, the
MMSE equalizer for Q-OFDMA incurs a marginal increase in complexity by re
quiring the estimation of noise variance <r^, and is given by
(3.13)
where I is an identity matrix, and aj is the signal variance.
As a result of (3.11), channel estimation can be easily implemented by transmit
ting carefully chosen training symbols x tr such that each element in F Px tr has unity
magnitude. Then the channel coefficients can be estimated from (Fpy-jQfFpXp.)*.
For user-k occupied M subchannels, the data in each subchannel undertakes
a similar estimation process as described above. The demodulated data, x^, i —
0,1, • • • , M, are then input to the De-interleaving and Decoding modules. Since
most of the interleaving and coding techniques can be applied on top of the pro
posed Q-OFDMA system, there is no restraint on the de-interleaving and decoding
modules.

3.4.3

V ariatio n of th e B asic S ystem

Comparing (3.11) with y q, x q and hg in (3.1) for Q = q, we can see the following
relationship

y, = FPy?,

(3.14)

x , = Fpx,,

(3.15)

diag(h„) = D „

(3.16)

which show the connections for signals in the intermediate domain and the fre
quency domain. These equations also show the connections between Q-OFDMA

3.4 Q-OFDM A System

35

and general OFDMA systems. In particular, we note that in Q-OFDMA systems,
the channel coefficients in each subchannel correspond to P channel coefficients
spaced at Q subcarriers in general OFDMA systems. These channel coefficients
have low correlation, and the probability that all subcarriers in a subchannel ex
perience deep fading is very low.
The previously described systems and methods have explicit interpretation from
the Decimation-in-Time IFFT algorithm, and have clear physical interpretation
and implementation advantages. There are several other IFFT algorithms, it is
straightforward to see various extensions. For example, the layered IFFT structure
is also applicable to the Decimation-in-Frequency IFFT algorithms, where similar
relationship between the intermediate outputs for x, h and y can be established.

3 .4 .4

D iv e r sity Im p ro v em en t

From (3.14) to (3.16), we know that, in Q-OFDMA systems, contiguous subcarri
ers in one subchannel are widely spaced, equivalently at Q subcarriers in general
OFDMA systems. Subcarriers in one subchannel undertake less-correlated channel
fading. Thus Q-OFDMA systems inherently have good frequency-diversity capa
bility. In this section, we discuss some viable diversity improvement schemes for
Q-OFDMA systems.

Interleaving
An interleaver can be used between the coding and modulation modules so that
bits belonging to one coded symbol will be separated more widely in the frequency
domain. This is particulary useful when Q is small.

Frequency Hopping
One user can occupy different subchannels in different frames/packages during com
munications, according to frequency hopping schemes to improve the frequency
diversity and frequency reuse between different cells. Frequency hopping sequence
can be defined over [0, Q — 1]. The introduction of frequency hopping still main
tains the advantages of Q-OFDMA systems, with marginal complexity increase in
channel estimation.
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M u ltiu ser D iv e rsity

In general OFDMA systems, when channel state information is available, it is flex
ible to realize multiuser diversity by assigning subcarriers with larger channel gains
to specific users [65]. In Q-OFDMA systems, multiuser diversity can be similarly
realized, for example, by defining smaller subchannels or by allowing multiple users
to share a subchannel. However, there will be some trade-off between multiuser
diversity and the claimed advantages of Q-OFDMA systems including reduced
complexity and PAPR, and improved CFO sensitivity and frequency diversity.
In fact, we note that the multiuser diversity issue should be treated differently in
Q-OFDMA systems. In general OFDMA systems the performance of information
recovery is directly linked to single channel coefficient, while in Q-OFDMA sys
tems, due to the frequency diversity, performance depends on a group of P channel
coefficients. Taking into account other factors, such as receiver structure and mul
tiuser interference due to subcarrier overlapping, multiuser diversity in Q-OFDMA
is not a trivial problem.

3.5

P erform an ce A n a ly sis

In this section, we investigate in detail the improvement of Q-OFDMA systems on
complexity, PAPR, frequency diversity and CFO sensitivity.

3.5 .1

C o m p le x ity A n a ly sis

The proposed Q-OFDMA systems can achieve complexity reduction in a downlink
transmitter, and promise low complexity in a downlink receiver. In this subsec
tion, we evaluate the complexity of the proposed Q-OFDMA system by comparing
it to a general OFDMA system. Here, complexity is defined as the number of
complex multiplications required in processing each frame. Only the complexity
of the different components are compared between conventional OFDMA and the
proposed Q-OFDMA systems. These components include all the FFT/IFFT mod
ules and equalizers (ZF equalizer considered here). The complexity of channel
estimation comes from P Q-point FFTs and one P-point FFT for each subchan
nel in Q-OFDMA systems, and one Appoint FFT in general OFDMA systems.
Since the channel is generally estimated once in a transmission frame, the com
plexity difference between the two systems is trivial. Assume user-A: occupies M
sub-channels in Q-OFDMA systems, and equivalently, M P subcarriers in general
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OFDMA systems. Subcarriers are assumed to be randomly allocated into a sub
channel in general OFDMA systems 2. For simplicity, we assume M P > log2 77
which is generally true in practice. In this case, complexity for calculating M P
DFT coefficients according to an Appoint FFT is approximately 3A/81og2 N based
on a Radix-4 algorithm [61].
Take receivers with Radix-4 algorithms as examples. A general OFDMA re
ceiver includes an Appoint FFT and a one-tap equalizer, and the complexity is
377/81og2 N + MP. On the other hand, a Q-OFDMA receiver includes P Q-point
FFTs, M P -point FFTs, M P-point IFFTs, A/P-point weighing operators and M
one-tap equalizers. The complexity is 377/8 log2(AT/P) + 3A/P/41og2P + 2MP,
and for a fixed 77, it can be rewritten as
C = 3N/8 log2 77 - (3N/8 - 3M P/4) log2 P + 2A/P,

(3.17)

where M P actually represents the data rate of user k. The complexity saved
in Q-OFDMA receiver is 3Ar/81og2P — (3/41og2P + l ) MP. The ratio of saved
complexity of Q-OFDMA receiver over OFDMA can be written as
(3N/8 - 3A7P/4) log2 P - M P

(3.18)

Fig. 3.8 shows the ratio of saved complexity based on the radix-4 algorithm for
A=4096 and the horizontal axis represents the ratio of M P / N in percentage.
Figure 3.8 indicates that complexity save strongly depends on the value of P for
a fixed N. Actually, from (3.17) and (3.18), we can derive the following conclusion:
Remark: For a fixed N and fixed data rate ( MP and P to meet 77 > 0), the
larger P will cause the lower receiver’s complexity and the higher ratio of saved
complexity.
We will see later that larger P also leads to more reduction in complexity
and PAPR at the transmitter, and better CFO robustness. Thus within system
constraints, P should be chosen as large as possible.

3.5.2

P A P R R eduction in th e Transm itter

The complementary cumulative distribution function (CCDF) of the PAPR is the
common measure in the literature for PAPR reduction techniques. It denotes the
2In a general OFDMA system, if the subcarriers one user occupies are spaced in a power of 2,
the receiver of the user could have lower complexity than Q-OFDMA.
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Figure 3.8: The ratio of saved complexity in Q-OFDMA receiver based on radix-4
algorithms, where N = 4096.
probability that the PAPR of an OFDM symbol exceeds a given threshold £0Fig. 3.9 shows the CCDF of PAPR for 16QAM-modulated OFDM symbols with
different size of IFFT in the transmitter, from 1 to 4096. Picking up two curves
with different IFFT size, the PAPR reduction achieved in the Q-OFDMA system
can be determined. For example, for Q = 8, N = 1024 (eight users) and a clipping
probability of 10~3, we can observe that Q-OFDMA systems can achieve about
3dB PAPR reduction. This is very impressive as the PAPR reduction can only be
achieved with complex PAPR reduction methods otherwise [56].

3 .5 .3

F req u en cy D iv e r sity Im p ro v em en t

Here, we study the noise enhancement and frequency diversity effects in Q-OFDMA
systems. Assume the receiver has perfect channel knowledge. According to (3.11),
when a ZF equalizer is used, the estimated signal ±q at subchannel q is given by
<x„> = x , + F " D ,-1F Pn,

(3.19)
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From left to right
IFFT size is: 1,2, 4, 8, 16,

Figure 3.9: CCDF of PAPR for the IFFT output signals with different sizes. The
modulation is 16QAM. The PAPR reduction in Q-OFDMA can be determined by
picking up two curves with FFT size corresponding to the values of Q and N.

where (xq) denotes the estimate of x qi and for simplicity, the factor y/~N is absorbed
in D q.
The signal-to-noise power ratio (SNR) of (x 9) can be computed as

7? =

1 V p_1

p Z - j p =o \ h p Q + q \

(3.20)

-2

where |x| denotes the absolute value of x , o\ is the variance of the symbols in x q.
Note that we have used the results in (3.16) to represent the channel coefficients
in B q.
When BPSK modulation is applied, the average bit error rate (BER) for all
users is given by
Q-

'Q-OFDMA

1

=- V

Q z-

9=0

q

f I

\

(3.21)
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where Q{x) = / x+°° exp(—t2/2)dt/\/2n.
From (3.21), we can see both the noise enhancement and the frequency di
versity effects. On one hand, any small channel coefficient h PQ +q leads to noise
enhancement and error propagation in a group of P subcarriers. On the other
hand, frequency diversity is improved by the statistics of the equivalent channels
over the same group of subcarriers.
Detailed analysis about BER performance and frequency diversity improvement
for various modulation methods and equalization techniques will be presented in
Chapter 4.

3 .5 .4

C arrier F req u en cy O ffset S e n sitiv ity

The impact of CFO on OFDM systems is studied in the literature [58,59]. Most of
the work limits to AWGN channels, while [59] studies the impairment in multipath
fading channels by assuming that the receiver has perfect channel state information
and aggregated frequency offset per OFDM symbol. In Appendix A.l, we show
that for zero-padded OFDM systems, by using similar assumptions, we can convert
the problem in multipath channels into AWGN channels.
In this chapter, the CFO impairment is investigated in the presence of AWGN
only. According to (A.7) in the appendix, if the transmitted time-domain signal is
x, the estimated signal in the receiver becomes
(3.22)

(x) = Ox,

where D is the CFO diagonal matrix with n-th diagonal element cn = exp(—j27rne/AQ,
and e = NTse is the CFO normalized over the general subcarrier interval. Let
xp = (x p ,Xp+ p, • • • , xp + p (q _ i)) be a vector extracted from x, and xP:Q be user-/c’s
data symbol assigned to q-th subchannel and p-th subcarrier in a Q-OFDMA sys
tem. Referring to S2 to S5 in the D&C algorithm, we know that xp corresponds to
the p-th row vector in the matrix X, while xp^q is the q-th element in the p-th row
vector Xp in X. The two vectors xp and xp are connected by
T

= V F Qxi•p
where Ap = diag(l, U vp. WNIp,

,

i

(3.23)

1:i/"). Then we get
(3.24)
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where fq is the g-th row vector in F q . According to (3.22), in the presence of CFO
and AWGN, the estimate of xp_q is given by
(£„,„) = W™

+ n,

(3.25)

where Qp is a Q x Q diagonal sub-matrix extracted from 0, with diagonal elements
(cp, Cp+p, • • • , Cp+p(Q_i)), and n is AWGN with mean zero and variance o\.
It is interesting to note the ICI that one symbol suffers only relates to other
Q —1 symbols. When the ICI can be approximated as a Gaussian noise, the symbol
error rate can be expressed as the Gaussian tail function in terms of effective signalto-interference-and-noise ratio (SINR) [58,59]. For BPSK, the averaged bit error
probability Pe, averaged over all users, is given by
1 Q -ip -i

Pe ~ Tr

Qjy/'yp,g)i

(3.26)

q = 0 p —0

where 7

is the effective SINR of (xPi9), and can be represented as

E[|f,nPffxp, , |21
E[|f,fipF "A px£ -
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-!)

,

(3.27)

where Tr[•] denotes the trace of a matrix, E[*] denotes the expectation operation,
and o\ is the variance of xp,q. Note that in the derivation, we have exploited the
fact that the transmitted symbols xp q are independently-and-identically distributed
random variables with zero mean and variance a\.
From (3.27), we can see that r)PA is independent of p and q. Thus the averaged
symbol error probability can be rewritten as

Pe = Q

( Q 2( l + (T2/(72)

2 —2

cos (27te/Q)

2 — 2 cos(27re)

(3.28)

Clearly, this also represents the averaged symbol error probability for each user.
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For function f (Q) = Q2(2 —2cos(27re/Q)), we can prove that for any e, the
first derivative of f (Q) w.r.t. Q is non-negative for any Q, which implies that
f{Q) is a monotonically increasing function. Thus we can see that the symbol
error probability Pe increases with Q increasing (or P decreasing). This indi
cates that Q-OFDMA systems are more robust w.r.t. CFOs compared to general
OFDM/OFDMA where Q equals to N.

3.6

E xem p lified A p p lica tio n and P a ra m eter C on 
figu ration

In this section, we discuss the parameter configuration approach for two common
application scenarios.
We have seen that for a fixed N and fixed data rate, the larger the P (up to
a threshold), the lower the transceiver’s complexity, the higher the ratio of saved
complexity, and the lower the PAPR. This conclusion implies that a larger P is
preferred in terms of the complexity reduction.
However, in practical implementations, the choice of P is also related to some
other factors when N is fixed:
1. The number of users accommodated in the system, which should be equal to
or smaller than Q = N / P ;
2. P is also the size of subchannels and determines the basic data rate one user
needs.
More specifically, we consider the parameter configuration and system imple
mentation for the following two scenarios, which represent popular application
models in practice. Both scenarios involve adaptively changing the value of P,
which is feasible in hardware design.
• Predefined Data Rate: Users’ data rate is variable but the maximal data rate
of each user is generally constrained according to the user’s subscription;
• Adaptive Data Rate: No constraints on users’ data rate. Active users can
uniformly share the whole capacity in the downlink and vary their data rates
according to the number of active users.
In any case, we assume that N is fixed and P is configured such that Q is always
equal to or larger than the number of active users.

3.6 Exemplified Application and Parameter Configuration
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P re d e fin ed D a ta R a te

In this case, P can be chosen as the minimum among the predefined data rates of all
active users. Once P is chosen, the assignment of subchannels can be implemented
in two ways.
In the first scheme, user k can be assigned Mk subchannels randomly according
to his pre-defined data rate, with or without frequency hopping. The receiver of
user k implements P Q-point FFTs, followed by M k P-point FFTs.
The second configuration is an improved approach with specific subchannel
assignment and can further reduce the complexity in receivers. This approach is
described as follows.
Suppose K active users need M0, Mi, • • • , M /r-i subchannels, each of which is a
power of 2. The basic idea is to assign subchannels carefully to each user such that
in receiver k , MkP (Q/Mk)~point FFTs can be implemented first, followed by one
[MkP )~point FFT. Equivalently, the Mk length-P subchannels in the transmitter
are converted to one length-(AlkP) subchannel in the kth receiver. The subchannels
assigned to user k are evenly spaced by Q /M k. The process of one feasible channel
assignment is as follows:
1. Sort users according to the number of subchannels they occupy in descending
order, and assign subchannels to users according to this order;
2. Move to the first available subchannel m, assign to user-k subchannels m +
iQ/M k,i = 0,1, * • , Mk - 1.
3. Repeat Step 2 until all users are assigned.
One example of the assignment is as follows. Assume Q = 8, and four users
share the eight subchannels with M0 = 4, M\ = 2, M2 = 1,M3 = 1. Then the
subchannels they are assigned are (0, 2,4, 6), (1, 3), (5), (7), respectively. The trans
mitter generally needs to inform each receiver the corresponding subchannel index
m (and Mk).
The user-Ps receiver has the following changes:
• P in the S/P converter and FFT /IFFT modules is replaced by MkP and Q
is replaced by Q/M k,
• Subchannel Collection Module collects the h h output from each (Q/M k)~
point FFT, where £ = ((rn))Q/Mk denotes m

modulo

(Q/M k).
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A d a p tiv e D a ta R a te

In this case, Q is chosen as the number of active users, and P = N/Q. This leads
to efficient implementation in both transmitter and receiver. However, it is noted
that Q = 2 is the lower bound to ensure positive complexity save.

3.7

S im u la tio n s

In this section, we present the BER performance of the Q-OFDMA altogether
with three conventional OFDMA systems for various modulations and equaliza
tions. These three general OFDMA systems have different subchannel assignment
schemes. In OFDMA-1, each subchannel occupies P consecutive subcarriers. In
OFDMA-2 and OFDMA-3, subcarriers are first grouped per Q successive subcarri
ers, and each subchannel occupies one subcarrier in each group, as defined in [10].
The difference between them is, in OFDMA-2, each subchannel has the subcar
rier with a fixed index from each group, while in OFDMA-3, each subchannel has
one element from each group, allocated through a pseudo-random sequence. Both
uncoded and coded systems are simulated. In coded systems, each user’s data is
encoded with 1/2-rate convolutional code, and a rectangle interleaver is applied to
the coded bits before modulation. The 1/2-rate coded bits are punctured to realize
3/4-rate coding. Viterbi algorithm is used for decoding. Frequency and time syn
chronization are assumed perfect, and PAPR distortion is not considered. Unless
stated otherwise, channel coefficients are estimated by zero-forcing algorithm over
two consecutive training symbols.
Two types of channel models are simulated to study the channel impact on the
system performance. One is the CM2 channel model from IEEE802.15.3a, which is
a dense non-line-of-sight multipath model with tens of significant taps. The other
is the SUI3 channel model from IEEE802.16, which is a sparse channel model with
only a few taps 3. In either case, the length of the guarding interval is set to be 64,
and channel impulse response longer than 64 is truncated to have 64 taps to avoid
ISI.
Fig. 3.10 presents an uncoded case to illustrate a few key points about the
systems comparison under CM2 channel model. All of the MMSE equalized systems
are with 16QAM modulation. The parameter N is fixed at 1024, 16 users sharing
3Different signal bandwidth adapting to the specifications of the two standards is adopted,
such that the number of multipath signals depends on the ratio of the absolute delay spread and
the sampling interval.
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Figure 3.10: BER comparison of uncoded systems with QPSK modulation under
CM2 channel model, where N = 1024

64 subcarriers in all three systems. It can be noticed that when SNR is small,
noise enhancement dominates the system performance and Q-OFDMA is inferior
to conventional OFDMA systems; with SNR increasing, noise enhancement effect is
relatively suppressed and diversity improvement makes Q-OFDMA superior. It also
shows that the OFDMA performance is generally better than that of SC-FDMA
with the linear MMSE receiver.
We depict the simulation results in Fig. 3.11 for uncoded systems with BPSK
modulation under CM2 channel model. Four users equally sharing 256 subcarriers
are simulated and parameters are set &s N = 256, P = 16 and 64 for Q-OFDMA,
P = 64 for general OFDMA (the subchannel length is 64). From the figure we
can see that curves corresponding to ZF equalizer validate the analytical results
in Section 3.5.3 in terms of the performance relationship between Q-OFDMA and
OFDMA systems. The figure also shows that MMSE equalizer can significantly
improve the performance of Q-OFDMA systems by suppressing the noise enhance-
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Figure 3.11: BER of uncoded systems with BPSK modulation under CM2 channel
model, where N = 256
ment effect. While for general OFDMA systems, it is known that MMSE equalizer
almost has the same performance as ZF equalizer.
Figure 3.12 shows the BER performance for the same systems with 1/2-rate
convolutional coding and 16QAM modulation. For comparison, performance of
uncoded systems is also plotted. MMSE equalizer is applied in the simulation. As
one can see, at higher SNR, Q-OFDMA still outperforms OFDMA, although the
performance gap is decreased compared to that between the uncoded systems due
to frequency diversity obtained via coding in OFDMA systems. Q-OFDMA’s su
periority remains according to large frequency diversity gain, particularly in dense
multipath channels where numerous subcarriers could see deep fading.
The simulation results for both 1/2-rate and 3/4-rate coded systems with 16QAM
modulation under SUI3 channel model is depicted in Fig. 3.13. The parameters
are N = 1024, P = 256 and 64 for Q-OFDMA, and P = 64 for OFDMA. From the
figure, we can see that at 1/2-rate coding, OFDMA-2 and OFDMA-3 outperform
Q-OFDMA, while for 3/4-rate coding, Q-OFDMA outperforms general OFDMA
at higher SNRs. Comparing Fig. 3.11 and 3.12, we can also see that Q-OFDMA is
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Figure 3.12: BER of uncoded and coded systems with 16QAM modulation and
MMSE equalization under CM2 channel model. The BER curves of uncoded gen
eral OFDMA systems are almost overlapped.
relatively stable to the channel conditions, i.e., the BER performance varies little
over different channels (highly or slightly frequency selective), while the perfor
mance of general OFDMA is improved significantly in channels with less frequency
selectivity. The observation can be explained as follows. Firstly, subcarriers in
general OFDMA undergo little deep fading in SUI3 channels, whereby frequency
response of subcarriers has very high correlation due to the limited number of
multipath signals. In this case, the influence of frequency diversity is weakened,
while the noise propagation dominates in Q-OFDMA systems. Secondly, coding
has two contributions in OFDM/OFDMA systems: Coding gain and diversity gain.
In highly frequency-selective channels, the coding gain is significantly reduced for
general OFDMA due to the large number of demodulation errors; while for QOFDMA, coding gain is relatively stable as frequency diversity is mainly achieved
before decoding. Similarly, coding at higher rate generates limited coding gain and
diversity gain in general OFDMA, while in Q-OFDMA, forward error correction
(FEC) coding gain comes primarily from the transmission scheme.
For all the coded systems, OFDMA-2 and OFDMA-3 show better performance
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Figure 3.13: BER of coded systems with 16QAM modulation and MMSE equal
ization under SUI3 channel model
than OFDMA-1 because of the better frequency diversity obtained via subcarrier
spreading.

3.8

C on clu sion s

In this chapter, based on the innovative concept of Layered FFT structure, we
proposed novel quadrature OFDMA systems which can achieve the same spectrum
efficiency as the conventional OFDMA schemes, while with reduced PAPR and im
proved CFO robustness and frequency diversity. Q-OFDMA systems also promise
low complexity and power consumption in user terminals, which is adaptive to
the user’s data rate. Simulation results show that Q-OFDMA systems outper
form OFDMA when SNR is above a threshold depending on the channel condition,
and advanced equalizers, such as an MMSE equalizer, can significantly improve
the constraint on this threshold. There are still some disadvantages, for example,
noise propagation and reduced flexibility in resource allocation, that need to be
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improved. Nevertheless, the Q-OFDMA system not only provides an alternative
solution with improved performance/complexity for broadband communications,
but also enables the application of multicarrier systems with very large number of
subcarriers where conventional OFDM A systems could face significant challenge in
PAPR, frequency offset and complexity problems. Multicarrier systems with more
subcarriers have higher spectrum efficiency (when considering guarding interval
overhead) and provide more flexibility to multiuser access.

C h a p te r 4
P e rfo rm a n c e A nalysis for u n co d ed
A sy m m e tric O F D M S y stem s
O verview : In this chapter, the theoretical bit error rate (BER) analysis of the
A-OFDM systems is presented. Various modulation methods, i.e., binary phase
shift keying (BPSK) and M-ray quadrature amplitude modulation (QAM), and
equalization techniques, i.e., zero forcing (ZF) and minimum mean square error
(MMSE) criteria are considered. Our analysis shows that the BER performance
of the A-OFDM system bridges that of conventional OFDM and single carrier
systems. Certain advanced equalizers, such as MMSE equalizer, are found to sig
nificantly improve the BER performance of the A-OFDM systems. The analysis
approach is generally applicable to most modulation schemes and can be extended
to any precoded OFDM systems.

4.1

In tro d u ctio n

In Section 3.5.3 of Chapter 3, we formulated a BER expression to analyze the
frequency diversity improvement. This chapter intends to theoretically reveal the
BER performance of the A-OFDM systems in detail. Based on the convexity
and concavity characteristics of the BER functions, we can show that the BER of
the A-OFDM system is between that of OFDM and SC-FDE systems [52]. The
signal-to-noise ratio (SNR) bounds for A-OFDM to outperform others are given
in this chapter. We point out that this approach is general and can be applied
to most modulation schemes, such as BPSK, QPSK and M-ary QAM, and can be
extended to any precoded OFDM systems [2], including the single carrier FDMA
(SC-FDMA) system, the uplink scheme in 3GPP Long Term Evolution (LTE).
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The rest of this chapter is organized as follows. Section 4.2 presents the AOFDM system. In section 4.3, BER performance analysis is expressed in uncoded
systems. Various equalization techniques, i.e., zero forcing (ZF) and minimum
mean square error (MMSE) criteria are considered. In section 4.4, the theoretical
average BER in a frequency-selective fading channel is evaluated and compared
with the simulation results to confirm the theoretical analysis. Finally, section 4.5
concludes this chapter.

4.2

R e v ie w o f th e A -O F D M S y s te m

Given three V-point time-domain symbols x, h, and their circular convolution
output y = x© h , their DFTs have the relationship y = \/fVx© h. If we rearrange
the frequency domain symbols x, h and y into P x Q matrices (PQ = N) row
wise according to the layered IFFT structure concept [13], the vectors xg, hq and
y q from the q-th column of the matrices retain that y q = \HVSiq © h^, where
[yq]p = y{pQ + <?),

[X g]p

= x{pQ + q), [hq}p = h(pQ + q), and p = 0,1, • • • , P - 1.

Define the intermediate-domain symbols {xg, h 9, y } as the IDFTs of {x7, h^, y },
given by
= FpXg,

hq = Fphq,

y q —F p y g,

(4.1)

where F p is the normalized P -point IDFT matrix and (•)H denotes the Hermitian
conjugate. According to the convolution property of DFT, we get y q = >/Qxq®hqi
which establishes the relationship of the symbols in the intermediate domain, and
can be expressed in matrix form as
y q = y/QHq±q,

(4.2)

where the P x P circulant matrix Hq represents the dispersive channel, with
[Hq]jj — h(((i —j) modP) Q + q), where /?.(•) denotes the channel response in the
intermediate domain.
At the receiver of the A-OFDM system, in order to realize a one-tap equalizer,
the weighing outputs are transformed from the intermediate domain to frequency
domain as
y,

=

F Py ,

=

VND„FPXg + F Pn,.

(4.3)
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where h q ~ A/”(0, N0) are AWGN samples, the symbol energy of modulation sym
bols Xq is ES: and

”/Vp = diag(h„)

D , = F p H ,F

(4.4)

indicates the diagonalized channel matrix.
Before exploring the BER performance, let us keep in mind two special cases
of the A-OFDM system:
1. OFDM: By setting P = 1 and Q = N, we obtain the conventional OFDM
model. In this case F p = I 1? and equation (4.3) becomes y q = V^AD^x^ + n9,
which indicates the g-th subcarrier OFDM output.
2. SC-FDE: Let P = N and Q = 1, then D g = F ^ H F ^ / a/ A yields y =
FyyHx + F ^ n , which expresses the SC-FDE.

4.3
4 .3 .1

B it Error R a te P erform an ce A n a ly sis
ZF E q u a liza tio n

BPSK modulation
After zero forcing (ZF) equalization, the estimated signal (xq) is given by
<*,> = F ^ D p y , = x , + F p D p F p n ,,

(4.5)

where the factor \ / N is absorbed in D , hereafter.
For the BPSK modulation, the signal-to-noise power ratio (SNR) of the esti
mated symbol (xq) can be computed as [66]
( ^ 9 ) A-OFDM =

J

P_J ~

~=2 >

(^-^)

p zCp=o rp,91

where 7 = Es/ N 0, and \hPtq\ = \hPQ+q\ is the absolute value of the p-th diagonal
element in D q.
The average BER of an A-OFDM symbol is given by

(4.7)
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where Q(x) =
exp(—t2/ 2)&t / .
Equation (4.7) is a generalized BER ex
pression that can be used for OFDM (P = 1), A-OFDM (1 < P < N) and SC-FDE
(P = N ) systems.
Let us compare the performance of two A-OFDM systems, one with parameters
P\ and Qi, while the other with P2 — Pi/A and Q2 — LQi, where L > 1 and is a
power of 2, we can rewrite their BER expressions as

(4.8)
where
p2- i

(4.9)
l = 0, • • • , L - 1;
Define the function T\(z) = Q
z is given by

q = 0, • • • , Qx - 1.
, whose second derivative with respect to

(4.10)
which shows the function T\ (z) is convex when 7/2 > 1.5 and concave when
7j z < 1.5. According to Jensen’s inequality [67], we conclude that
Pei > Pe2, for 7 < 1.5 min(2/),
Pei < Pe2, for 7 > 1.5 max(^).

(4.11)

From the inequalities in (4.11), we can see that, when SNR is small, A-OFDM
systems with smaller P tend to yield a better BER performance, while with SNR
increasing, systems with larger P will become superior.
When P = 1, the A-OFDM system becomes general OFDM system, and define
7S = min 1.5| ftp,,
P-1

p= 0

-2

(4.12)
-2

(4.13)
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li = m axl.5|/ip,g|
which satisfy ys <
show that

.

(4-14)

< 7 /, (q = 0,1, • • • , Q — 1). By Jensen’s inequality, we can

(P^SvOFDM — (f>e)oFDM’ f°r 7 — 7m 5 Vg,

(4-15)

(P^AADFDM — (Pe)oFDM5 f°r 7 ^ lm,

(4-16)

The performance bound given by (4.16) are loose because the condition needs to
be true for any
as shown in (4.13). If we loosen the upper bound to in
equation (4.15) and lower bound to 71 in equation (4.16), the above inequalities
are independent of the channel condition. For the scenario when 7's < 7 < 7/,
(P e)|FOFDM is not unconditionally larger (when 7S < 7 < 7m) or smaller (when
7m < 7 < 7 1 ) than (Pe)opDM, the exact SNR point where two systems achieve

the same performance depends on the channel condition. Also, the different P of
A-OFDM causes different ’’crossing point” of A-OFDM and OFDM systems, but
they are limited in the range of [7$, 7/]. To summarize, the BER of an A-OFDM
system is inferior to that of a general OFDM system when SNR is small, while
with SNR increasing, A-OFDM will become superior.
When P = N, the A-OFDM system becomes SC-FDE, and using the similar
argument we can infer that the BER of a SC-FDE system is inferior to that of an
A-OFDM system when SNR is small, while with SNR increasing, SC-FDE system
will become superior.
For the comparison of the three systems, we conclude that
(4*e)SC-FDE — (Pe)AFOFDM — (Pe)oFDM> f°r 7 ^ 70 ^
(Pe)lc-FDE — (r>e)AFOFDM — (Pe)oFDM? f°r 7 < 7 s i VQ.

(4-17)

M -a ry Q A M m o d u la tio n

We can extend the results to other modulations with moderate modifications. For
example, for M -ary QAM modulation , the symbol error rate (SER) is given by [66]
2

(PsER)g — 1 -

« 4 1

—

Q

M - 1

(4.18)
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where Tq is defined in (4.6). When Gray mapping is used, BER can be approxi
mated from SER as ( P b e r )^ ~ ( P s e r ) ^ / log2 Af [66]. Thus the corresponding BER
is given by
(P ber )^ ~

\

/

u q
^

)

■

(4-19)

where
_ 4( 1 A )
fl ~
log2 M ’

__
3
U ~ M - 1'

Therefore, for an A-OFDM system with M -ary QAM modulation, the average BER
is given by
Q-

1

ZF
_
(Pe) A-OFDM
—

(4.20)
Q= 0

Define the function T 2{z)
to z is given by

Q^

’ wh°se second derivative with respect

d2T 2
dz1

(4.21)

Therefore, the function T 2[z) is convex when ^7 j z > 3 and concave when ^7 / z < 3.
Similarly, for two A-OFDM systems with parameters Pi, Q\ and P2 = P \ / L ,
Q2 = LQ i, respectively, we can show that:
Pei > Pe2, for 7 < (M —1) min(^),
Pei < Pe2, for 7 > (M — 1) max(z/).

(4.22)

where zi is defined in (4.9). As one can see, the value of exact SNR point (M —1)z
corresponding to equal performance of two systems increases with larger M. In
modulation process, the preferred assignment is Gray encoding, so that, for ZF
equalization, in equal performance point, the SNR per bit of BPSK and Af-ary
QAM modulations are given by, respectively,
1 F_1 ~

-2

(7 6 m )ß P S K — 1 - 5 —
p 2 ^ '\h.-P,q I
p= 0

(4.23)
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5_;

(76m)M -QAM =

_

_2

\K A

•

(4 ‘2 4 )

J p=0

As one can see, for same channel condition, the exact SNR point corresponding to
equal performance of two systems based on BPSK is 10 logio
than that based on M -ary QAM.

smaller

For the comparison of the three systems, we obtain that
( P e ) s c - F D E — ( P e )AFOFDM — ( P e )oFDM? ^°r

7

>

7

( P e )sC-FDE — (P ^ A A D F D M — ( P e ) o F D M ^ o r

7

<

7

where 7w = m a x V I

4.3.2

} and 76s = m m ( ^ ^ L | V I

( 4 . 25 )

}

M M SE Equalization

BPSK M odulation
Define the MMSE equalizer as
W = F " D f ( D f D , + 7 - 1/ ) - 1,

(4.26)

we get the estimated signal (xg) as
(xg) = W D .F px, + W Fpn,,

(4.27)

whose z-th element is given by
(x q ) i

=

WjDqFpXg + WjFphq

=

OLi jXi

+ ^2

+ W7;Fpfiq,

a ijX j

(4.28)
(4.29)

V

ei
where Wj = f f D ^ ( D ^ D 9 + 7 1l )

\ f f is the z-th row of F p , e* is the ISI and

noise error, and

a i,i =

1 P~l
^

Ihp,q1

p =0 Ihp,q I + 7

(4.30)
1

' V2 1
p

=0

Ih’prf I

-1
4~ 7

(4.31)

Performance Analysis for uncoded Asymmetrie OFDM Systems

58

with /A = Fp(p,i) and f PJ = Fp(p,j), and the power of the estimated signal can
be derived as
E[ | < x g ) J 2]

EsTr (&DgF p )"(& D 9Fp) + N 0T y (wiFp) (wjFp)
H
= ESTr ( f f D f (D f D , + 7 “ 1/) D ,F P) ( f f D f (D ^D , + 7 ' 1/) _1D ,F
-

+ N0Tr ( f f D f ( D f D , + 7 - 1/ ) “1F p ) " ( f f D f ( D f D , + 7 - 1/ ) “1F p )

1
P

i4

^
^

(

p-0

<

7

2

{■

- i

p

N0\hP,Q I

, 1v

h'P,Q

+ 'y A1 12

P

,-l

^

p= o

VP,Q I

2

£

1

hp,q|
V'
^p = 0 Ih -1,2 + 7 - 1.

(4.32)

As can be seen from equation (4.30) and (4.32), the power of the estimated
signal, desired signal and interference-plus-noise are given by,
E[\(xq)i\2] = a i4Es,

(4.33)

E[\ai4Xi\2} = al iEs,

(4.34)

E[\ei\2] = E[\(xq) f ] - E [ \ a iAxi\^
= a i}iEs - a]tiEs.

(4.35)

Therefore, the signal-to-interference-noise-ratio (SINR) of resultant signals is given
by

Replacing

»y

E \ \ a uiXi\2}

(T.)
9 /A -O FDM

£ [|« i|2]

(4.36)

l - a M'

by equation (4.30), the SINR is presented as
p-i

,r

i'2 \

J~ i 2
W 'A-OFDM
a.opdm= 1pp /> :; ~
'T '
p = 0 hp/i + 7

/A P - i

-i

. I/
i / II t E
^ A
/Y
p = 0 !^p,q T 7

V

(4.37)

V

When BPSK modulation is applied, the average BER is given by (Pe)J\-oFDM =
^ E t? = o

2

( V 2 (T <z)a - o f d m ) -

Define the function Qx{z) = Q

(V 2

(z~l

-

1)),

2 €

(0,1], which gives

^

( \ Z 2 (^fq) a - o f d m )

^

1+ «

(4.38)
A-OFDM
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where
p -i

7

______ -______ = - Y 1 + ( ^ ) a -o f d m

P p = o \ h p ,q \2 + 7 _1
P -1

(4.39)
p = 0 1 + 7 1h p q I

Therefore the average BER is
(Pe) MMSE
A-OFDM

(4.40)
p =0

9=0

1 T 7|^p,q|

For two A-OFDM systems, one with parameters Pi and Q i, and the other with
P2 = P\/L and Q2 = LQ\ , where L > 1 and is a power of 2, we can rewrite their
BERs as
-I

Pe' = ^

Q i- l

E

9=0

/

,

L-

1

(v yL E

\

z=o

Q i - l 1 L —1

Pe2 = a : E z E e > W ’
g=0
i=0

(4.41)

where
p 2- i

1

= ^ E
2 p=o

, Vp, 4.

(4.42)

1 + 7IV +7D Q 2+9I

From the second order derivative of the function Q\(z):
d2^
d z2

22 - 1.252 + 0.5

exp (1 - 2 *),2 G (0, 1],

(4.43)

z bJ ^ { z ~ l — l ) 1

we can see that the function Qi(z) is convex for 0 < 2 < 1. By Jensen’s inequality,
we can conclude that
Pei < Pe2,Vrc.

(4.44)

For conventional OFDM systems, ZF is already the maximum likelihood (ML)
solution and MMSE equalizer can not achieve better BER performance [54], so we
refer to the BER of ZF (i.e. equation for comparison. And the average BER of
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M M SE -SC -FD E can be achieved by let P = N from (4.40)
N-l

/
/p _ \ M M S E
V1 e 7SC-FDE

-* iE

(4.45)

p -o 1

+ l \ h

P*9 l

A ccording to Jen sen ’s inequality, we can conclude th a t
/ p \MMSE < / p \MMSE
< ('P p 1ZF
Wz
Vr e /SC-FDE — Vr WA-OFDM — Vr e /O F D M ’

where

2

—

(4.46)

-y,Vp,g.
l+ 7 l h f

M -a ry Q A M M o d u la tio n
Sim ilar to th e analysis of section 4.3.1, we define £ 2 ( 2 ) — Q

, z G

(0,1], w hereby th e average BER of A -O FD M is
Q- 1
MMSE
(Pe) A-OFDM

_
—

/

P- 1

p /

Q

~

j

p= o

1+

l

2

(4.47)

\h p ,q\ ,

To exploit th e convexity an d concavity of th e function Q2(•)? we present th e second
derivative of it w ith respect to z as

d2g2
dz2

—

/ —

4z5 V27r

(z 1 — l)

-3 /2

exp

i / ( l - 2 _1)

( 4z2 — (3 T v)z + v),

(4.48)

and define three regions as
Z i = (0, Zi],

Z 2 = ( 2 1 , 2 2 ),

2 3 = [2 2 ,1],

where
21=
22

^3 + v — \J v 2 — lOr' + 9^ /8 ,

— ^3 + v + \ / v 2 — 10 v + 9 ^ /8 ,

It can be shown C/2(z) is convex when z is in regions Z \ and Z$ and concave
p- 1
when z is in region Z 2, where z =
-,V9.
p= 0
1+ 7| h f
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Thus the BER of the three systems can be ordered as

4 .3 .3

ZF
MMSE
MMSE
(Pe) SC-FDE
<(Pe) A-OFDM < (P e) OFDM’

for z E Zi, z E £ 3 ,

MMSE
ZF
(Pe) MMSE
SC-FDE > (P e) A-OFDM > (P e) OFDM’

for z E Z 2.

(4.49)

A p p ro a ch E x te n sio n

The aforementioned approach is generally applicable to various modulation schemes,
such as PAM, BPSK, QPSK and QAM. Parameters fi and v are dependent on the
modulation scheme chosen. For example, /i = 1 and v = 2 are for BPSK/QPSK
modulation. Rewriting the error probability then we can use the convexity and con
cavity of new BER function to obtain the SNR ranges where the BER inequalities
satisfy. We notice that equation (4.3) actually resembles to the results obtained in
precoded OFDM systems [2], with a precoding matrix F P. Therefore, the approach
of BER analysis can also be utilized in the precoded OFDM systems.

4.4

N u m erical and S im u la tio n R e su lts

In this section, we present the simulation results of the BER performance of AOFDM systems, together with that of OFDM and SC-FDE systems, for various
modulations and equalizations. The parameter N is fixed to 256. The HIPERLAN/2 channel model E from European telecommunications standards institute
(ETSI) is adopted. This is a dense indoor multipath channel model with non-lineof-sight conditions. Channel estimation is assumed to be perfect. System imper
fections such as CFO and PAPR distortions are not considered in the numerical
computation and simulation.
Fig. 4.1 shows BER as functions of SNR for uncoded, BPSK modulated and
ZF equalized A-OFDM systems with P = 1 (i.e. OFDM), P = 16, P = 32, and
P = N = 256 (i.e. SC-FDE) respectively. In this scenario, OFDM systems have the
best performance only with lower SNRs. Above an SNR threshold, i.e. about 13dB,
the A-OFDM systems outperform OFDM systems, and the advantage becomes
more significant with higher value of P. when P = N the A-OFDM systems
are equal to SC-FDE systems and achieve the best performance in the high SNR
range. Also we find for all SNRs, the BER performance of A-OFDM is between
that of OFDM and SC-FDE systems, which agrees with our analysis. Fig. 4.2
shows systems’ BER comparison with 16QAM modulation and ZF equalizer, which
shows a trend similar to that of Fig. 4.1, except that the SNR value corresponding
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-e — OFDM
-V— A-OFDM P=16
^r— A-OFDM P=32
SC-FDE
14

16
SNR (dB)

Figure 4.1: BER comparison of uncoded A-OFDM, OFDM and SC-FDE systems
with BPSK modulation and ZF equalization.

to equal performance of any two systems is higher than that of systems with BPSK
modulation.
In the scenario of BPSK modulation and MMSE equalization, the BER com
parison of uncoded A-OFDM, OFDM and SC-FDE systems is shown in Fig. 4.3.
It can be seen the A-OFDM systems always outperform OFDM systems, and SCFDE systems always achieve the best BER performance in this case. Comparing
the curves in Fig. 4.1 and Fig. 4.3, it is obvious that the MMSE equalizer signifi
cantly improves the performance of A-OFDM and SC-FDE systems. The reason is
the ZF equalizer in A-OFDM is prone to the noise enhancement and error propa
gation, similar to those in SC-FDE, while advanced equalizers, such as MMSE, can
efficiently mitigate these problems. Fig. 4.4 shows BER performance for systems
with 16QAM modulation and MMSE equalization. Besides the similar compar
ison trend, it shows that A-OFDM systems outperform OFDM systems both in
extremely low SNR range and moderate higher SNR range.
In summary, we find the trend is that the BER performance of A-OFDM sys-

4.5 Conclusions
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Figure 4.2: BER comparison of uncoded A-OFDM, OFDM and SC-FDE systems
with 16QAM modulation and ZF equalization.
terns bridge that of OFDM and SC-FDE systems, MMSE equalization can signif
icantly improves the performance of A-OFDM and SC-FDE systems, but not for
OFDM systems. And the A-OFDM systems outperform OFDM systems at moder
ate SNR values, which makes it a practical solution in real wireless communication
systems, such as WLAN and Wimax, where the operating SNR is typically high.

4.5

C onclusions

In this chapter, we show that the A-OFDM system bridges the OFDM and SCFDE systems, evidenced by the theoretical BER performance analysis and numer
ical simulations. Advanced equalizers, such as MMSE equalizer, can significantly
improve the performance of A-OFDM systems and outperforms OFDM at higher
SNRs. The theoretical approach can be generally utilized in A-OFDM systems with
various modulation schemes, and also is applicable to general precoded OFDM sys
tems.

Performance Analysis for uncoded Asymmetric OFDM Systems

BER

64

-©— OFDM
V — A-OFDM P=16
A-OFDM P=32
-B— SC-FDE
SNR (dB)

Figure 4.3: BER comparison of uncoded A-OFDM, OFDM and SC-FDE systems
with BPSK modulation and MMSE equalization.
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Figure 4.4: BER comparison of uncoded A-OFDM, OFDM and SC-FDE systems
with 16QAM modulation and MMSE equalization.

C h a p te r 5
P e rfo rm a n c e L im its of C o d ed
A sy m m e tric O F D M S y stem s
O verview : In this chapter, we investigate the performance limits of coded AOFDM systems in the multipath fading channels when optimal maximum-likelihood
(ML) detection is deployed, which can be generalized to analyze the coded OFDM
(COFDM), precoded COFDM and single carrier systems. A t first, the exact pair
wise error probability is evaluated based on Craigs alternative form of the Qfunction. Then we derive a tight union bound on the bit error probability based
on the code transfer function. The analysis shows that the coded A-OFDM sys
tems have improved diversity whose order equals to the channel codes Hamming
distance times the FFT/IFFT size of A-OFDM systems. The simulation results
support the analysis and demonstrate superior performance of the coded A-OFDM
systems with higher signal to noise ratio (SNR).

5.1

In tro d u ctio n

Chapter 4 shows that, in the uncoded A-OFDM systems, subcarriers in one sub
channel are widely spaced, subcarriers in one subchannel undertake less correlated
channel fading, which result in that A-OFDM system inherently has good fre
quency diversity capability [13,68]. On the other hand, due to the extra IFFT
operation after the single-tap equalization, A-OFDM suffers similar noise enhance
ment and error propagation problems to SC-FDE systems. Therefore, A-OFDM
system bridges the OFDM and SC-FDE systems, allowing significant flexibility in
system design and operation.
On the multipath fading channels, the error-control coding techniques are usu67

68
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ally employed to mitigate fading effects. Intuitively, there are two types of gains
provided by channel coding: diversity gain from improved frequency diversity and
coding gain from error correction capability. Frequency diversity gain is achieved
by correcting errors at subcarriers with lower channel gain using more reliable
bits at subcarriers with higher channel gain. For low-rate codes, coding gain and
frequency diversity gain can both be well achieved, however, for high-rate codes,
frequency diversity gain will be degraded notably due to the limited coding gain. In
highly frequency-selective fading channels, the coding gain is significantly reduced
for OFDM due to the severe demodulation errors; while for A-OFDM, coding
gain is relatively stable as frequency diversity is mainly achieved before decoding.
Compared to the coded OFDM system, the coded A-OFDM system improves the
diversity without increasing the decoding complexity.
In this chapter, for the coded A-OFDM system in fading channels, we evaluate
the exact pairwise error probability (PEP) based on Craig’s version of the Qfunction [69], which results in a tight union bound on bit error probability (BEP)
[70]. The performance analysis illustrates the multiplicative diversity order. The
true upper bound of BEP can be approximated by expressing the single dominant
error event by the minimum distance between the correct and incorrect sequence. It
also can be easily simplified to a looser union-Chernoff bound. And all of the bounds
representations can be generalized to analyze coded OFDM, precoded OFDM and
SC-FDE systems.

5.2

E va lu ation o f P airw ise Error P ro b a b ility

In this section, for simplicity, we rewrite the A-OFDM system model as
y — D F px + n,

(5.1)

where the subscripts are neglected and the factor y/N is absorbed in D.
Let us consider the maximum likelihood decoding of the A-OFDM systems.
Assuming that ideal channel state information (CSI) is available at the receiver,
for a given realization of the fading channel h = (h0 , h i , • • • , h p - 1 ), the pairwise
error probability (PEP) of mistaking the transmitted codeword x with another
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codeword x 7 at the decoder conditioned on h is given by [70]

- « ( 7

1

?

)

■

15 21

where d2(x.x') is a weighted Euclidean distance between the two codeword x and
x', given by
d2(x,x') - ||D F P - ( x - x ) | | 2
^

—

dn

P -1 .

(5.3)

%*)

i=1 j=0

where 1/ P comes from the fact that all entries of Fp have the equal norm 1/ y / P ,
and hj is the j-th channel frequency response h = Fph. In equation (5.2), Q(x) is
the complementary error function, which is defined as
f +0°

1

Q(X)=V^L

( t2\
eXP( “ 2 ) *

’

(5.4)

de.

(5.5)

or alternatively as (only for x > 0) [69,71]
I

[ k /2

Q{x) = -- Ir
7r Jo

exp

2 sin" 9

The canonical representation in (5.4) suffers inaccuracy according to the upper
infinite limit and analytical difficulties since the function argument x appears at
the lower limit of the integral. While the Craig’s representation in (5.5) not only
improves the accuracy of computation but also simplifies the analysis when the
argument of Q(x) depends on random parameters that require further statistical
averaging over their probability distributions [71].
Therefore, substituting (5.3) and (5.5) in (5.2), the conditional PEP can be
rewritten as
w
1 /‘7r/2
P(x, x ;|h) = — /
exp
n Jo

( 1 sr ^d H y ^ P - l
p
l^ j= 0
4N 0

h j(x 'i

--

X i)

2\

dO

sin2 9
/

»7t/2

D { e f (**']d6,

(5.6)
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where 0(0) = exp ( - j ^ ^ ) .
Given that hj, j = 0 , . . . , P — 1 follows the independent Rayleigh distributions
with probability density
P (hj) = 2hj exp(—h2j),

(5.7)

the statistical average required by each term in the product of (5.6) can be written
as
E D(df (**')

fty2
nil«*
4N sin2 9
Lj=o i=l
\
J
' hj exp ( hj ) dhj
fin«* 4iVop sin“
9
j =0 i=l
' P - 1 dH

=E

(

q

1 Ux

=2

2

\

du

i—1

(5.8)

4A^o sin2 9

where 6 = \x\ —x*| is the Euclidean distance between the corresponding constella
tion symbols.
Hence, the unconditional PEP is given by
P(x, x )

P/p \
4N0 sin2 9

J

-p
d9.

(5.9)

Let 8min denote the minimum Euclidean distance between the constellation points.
While the Chernoff upper bound on PEP with 8min can be obtained by setting
9 = 7t/2 in (5.9), that is,
P (x ,x ')M (l + L A ^ )

i HP.(5.10)

Equations (5.9) and (5.10) show that the coded A-OFDM on frequency-selective
fading channels can achieve a diversity gain of d//P. When P = 1, the A-OFDM
system becomes the conventional OFDM system, which exhibits a large coding gain
and relies on the coding scheme to exploit the channel frequency diversity, whereas
A-OFDM can achieve a certain diversity gain regardless of the channel code used
and has a smaller coding gain. When P = N, Equations (5.9) and (5.10) show
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the case of single carrier systems, which obtains a maximum diversity advantage of
dnN. While P —> oc renders the fading channel equivalent to an AWGN one, its
performance is limited by that of an uncoded transmission in AWGN. Generally,
(5.9) and (5.10) can be utilized to analyze the PEP of precoding OFDM systems
with a signal space diversity of order P [2,30].

5.3

U nion B ound on B it E rro r P ro b a b ility

In the analysis, we consider a rate nc/ (ncT 1) trellis encoder, whose output symbols
are perfectly interleaved and mapped to different constellation symbols from a
2nc+i-point signal sets. The uniform error probability codes are utilized to avoid the
necessity of averaging over all possible transmitted code sequences when evaluating
the BER. Let n(x, x7) denotes the number of information bit errors committed by
choosing x instead of x, and nc the number of information bits per transmission.
Applying the union bound to all error events, the averaging BER is upper bounded
by [71]
(5.11)

Pft < — £ ™ (x,x')P(x,x)
x^x'
dH
— f
dl

02/ P
4N0 sin2 9

£n i+

n c Jo

x ^ x ' *=1

-p

j n ( x i ,£<)

dO
i= i

tt/2

~n c Jo
i

dO,

— T ( W (9), I)

(5.12)

i=i

where W (9) = ^1 +
, and T { W (0), I) is the transfer function associated
with the error state diagram of a particular trellis coded modulation (TCM) scheme
and in general depends on the transmitted sequence [71].
Setting 9 = 7r/2, we achieve the Chernoff bound on BER as
Po<

J _ d_
T [ W (9), I)
2nc d l

(5.13)

Example:Consider the case of a rate 1/2 convolutional coding with the (2,1,3)
feed-forward encoder, we have
n c =1. For a QPSK constell
2 \/~E~s = C2E]„ and the transfer function gives [70]
T(W(0),I)

W b(9)I
1 - 2W(0)I

(5.14)
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=

2dH~5W dHI dH- \

(5.15)

d H= 5

where the free distance of the convolutional code is dfree = 5.
Thus, for the Rayleigh fading channel with known channel state information,
we would obtain an upper bound on average BER as
P*<

W 5(9)
(1 - 2 W{9))

17TJo
/

de

(5.16)
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17TJO/
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4 Vo sin 2 6 )
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:d0,

(5.17)

1_ 2 (1+

which can be simplified by replacing the Euclidean distance by its minimal value
5 m in , resulting in a looser upper bound
-5 P
(! +

P*

2 P s4 n 2 0 )

;d6,

(5.18)

( 1 - 2 ( 1 + 5pÄ??)'P)
where 7 = Es/ N 0 is the signal to noise ratio (SNR).
A looser union-Chernoff bound would be obtained by replacing the integrand
in (5.17) by its value at 6 = 7t/ 2 , resulting in

P6<

l1+

2p

)

(5.19)

2’

2 (l —2 (l + 2p) ,J)
whose alternative format is
00

P»< E

- d HP

(5.20)

dn=5

5.4

S im ulation R esu lts

In this section, we present the simulation results of the BER performance of coded
A-OFDM systems, comparing with the theoretical bounds. The parameter N is
fixed at 1024. The HIPERLAN/2 channel model E from ETSI is adopted. This is
a dense indoor multipath channel model with non-line-of-sight conditions. Channel
estimation is assumed to be perfect. System imperfections such as CFO and PAPR

5.4 Simulation Results
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Figure 5.1: Comparison between convolutionally coded A-OFDM systems with
different parameter P.

distortions are not considered in the numerical computation and simulation.
We depict the performance upper bound (5.20) for A-OFDM systems with
P = 1,8,32,256,1024 with the solid curves in Fig. 5.1. The curve for P = 1
corresponds to coded OFDM system, while the curve for P = 1024 corresponds
to coded SC-FDE system, which show the analysis method can be generalized to
different systems with variable parameter P. Generally, the BER performance is
dominated by free-distance error events. The slope of the curves illustrate there
is a multiplicative diversity gain introduced by the A-OFDM scheme. The figure
clearly shows the diversity gain, and coincides with the trends of performance with
changing P. With increased P, we can achieve improved diversity gain, at the
cost of higher noise enhancement. From Fig. 5.1 we can see A-OFDM system
with P = 32 approaches the best asymptote at high SNR, while there is little
performance difference between systems with P = 256 and P — 1024. The dashed
lines in Fig. 5.1 also shows the simulation results for A-OFDM with P = 32 and P =
256, OFDM and SC-FDE, all of the curves are upper bounded by the theoretical
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analysis results. The bounds are loose at lower SNR, but they are tighter at higher
SNR. In highly frequency-selective channels, the coding gain is significantly reduced
for general OFDM due to the large number of demodulation errors; while for AOFDM, coding gain is relatively stable as frequency diversity is mainly achieved
before decoding. Similarly, coding at higher rate generates limited coding gain
and diversity gain in general OFDM; while in A-OFDM, FEC coding furnishes the
coding gain while the diversity gain comes primarily from the transmission scheme.

5.5

C o n c lu sio n

In this chapter, we have studied the performance limits for coded A-OFDM sys
tems over frequency-selective fading channels through the analysis of the exact and
Chernoff bound. Compared to the coded OFDM system, we quantified the gain
in SNR obtained by A-OFDM scheme. The overall diversity equals to the errorcontrol code’s Hamming distance times the FFT/IFFT size of A-OFDM systems.
The analysis shows that the A-OFDM systems improve the diversity gain and
BER performance without additional decoding complexity. The theoretical analy
sis approach can be generally utilized in A-OFDM, OFDM, precoding OFDM and
SC-FDE systems, with variable parameter P.

C h a p te r 6
A d v an ced R eceiv er D esign for
Q u a d ra tu re O F D M A S y stem s
O verview : In this chapter, we investigate various detection techniques such as
linear zero forcing (ZF) equalization, minimum mean square error (MMSE) equal
ization, decision feedback equalization (DFE) and turbo joint channel estimation
and detection, for Q-OFDMA systems to mitigate the noise enhancement effect
and improve the bit error ratio (BER) performance. It is shown that advanced
detections, e.g. DFE and turbo receiver, can significantly improve the performance
of Q-OFDMA.

6.1

In tro d u ctio n

In Chapter 4 and Chapter 5 we analyzed the BER performance of A-OFDM/QOFDMA systems with linear equalizers, we find that the essential characteristics
of the Q-OFDMA systems as follows: When linear zero forcing (ZF) equalizer is
employed, there is a trade-off between noise enhancement, error propagation and
frequency diversity gain, by setting different value of P. When SNR is small,
Q-OFDMA systems with smaller P have better BER performance; while with
SNR increasing, Q-OFDMA systems with larger P will become superior. The ex
act SNR point where one system starts to outperform the other depends on the
channel condition and modulation scheme [72]. As a special case of P = 1, the
Q-OFDMA system becomes the conventional OFDMA system, which outperforms
the Q-OFDMA system (1 < P < N) only in low SNR range. This problem can
be solved by utilizing advanced receivers, which is the motivation of this chapter.
When linear minimum mean square error (MMSE) equalizer is used, for BPSK
75
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modulated signals, Q-OFDMA system is always better than OFDMA system with
ZF equalizer (For conventional OFDMA systems, ZF is already the maximum like
lihood solution and MMSE equalizer can not achieve better BER performance [2]).
Generally, MMSE equalizer can partially solve the problems of noise enhancement
and error propagation which are related to ZF equalizer. However, it incurs extra
complexity by requiring the estimation of noise variance, which has to be estimated
over multiple OFDM symbols in data-aided approaches [73, 74] and even more in
non-data-aided ones [75]. It is well known that in signal filtering and estimation,
reduced rank processing sometimes can achieve better performance than full rank
processing when the signal is noisy [76,77], and generally the singular value de
composition (SVD) is required in the reduced rank techniques. Other advanced
equalizers, such as decision feedback equalizers and iterative equalizers can effi
ciently improve the performance of Q-OFDMA system, have a complexity similar
to that of the linear equalized OFDMA/SC-FDMA systems.
In terms of minimizing the bit error ratio (BER), the optimum maximum like
lihood (ML) [66] detector is able to utilize both the diversity and coding gain
furnished by frequency-selective fading channels. However, in most practical sys
tems, linear equalizer (LE) [62, 63, 66] and decision feedback equalizer (DFE)
[53, 62, 63, 66, 78] have been designed for complexity reasons. Turbo equaliza
tion [79-82] has been extensively studied when signal to noise ratio (SNR) and
channel impulse response (CIR) are precisely known to the receiver. In cases where
such information is not available or time varying thus need to be tracked, channel
information should be estimated. Methods in [83-85] attempt to perform estima
tion and equalization jointly, to improve the system performance at the cost of
intractable complexity.
In this chapter, we focus on analyzing the various detection techniques for QOFDMA systems, including ZF and MMSE LEs, DFE and iterative equalization.
We present signal detection and decoding techniques for Q-OFDMA and analyze
the performance in section 6.2. The performance of Q-OFDMA systems using
various detection techniques are demonstrated by simulations in section 6.3.

6.2

S ig n al D e te c tio n

In this section, we will present the advanced techniques for signal detection, includ
ing DFE, reduced rank equalization and turbo receiver, specially for Q-OFDMA
systems, whose mathematical model is presented in Chapter 3.

6.2 Signal Detection
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Recall that H q = \/P F p D 9Fp from Equation (3.10) actually represents the SVD of
the circulant matrix Hg, which shows that SVD is a natural result of received signal
processing for Q-OFDMA systems with frequency domain equalization. The diag
onal elements in D q = FpH gFp/ \[P are the singular values of H. In Q-OFDMA
systems, ZF equalizer is in fact the full rank least square solution of (4.3), where
an inverse matrix H is implicity constructed using FpF)q lF p y q/ y f N shown in
Equation (3.12). This full rank approach suffers from all the problems relating
to the stability of matrix inverse, plus the noise enhancement effect. Instead, in
reduced rank signal processing, by removing noise contaminated minor component
from observation data, the reconstructed data or matrix could be more stable and
tolerant to noise perturbation. The reduced rank equalization sets several equal
izer taps to be zeros in a ZF equalizer [86]. Usually these taps correspond to the
frequency domain channel coefficients with smallest energy.
At subchannel q, let 0 denote the subcarrier index set of k hv q with smallest
energy out of all P hvq, p £ [0, P — 1]. Now set k diagonal coefficients in D “ 1,
corresponding to the subcarrier indices in 0 , to be zeros. Denote this reducedrank equalization matrix as (Dg)^1. After equalization, the estimated signal (xg)
becomes
<x„> = F " ( D , ) p F p y , / ^
= F " ( D ,y 'D ,F Px , + F « ( D ,) p F Pn q/ V N .

(6.1)

The mean square error (MSE) of (kg) can be derived as
e = E[|(x„) - x , | 2]
= ^ p T r [((D,),-1 - D - 1)D ,D "((D ,)j^1

D - 1) " ] + | ^ T r [ ( ( D , ) P ) / , ( D , y 1
( 6 . 2)
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where 0 denotes the complementary set of 0.
The general ZF equalizer can be achieved by setting k = 0, and
.2
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(6.4)
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Figure 6.1: Decision feedback detector for Q-OFDMA systems: (a) hybrid domain
DFE and (b) frequency domain DFE.

and we can get the difference of MSE between the reduced-rank equalizer and ZF
equalizer as
e —e Z F

=

ko Xq
I
~P~

i
pe© IV,I2

PN ^

(6.5)

From Equation (6.5) we can see that the reduced-rank equalizer has smaller
MSE than ZF equalizer if O is chosen to satisfy that
~

<T?

\hp'qf < j M

Xq

pG0,

(6-6)

The parameter 0 can be achieved by setting 0 contain the indices corresponding
to the k smallest |hp,q\,p G [0, P — 1], excepting the specifical subcarrier where
the signal energy is large. Therefore, the reduced-rank equalizer mitigates the
noise enhancement effect and remains the acceptable signal contribution, with low
complexity.
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The class of decision-directed detectors improve the system performance on the cost
of complexity. Current DFE techniques can be operated in the time domain [66],
frequency domain [78] or with hybrid structure [53,63], where the feedforward
filter is realized in the frequency domain, while the feedback filter is realized in
the time domain. Similar to the time-domain DFE (TD-DFE), the hybrid-domain
DFE (HD-DFE) is affected by the precursors of the intersymbol interference (ISI)
and error propagation. Since both the signal processing and the filter design are
performed entirely in the frequency domain, the frequency-domain DFE (FD-DFE)
only requires a quarter of the complexity of the HD-DFE, whose complexity is half
of that of the TD-DFE [78]. Regarding to the work of DFE presented in this
chapter, our main contribution lies in extending the general DFE concept to the
Q-OFDMA systems and testing its performance, instead of proposing new DFE
structure.
Applied to the signal represented in (4.3), the block DFE, as shown in Fig. 6.1,
can be realized with HD-DFE and FD-DFE. The block FD-DFE, as shown in
Fig. 6.1b, can be described by the following equations:

a = AF Py q = a/JV A D qF P±q + A F Pnq

(6.7a)

Si'q = a —BFpXq

(6.7b)

*, =

(6.7c)

t (f « x;)

where the feedforward and feedback filters, A and B, respectively, are chosen to
minimize the mean square error and whiten the noise at the input of the decision
device 7~(*). Since we can only feed back decisions in a causal fashion, B is usually
chosen to be a strictly upper or lower triangular matrix with zero diagonal entries.
The matrices A and B are designed according to MMSE criteria. When B is chosen
to be triangular and the mean square error (MSE) between the block estimate
before the decision device is minimized, the feedforward and feedback filters can
be expressed as [87]
U HAU = R 7 1 + F " D f ( F PR nF " ) ' d , F p

(6.8a)

Gm
mse
se = R xFpD ^(FPR ftFp + D^FpRxFpD^)
mm

(6.8b)
(6.8c)

B = Fp(U —I)Fp

(6.8d)
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where we assume the autocorrelation matrices R* and R„ are known, (6.8a) is ob
tained using Cholesky decomposition, U is an upper triangular with unit diagonal,
A is a diagonal matrix, and for simplicity, the factor >J~N is absorbed in D 9.
Since DFE takes into account the finite-alphabet property of the information
symbols and the decision-feedback filter eliminates the intersymbol interference
from previously detected symbols, the performance of DFE is usually better than
linear detectors, especially at moderate high SNR values, where decision errors are
less likely to propagate.

6 .2 .3

T u rb o D e te c tio n w ith S oft In terferen ce C a n cella tio n

In this section, we propose an iterative receiver for joint estimation, equalization,
and decoding for the Q-OFDMA systems based on the turbo processing principle.
The estimator makes use of training symbols and the soft decoded data information
to track the channel frequency response. The equalizer can use the re-estimated
channel to detect the transmitted data iteratively until the satisfactory outcome is
obtained. We can judiciously choose estimation, equalization and decoding algo
rithms according to the performance/complexity tradeoff.
For the pth. element of y, we rewrite (4.3) as
y

(p)= (D F p W
k^p

x (p )

+£

(DFp)p,*x(fc) + Fpn(p).

From (6.9) we can see the precoding matrix Fp breaks the orthogonality in D and
introduces ISI, which can be eliminated by the following turbo equalization.
The equalizer gives the MMSE estimates x of x based on the received signal y
and the a priori information of x, i.e. E (x) and Cov (x, x). After passing through
a demapping module, the extrinsic information for each coded bit can be obtained
as [80]:
LeE (dn) = In

P(x(p) [dn = l)
P(x(p) I dn = 0)

£
Vd:dn = l

£

Vd:dn=0

nm

id)

( 6 . 10)

n

pwp

V nC n'^n

d) II pW
>')
VnCn'^n

( 6 . 11)

(6.9)
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Figure 6.2: The turbo receiver for Q-OFDMA systems

ln P(dn = 1 1x(p)) _ ln P(dn = 1)
P(dn = 0 I x(p))

(6.12)

v P(dn = 0)^

S------------ ----- V----- '-------------/
L E (dn )

v
L D {dn )

As we can see in Fig. 6.2, the output of the demodulator, L E(dn), is defined
as the a extrinsic log-likelihood ratio (LLR) of the coded bit dn, and the output
of the interleaver, Z/£>(c/n), as the a priori LLR of dn. The extrinsic information,
Le
E (dn), is a function of x(p) and the a priori information about the coded bits
other than the n-th bit, i.e., L E(dn'), n! 7^ n, from the previous iteration.

At

the initial equalization stage, no a priori information is available and hence we
have L D(dn) = 0,Vn. The extrinsic information L eE(dn), which is independent of
LD(dn), is deinterleaved and fed into the decoder as the a priori information for the
decoder. Based on the a priori LLR L E(cn), the decoder provides the a posteriori
LLR of each coded bit as follows:
L\

(

\ _

1

P ({ -^ E (cn ) }

I cn — 1)

P ( { L E(cn) } \ c n = 0)
P(cn = 1 I { L E(cn)})
= 11 F (cn = 0 I { L E(cn)})

(6.13)
P(Cn = l )
11 P{cn = 0) ’

V"

^

L d ( cti)

L E (Cn)

(6.14)

A t the last iteration, a hard decision is made as
bm = arg max P(bm = b \ { L E(cn)}).

(6.15)

Here, the interleaver/deinterleaver module shuffles the decoding statistics of
the coded bits to decorrelate errors introduced by the decoder/equalizer, and as
sure, locally in several iterations, dn are independent and L E(dn) are true a priori
information on the dn, which make the iterative error correction possible.
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MMSE Criterion

To perform MMSE estimation, we require the statistics x(p) = E[x(p)] and v(p) =
Cov[x(p), x(p)] of the symbols x(p), which can be computed by the a prion LLR
of the coded bits, Lc>(dn). For simplicity, we assume BPSK modulation is used in
the following analysis. The soft estimates and their variance are defined as [80]
x(p) = tanh { LD^ n ) ^j ^

(6T6)

v(p) = 1 - |x(p)|2,

(6.17)

Define
X = (x(l),

• • • ,

x(p

-

1) , 0, x(p + 1) ,

• • • ,

x (P ))T,

VP = Diag (v(l), • • • , v(p - 1), 1,v (p + 1), • • • , v (P )),

(6.18)
(6.19)

a soft interference cancellation is performed on y to obtain
s = y - D F P±
= D F P( x - * ) TFpri,

(6.20)
(6.21)

which is then fed into a linear MMSE filter and we get
z(p) - w ^ s(p ),

(6.22)

where the filter wp is chosen to minimize the MSE between the coded bit x and
the filter output z, i.e.,
wp = arg min E { ||x —zj|2}
- Cov[y,y]~lCov [x,y]
= (<7fll + DF pVP(DF p )W) ”' DF
=

ps

(<7?I + D F PV (D Fp)"+
(1 - v(p))DFpep(DFpep)" )" 1DFpe„.

(6.23)

where ep is a column-vector whose P elements are all zeros except the pth element
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which is one. Thus the MMSE estim ate x of x can be given by [80]

U p ) = x(p) + Up)

(6.24)

We apply (6.20) to (6.24) arid formulate the MMSE estim ate as

Up ) = x{p) + w " (y - D F p x )
= w " (y - D

F + * (p )D F Pep) ,

(6.25)

whose statistics m ean /i*(p), x G 53 (for BPSK, 93 = { + 1 ,- 1 } ) , and variance cr|(p)
are com puted as
/4r(p) =

{E [y|x(p) = x] - D F p x + x (p )D F p £ p)

= x w fD F P £.

(6.26)
21

(x(p) -/z * (p ))

*l(p)
=

Wp D Fp£p ( l - (D Fp£p) % ) .

(6.27)

Thus the output extrinsic LLR LeE (dn) (6.10) of the equalizer, is given by

l e (dn) = In

= In

P(x(p) I dn -- 1)

E(x(p) I dn = 0)
P(x(p) I x(p) = +1)
P(x(p) I x(p) = - 1 )

2x(p)/iÄ=+1(p))

(p)
2 w " (y - D F p x + x (p)D F pgp)
x=+l

1 - (D F p £ p) " w p

(6.28)

For the initial iteration, we have Lo{dn) = 0,Vn, x(p) = 0 and v(p) = 1 Vp,
the MMSE linear equalizer solution is simplified to
w'p

= (a?I

+

D D " ) _1D F pep,

(6.29)

and the corresponding MMSE output and LLR are given by

U p ) = (w P)wy>

(6.30)
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2 K )" y
L% (d„)

1

(DFPep)"w'p

-

(6.31)

To alleviate the high complexity of computing wp for each iteration, in the first
several iterations, we utilize the coefficient matrix W for the first iteration to
compute x(p) and LeE (dn) according to (6.30) and (6.31).
In the following iterations, approximately perfect a priori LLR \Lp>(dn)\ —>
oo, Vn is available, which leads to xP = (x(l), • • • , x(p — 1), 0, x(p + 1), • • • , x (P ))T,
and v(p) = 0, Vp. w p is then simplified to
w" —

+ DFp£p(DFp£p)//j
D F p£p
+ (DFp£p)7/DFp£p

D F p£p,
(6.32)

M atched F ilter C rite rio n
Analyze (6.29), we find in the first iteration, channel D which is estimated based
on the training sequence, may not be reliable. In order to reduce the complexity,
the operator of matrix inverse can be bypassed by replacing the MMSE equalizer
with an approximate matched filter as [88]
/ _
p

DFp£p
+ Tr[D D "j

(6.33)

T urbo C hannel E stim atio n
As a result of (4.3), channel estimation can be easily implemented by transmitting
carefully chosen training symbols x tr such that each element in F Px tr has unity
magnitude. However, the estimation based on training symbols may not be reliable,
especially when the channel is time varying and channel tracking is needed. In
this section, we propose an iterative channel estimation technique in conjunction
with data detection. The idea is to firstly use training symbols to perform an
initial channel estimation, then the soft data information from the decoders will
be utilized in estimation. At last iteration, when the decoding information from
decoder becomes reliable, advanced estimators, e.g. maximum likelihood or MMSE
estimator, are employed to provide further performance improvement.
From (3.10) we can see D F P = FpH , which is a frequency response of channel.
Therefore, we can use H = D F P as the channel estimates for Q-OFDMA systems.
The channel estimation method is summarized as follows:
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1. Initial channel estimation.
(H p ,p )i —

— ^ p »p

^ { )
t

p

(6.34)

where x t (p ) ls the training symbols, A t (p ) is AWGN with zero mean and
variance (cG + cr^Si). Once the initial channel estimates are obtained, the
detected soft data symbols x are achieved by (6.16) for BPSK modulation.
2. Iterative channel estimation. In this stage, data-aided LS channel estimation
is utilized.
(Hp)P)2
—
■p,p/ 2 —

—H pp + A(p),

(6.35)

Similar to the initial estimation stage, it can be shown that A (p) has zero
mean and variance
+ ofSI).
3. Final channel estimation. In the last iteration, the decoding information
from decoder becomes very reliable, MMSE estimator [66] is able to provide
further performance improvement.

6 .2 .4

C o m p le x ity A n a ly sis

Complexity is defined as the number of complex multiplications required in pro
cessing each frame. FFT complexity is based on radix-2 algorithm, which means
the computational complexity for N point FFT /IFFT is ö( N/ 2l og2 N). Assume
user-A; occupies M sub-channels in Q-OFDMA systems, and equivalently, M P subcarriers in conventional OFDMA systems.
With a linear equalizer, a general OFDMA receiver includes an TV-point FFT
and a one-tap equalizer, and the complexity is N / 2 log2 N + MP. For a SC-FDMA
receiver, an extra p-point IFFT is required, thus the complexity is N/2\og2 N +
M P + P /2 log2 P. For a Q-OFDMA system, the receiver includes P Q-point FFTs,
M P-point IFFTs, M P-point weighting operators and M one-tap equalizer. The
complexity is N/2\og2Q + MP\ og2P + 2MP. When the channels change, the
computational complexity of linear ZF/MMSE equalizer is 0 ( P 3) for Q-OFDMA
systems, and 0 ( N 3) for OFDMA/SC-FDMA systems, where N equals to Q (Q >
1) times of P. From Table 6.1, we note that the receiver of the Q-OFDMA with
linear equalizer only requires half of the complexity of the OFDMA, as well as the
SC-FDMA system. For the Q-OFDMA Systems, the Linear MMSE Equalizer, FD-
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Table 6.1: System Receiver Complexity in Terms of Numbers of Complex Multi
plications per frame.
System
Q-OFDMA

OFDMA
SC-FDMA

Equalizer
MMSE
FD-DFE

Complexity
N/2 log2 Q + M P log2 P + 2MP
N/2 log2 Q + 2 MP log2 P + 3M P

Turbo

N/2 log2 Q + i(4MP + M P log2 P) —M P

ZF
MMSE

N/2 log2 N + M P
N/2 log2 N + M P -F P/2 log2 P

Example
2560
3008
3264 (i= 2)
5184 (*=5)
5184
5376

DFE and Turbo Receiver (the Complexity of the Decoder is Excluded, i Denotes
the Number of the Iterations.) are Listed for Comparison. For the Conventional
OFDMA System, Only the Maximum Likelihood Solution, Linear ZF Equalizer,
is Compared. And For SC-FDMA System, the Linear MMSE Equalizer, Which
Reduces the Effect of the Noise Enhancement, is Compared. For the Example
Scenario, Numerical Values are for N = 1024, Q = 16, P = 64, and M = 1.
The complexity of decision feedback detection is comparable to that of the
linear detectors, because the feedforward and feedback filters only have matrixvector multiplications. Additionally, a FD-DFE equalizer in Fig. 6.1b needs an
extra P-point FFT for the feedback filter, i.e. cancellation is performed in the
frequency domain. Therefore, the complexity of the Q-OFDMA receiver with FDDFE is N / 2 log2 Q + 2MP log2 P + 3Af P.
The complexity of the turbo receiver mainly comes from the MMSE equal
izer, MAP decoder and the number of iterations. For each iteration, the MMSE
equalizer performs three FFT operations, whose complexity is ö(P/ 2\ og2 P) for
Radix-2 algorithms, and four matrix operations whose complexity is 0 ( P 2). For
the MAP decoder, the complexity of soft output Viterbi algorithm (SOVA) with
five iterations is twice as that of Viterbi algorithm, and the ratio becomes three for
ten iterations [89]. The complexity analysis is far more complicated for joint turbo
estimation, equalization and decoding. Assuming the channel is fixed, given the
MMSE equalizer, the overall complexity of the turbo receiver of the Q-OFDMA
system is N/2 log2 Q + z(4MP + M P log2 P) —M P , which excludes the complexity
of the decoder and i denotes the number of the iterations.
In our previous work we found that larger P leads to more reduction in com
plexity of Q-OFDMA and lower PAPR at the transmitter, and better CFO ro
bustness [72]. Thus in Q-OFDMA systems with turbo receiver, P should be cho-
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sen carefully within system constraints according to the complexity/performance
tradeoff.

6.3

S im ulations

In this section, we present the BER performance of Q-OFDMA systems with differ
ent receivers, including linear ZF and MMSE, DFE and iterative (turbo) receiver.
In OFDMA, subcarriers are first grouped per Q successive subcarriers, and each
subchannel occupies one subcarrier in each group with a fixed index. Distributed
SC-FDMA is used in the simulation, the subcarriers of each user are spread over
the entire signal band with a fixed index. For simplicity, system imperfections such
as CFO and PAPR distortions are not considered in the simulation. In each simu
lation, BER is averaged over a number of channel realizations. In coded systems,
each user’s data is encoded with 1/2-rate convolutional code, and a block inter
leaver is applied to the coded bits before modulation. SOVA is used for decoding.
The initial channel coefficients are estimated by matched filter scheme over two
consecutive training symbols. Two types of channel models are simulated to com
pare systems performance. One is the CM2 channel model from IEEE802.15.3a,
which is a dense nonline-of-sight multipath model with tens of significant taps. The
other is the SUI3 channel model from IEEE802.16, which is a sparse channel model
with only a few taps and small normalized delay spread. In either case, the length
of the guarding interval is set to be 64, and channel impulse response longer than
64 is truncated to have 64 taps to avoid ISI.
Fig. 6.3 shows the system performance with QPSK modulation under CM2
channel model. From the figure we can see that DFE detection further reduces
the effect of noise enhancement and improves the system performance compared
with linear detectors. The proposed iterative (turbo) receiver scheme performs
better than Q-OFDMA systems with linear and decision feedback detectors. At
BER=10-4 level, the Q-OFDMA systems with 2 iterations can achieve it at 17dB
SNR, which is about 2dB lower than MMSE equalized Q-OFDMA without iteration
process. And Q-OFDMA systems with more iterations get better performance.
Fig. 6.4 shows BER performance for systems with 64-QAM modulation, under the
SUI3 channel model. Subcarriers have very high correlation due to very limited
number of multipath signals. In this case, the influence of frequency diversity
is weakened, while the noise propagation is highlighted in Q-OFDMA systems.
However, we can see a similar trend, in BER performance of Q-OFDMA systems
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Figure 6.3: BER performance comparison between Q-OFDMA systems with dif
ferent receivers in CM2 channel model, with QPSK modulation.
with different order of iterations, to that of Fig. 6.3.

6.4

C o n c lu sio n s

In this chapter, we analyze linear, decision-direct and iterative (turbo) detections
for Q-OFDMA systems to mitigate the noise enhancement effect and improve the
BER performance. Furthermore, a dedicated turbo equalizer in conjunction with
channel estimation for Q-OFDMA systems is proposed and evaluated. We can ju
diciously choose estimation, equalization and decoding algorithms according to the
performance/complexity tradeoff. From simulations on wireless dispersive chan
nels, we have shown that Q-OFDMA with FD-DFE achieves improved performance.
Since both the signal processing and the filter design are performed entirely in the
frequency domain, the complexity of FD-DFE Q-OFDMA is similar to that of the
linearly equalized Q-OFDMA systems. Moreover, by reducing the interference and
noise enhancement effect, and increasing the reliability of the detected data, the
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6.4 Conclusions
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Figure 6.4: BER performance comparison between Q-OFDMA systems with dif
ferent receivers in Wimax channel model, with 64-QAM modulation.
iterative receiver for joint estimation, equalization and decoding significantly im
proves the performance of the Q-OFDMA system, with the similar complexity to
the linearly equalized OFDMA/SC-FDMA systems.

C h a p te r 7
M IM O Q u ad ratu re-O F D M A
O verview : In this chapter we investigate the realization of MIMO diversity- and
capacity- oriented methods in Q-OFDMA systems. We construct an Alamouti-like
space-time block code (STBC) for Q-OFDMA signal symbols, and investigate the
ZF and MMSE equalizers to realize the simple detection for spatial multiplexing
(SM) Q-OFDMA systems.

7.1

In tro d u ctio n

In the previous chapters, we propose and analyze the A-OFDM and Q-OFDMA
systems in the single input single output (SISO) environment. In this chapter,
STBC and SM techniques are investigated to extend the Q-OFDMA systems in
the MIMO environment.
MIMO techniques have been recently gathered much attention as a way to sig
nificantly improve the performance of wireless communications, comparing with
traditional single-antenna systems [90-93]. By employing multiple antennas at the
transmitter and/or receiver, a MIMO system can provide more reliable reception
performance obtained through spatial diversity and/or the achievable larger capac
ity through spatial multiplexing (SM) [94-96].
In MIMO systems, the spatial diversity can be achieved by transmitting the
same signal from multiple transmit antennas and receiving at multiple receive an
tennas simultaneously. Since the fading for each link between a pair of transmit
and receive antennas can usually be considered to be independent, the proba
bility that the information is detected accurately is increased. It is well known
that in a MIMO system with n r transmit antennas and tir receive antennas, the
maximal diversity gain is Ur Ur , assuming each flat-fading channel between the
91
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individual transmit and receive antenna pairs is complex Gaussian independent
and identically distributed (i.i.d.) [97]. In the frequency-selective MIMO chan
nels with L resolvable paths, the full diversity gain titUr L can be achieved in
MIMO-OFDM systems [98-100]. In MIMO techniques, the spatial diversity can
be achieved by diversity-oriented class methods, including space-time block coding
(STBC) [97,101], space-time trellis coding (STTC) [102], space-frequency coding
(SFC) [103], and space-time-frequency coding (STFC) [100,104].
The spatial multiplexing technique transmits multiple data symbols from mul
tiple antennas, which speeds the communication by exploiting a multipath fading.
For a rich scattering environment, in a MIMO system with tir transmit antennas
and Ur receive antennas, the capacity will grow proportionally with min(rep, tlr) if
the channel gains among the antenna pairs are i.i.d. Rayleigh-faded [96,105]. The
spatial coding is not needed at the transmitter, but a dedicated detection algorithm
is needed at the receiver to sort out different transmitted signals from their mixed
one. V-BLAST (vertical Bell Laboratories Layered Space-Time) is a typical spatial
multiplexing technique [105].
The diversity gain and spatial multiplexing gain are key advantages of utilizing
MIMO techniques, however, maximizing one type of the gain may not necessarily
maximize the other. It is shown that both diversity and multiplexing gains can
be achieved simultaneously for a given MIMO channel, but there is a fundamental
trade-off between them [106].
Recent developments in MIMO techniques promise a significant boost in per
formance for OFDM systems [92], the combination of MIMO and OFDM has the
potential of meeting the requirement of high data rete and high performance over
very challenging channels that may be time-selective and frequency-selective. As
a counterpart, in this chapter, we illustrate the realization of MIMO STBC and
spatial multiplexing in Q-OFDMA systems. Section 7.2 proposed a suitable STBC
for Q-OFDMA based on the signal relationship between frequency-domain and
intermediate-domain. In Section 7.3 we investigate the spatial multiplexing appli
cation in Q-OFDMA and proposed the ZF and MMSE criteria to perform equal
ization. Simulation results are presented in Section 7.4.

7.2

S pace-T im e B lock C o d in g in Q -O FD M A

Spatial diversity can be obtained by transmitting each symbol from spatially sep
arated antennas and energy of radio signals spread in the space and time. The
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Table 7.1: The Alamouti coding scheme for flat fading channels.
Time 1 Time 2
Tx antenna 1
Tx antenna 2

Xi

- x;

X2

*i

Table 7.2: The Alamouti coding scheme for frequency selective fading channels.

Tx antenna 1
Tx antenna 2

Time 1 Time 2
-FxJ;
FXl
Fx*
F x2

Alamouti scheme is historically the first STBC to provide full transmit diversity
for systems with two transmit antennas [101]. Delay diversity schemes [107] can
also achieve a full diversity, but they introduce interference between symbols and
complex detectors are required at the receiver [94]. Alamouti scheme is originally
formulated for flat fading channels, the encoding is done in space and time, which
is shown in Table 7.1. By employing block transmission and the pre-multiplying
DFT matrix. F, the Alamouti scheme can be extended to combat frequency selec
tive fading channels with OFDM [108], which is shown in Table 7.2.
In this section, we analyze an Alamouti-like STBC in Q-OFDMA systems, the
system diagram is shown in Fig. 7.1. Recall the system model of Q-OFDMA system
described in Equation (3.11) in Chapter 3:
y = F Py = FpHx + F Pn
= D FPx + n,

(7.1)
(7.2)

where the subscripts are neglected, the factor \/]V is absorbed in D, and the rela
tionship between signals in frequency-domain and intermediate-domain is showed
as x = Fpx. From Equation (7.2) we discover that Q-OFDMA system actually
resembles to the results obtained in precoded OFDM systems, with a precoding
DFT matrix Fp. Thus the modified Alamouti scheme for frequency selective fading
channels, shown in Table 7.2, is suitable for Q-OFDMA system without introducing
any complexity relating to DFT precoder in the transmitter. However, we should
notice that Equation (7.2) is an equivalent system model via a few algebraic ma
nipulations from its actual system model in Equation (7.1), there is not an actual
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Figure 7.1: STBC for Q-OFDMA System
pre-multiplying DFT matrix FP at the transmitter. Therefore, the key challenge
of realizing Alamouti scheme in Q-OFDMA system is finding the encoding and
transmission sequence scheme in the intermediate domain, letting Fpx has the
Alamouti format. In the following we will investigate the Alamouti-like STBC in
Q-OFDMA system with two transmit antennas and Ur receive antennas, whose
encoding is in the intermediate domain and decoding is in the frequency domain.
Denote at subchannel q, the p-th intermediate-domain symbol of Z-th trans
mitted block from transmit antenna j by ^Xq\p)j , where <7 = 0 ,1 ,..., Q — 1,
p = 0 ,1 ,..., P — 1 and / = 0 ,1 ,.... At times 21 = 0, 2 ,4 ,..., STBC performs
a precoding operation between two blocks ( x ^ , x|/2/+1^) onto two antennas over
two successive time intervals, where x ^ = [xg2/)(0),Xq2l\ l ) , ... ,Xq2l\ P —l)]7 and
x f +1) = [4 2 I+1)(0 ),4 2 I+1 )( 1 4 2I+1)( ^ - 1)]T If we let x<2° = F Px f } and
~(^<+i) = FpXg2/+1\ each element in x.(q2l) and x[2l+l) can be solved jointly at a
similar behavior to STBC Q-OFDMA.
According to the Fourier transform theorem for complex conjugation operation
[61]
x*(n) ^

(7.3)

we define
(£g°(p))# - {Xq] ((-p )m odP ))*,

(7.4)

and get
(7.5)
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p < q o ))* ,(^ (i))* ,...,(2 ('> (p -i))f

II

vi

- '

3

II

w

> ? ( o ) ) * , ( * ® ( p - i ) ) , , ( * ? )(p - 2 ) ) * , . . . , ( * ® ( i ) ) * ;
"a

“Q 3

where (•)* and (-)modP denote complex conjugation and modulo-P operations,
respectively. From Equation (7.5) and (7.4) we get
(7.6)
(7.7)

which applying the Alamouti-like STBC rule to encode the two consecutive intermediatedomain blocks in Q-OFDMA shown in Table 7.3.
Denote at subchannel g,
is the m-th received block in the intermediatedomain on receiver antenna z, which is given by

( « a - ( * “ ) ,. (* “ ) , + « * ) . ( * " ) , + « * ) . - « • ’) „ •
for q = 0 ,1 ,..., Q —1; ra = 2Z, 2Z + 1; z = l,2 ,

<7-8>

where
^ and
}^ represent the circulant channel matrices from trans
mit antenna 1 and 2, respectively, over block m, to the z-th received antenna, and
is the noise symbols between the j-th transmit antenna and the z-th re
ceived antenna. Analogous to the single-transmit case, by applying the normalized
P-point DFT matrix F P to
we get

- (*")„(*r),♦r- K 'X (*;•■),♦*(r).+«•(*r).
- (or),, f- (*;-■),+(dp ), f*(*r),+F*«•’)„-*■«")„•
(7.9)
where

= FP

^

F i s a diagonal channel matrix in frequency do

main between transmitter antenna j and receiver antenna z, whose diagonal ele/ ^ (m)\
mcnts equal to the DFT coefficient of the first column vector in
j .

-a

10 A
^ ^

(7.10)

"a

"I

ll

II

Define

(7.11)

(C ),.

( 7. 1 2 )

- F ,
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Table 7.3: The STBC and transmission intermediate-domain sequence for the twobranch transmit diversity scheme of Q-OFDMA systems.

a*
>x
II

Tx antenna 1

(*;•»

Tx antenna 2

( * ? ') *

_ *(2/+d
q

Time 2/ + 1

l

21

II

Time

+
t—
*

On <7-th subchannel

(x<2 m >)#

( * ? * " ) . - (* ? ° )#

Table 7.4: The STBC and transmission frequency-domain sequence for the twobranch transmit diversity scheme of Q-OFDMA systems.
On q -th subchannel

Time

21

Time

21 + 1

(f+1j,=-

Tx antenna 1

ft20)o=*r)

Tx antenna 2

&Y

which show the connections for signals in the intermediate domain and the fre
quency domain, then each element in
can be solved jointly at a similar
complexity to MIMO-OFDM systems [92]. The Equation (7.9) can be rewritten as

for z = 1,2;

m —21,21 + 1;

Z= 0 ,1 ,...

Based on Table 7.3 and the signal’s relationship between the intermediate domain
and frequency domain (7.11), the STBC encoding rule for Q-OFDMA’s frequency
symbols can be expressed as in Table 7.4.
We assume that

^

is time invariant over two consecutive blocks, i.e.,

KX=K+1%-NV’

(7-14)

(DC)„ = (Dim+1)) , T (DA ’

(7.i5)

which causes that

Based on Table 7.4, combine equations (7.13) and (7.15), and subsume two received
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consecutive blocks to

where

= x!,2/) and fx!/2/)) —x!//+1) defined in Table 7.4.

Since (Ag)i is an orthogonal matrix, the blocks can be decoupled by multiplying
both sides of (7.17) by ( A q)^{ . This yields
(y ‘2!))

(y,): =

\

*X *
b ~(2i+1)>
,' J /
1 d 7«

= (A ,)f (y,)i
x<2,)
= (A,)? (A,)i ( —(21+1)

+ (A,)?
(7.18)

W u I2 + I
0

(A X (A i)i =

I (Dq)ü I2 + I (D,)
QH2

(7.19)

Combining the received symbols from all of the receiver antennas, we can ex
press the received 2/-th block as
riR

y ( 29
J q

2

E E kd,)«!2^ +E (d,)„((sr) n+(Hf>)J
i= 1 j = 1

i= 1

+e (d,)•((»»«)>(»!“ >):),
i= l

~(2Z+1)
Jq

«ft

2

nR

EE ic^t/xr11+E (D.)«((Hf°)tl +(Hi40)J
i= 1 j = l

i= l

*

(7.20)
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for

l — 0 ,1 ,2 ,...

Similar to the orthogonal space time coded OFDM, the proposed STBC QOFDMA can exploit the space diversity, which equals to 2tlr for two transmit
antennas and tir receive antennas. However, the potential multipath diversity of
fered by frequency-selective fading channels is not exploited. We also note there is a
one-to-one relationship between x and x = F Px, hence the proposed receiver is sub
optimum with low complexity, and the maximum-likelihood sequence estimation
(MLSE) receiver would give the optimum symbol estimates with high complexity.

7.3

S p a tia l M u ltip le x in g in Q -O F D M A

Recall the intermediate-domain signal relationship in the single -input single-output
(SISO) Q-OFDMA systems:
y q = Hqxq + hq,

(7.21)

where y q = ($0 ,q, V\,qi ■■• - i/p-i,g ) 7 is the qth. user’s received intermediate-domain
signal, H 7 is a circulant matrix as defined in (3.5), xq = (x0,g,
• • •, £p-i,q)T
is the gth user’s transmitted intermediate-domain signal with variance
and
nq contains AWGN samples, each having zero mean and variance a\. Frequency
domain equalization (FDE), promising low complexity, is associated with single
carrier transmission but it can easily be adapted to Q-OFDMA systems as
y'q= F p W F p H ,x , + F p W F p n ,,
where Fp is the normalized P-point DFT matrix, the superscript 11 denotes the
Hermitian conjugate, and W is the equalizer matrix.
In the MIMO case, spatial diversity is a means to combat fading, while spatial
multiplexing (SM) is a way to exploit fading to increase the capacity. Fig. 7.2 shows
the SM in the Q-OFDMA systems, which speeds the communication by transmit
ting multiple data symbols from multiple antennas, and the received signal from all
receive antenna are detected and equalized simultaneously by the equalizer in one
step. Consider the system in Fig. 7.2 with
transmit- and Ur receive-antennas,
and it is assumed that tir = tir = M. Consider all M blocks of transmitted
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Figure 7.2: Spatial multiplexing in Q-OFDMA system

symbols given by
x = (x0, X 1 ; . . . , x M- i )T,

(7.23)

where each block contains P symbols transmitted from one of
transmit antennas.
In the MIMO scenario, if the path gains among individual transmit-receive antenna
pairs fade independently such that the channel matrix is well-conditioned, multiple
parallel spatial channels can be created as
/
fi =
\

H0,o

Ho,!

H 10

Hu

H o,m -

i

\

(7.24)

H m -1,1

where each element H jj, which is a circulant matrix, indicates the channel trans
mitted from j-th transmit antenna to z-th receive antenna.
The received signal can equivalently to the SISO case, Equation (7.22), be
expressed as
y - D ^ W D f H x + D F W D Fn,

(7.25)

where D F = IA/ ® Fp and D F = 1M ® Fp are block-diagonal matrices, IA/ is a Mby-M identity matrix, <g>stands for the Kronecker product, and n is an A/P-by-1
vector of complex Gaussian noise terms.
Similar to the SISO case of Q-OFDMA systems, we can diagonalize each sub-
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matrix of H by
H d = D fH D *
^

(7.26)

Do,o

Do,i

Dio

Du

D 0)m - i
D 1;m - i

^
(7.27)

\ D jw- i ,o D m - i ,i •
where D ; — F p H jjF p is a P-by-P diagonal channel matrix in frequency domain
between the j th transmit antenna and the zth receive antenna. Equation (7.25)
can be rewritten as
y = Dp W H DD px + Dp W D pii.

(7.28)

Thus the simplest ZF equalizer can be expressed as
W Zp = f i - 1.

(7.29)

ZF equalizer in MIMO Q-OFDMA is prone to the noise enhancement and error
propagation if the frequency channel response has deep fades, similar to those in
SISO Q-OFDMA systems. MMSE equalizer can decrease noise amplification by
minimize the squared Euclidean distance between the equalized received signal and
the corresponding transmitted signal. The MMSE equalizer matrix W mmse can
be defined by [66]
W

mmse

=

argm inE |x - y | 2,
w

where E| • | denotes the expectation operation. Based on Equation (7.28), the
performance index for the MSE criterion, denoted by J, is defined as
J = E |x - y I2 - E |x - D p W H p D p x - D ^ W D Fn |2
=

a \lmp+

-

^ D ? W H flH " w " D f - ^ D ^ W H d

+ ^D ?W W "D f ,

(7.30)

where I mp is the M P-by-M P identity matrix.

In order to get W that minimizes Equation (7.30), we let the partial derivative

7.4 Simulation Results
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of function J with respect to W 7/ equate to the M P-b y-M P zero matrix,
dJ
dW H
which provides the MMSE equalizer is
(7.32)
From Equation (7.29) and (7.32) we find that SM-QOFDMA has the same
equalization complexity with that of SM-OFDMA. With ri? = tir = M, the com
plexity of the receiver is about M g ( M ), where g(M) is the complexity of spatial
processing. Furthermore, the channel matrix inversion for MIMO-QOFDMA re
ceivers can be efficiently done by interpolation-based methods [109].

7.4

S im u la tio n R e s u lts

In this section, we present the simulation results of the BER performance of MIMO
Q-OFDMA systems, including STBC and SM. The parameter N is fixed to 256.
The HIPERLAN/2 channel model E from ETSI is adopted. This is a dense indoor
multipath channel model with non-line-of-sight conditions. Channel estimation is
assumed to be perfect. System imperfections such as CFO and PAPR distortions
are not considered in the numerical computation and simulation. We assume that
each transmit antenna radiates proportion of the energy in order to ensure the
same total radiated power as with one transmit antenna.
Fig. 7.3 shows the BER performance of the STBC with two transmitters and one
single receiver. The STBC achieves spatial diversity gain comparing with the SISO
Q-OFDMA, and 2 x 1 STBC Q-OFDMA have diversity gain about 3dB at a BER
of 10-4. We also find that larger P offers higher diversity in Q-OFDMA systems.
For example, STBC Q-OFDMA with P = 16 achieves around 3dB diversity gain
than coded SISO Q-OFDMA with P = 16, while coded SISO Q-OFDMA with
P = 64 has another 3dB than STBC Q-OFDMA with P = 16. Fig. 7.4 shows the
BER performance of SM Q-OFDMA systems for different antenna constellations.
Although the power of the transmitted signal per transmit antenna decreases as the
numbers of transmit and receive antennas increase, the MMSE equalizer reduces
the gaps between different transceiver pairs.
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SISO, P=64, with channel coding
SISO, P=16, with channel coding
SISO, P=64, without channel coding
SISO, P=16, without channel coding
STBC, 2X1, P=16, with channel coding
STBC, 2X1, P=64, with channel coding

Figure 7.3: BER performance comparison between Q-OFDMA systems without
channel coding, with 1/2 convolutional channel coding, with STBC, in CM2 channel
model, with 16QAM modulation and ZF equalizer.

7.5

C on clu sion s

In this chapter, we gave an overview of the realization of MIMO spatial diver
sity and multiplexing in Q-OFDMA systems. Based on the relationship between
frequency-domain signal and intermediate-domain one, we proposed an Alamoutilike STBC for the Q-OFDMA systems to collect the transmit- and receive- diversity.
We also investigate the ZF and MMSE equalizer to realize the simple MIMO detec
tor for spatial-multiplexing Q-OFDMA systems, the complexity basically linearly
increases with the number of the transmitter antennas.

7.5 Conclusions
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Figure 7.4: BER performance of SM Q-OFDMA systems for different antenna con
stellations, in CM2 channel model, with 16QAM modulation and MMSE equalizer.

C h a p te r 8
C onclusions a n d F u tu re R ese a rc h
D ire c tio n s
O verview : This chapter states the general conclusions drawn from this thesis.
We try to generalize these findings and address their conceptual/practical conse
quences towards the further research and development of broadband wireless com
munication systems. Also, guided by insights gained in conducting the wireless
communication system research, We outline some future research directions arising
from this work.

8.1

C on clu sion s

Layered FFT structure is an innovative concept in FFT algorithms, which is essen
tially an extension of the convolution property, and Divide-and-Conquer (D&C)
approach is the basis. Based on the framework, the intermediate domain is pro
posed, which bridges the frequency and time domain. In the communication sys
tems, the signal normally can be processed in both frequency and time domain,
accompanying their own advantages and drawbacks. The signal processing in the
intermediate domain is adaptive to the specifical requirement of a communication
system, and can achieve the gainful strength with shortcoming mitigation. Recall
the fact that the time-domain convolution corresponds to the frequency-domain
multiplication, the corresponding signal relationship in the intermediate domain
is investigated, and we propose two attractive new systems: Asymmetric OFDM
(A-OFDM) system for single access and Quadrature OFDMA (Q-OFDMA) system
for multiple access.
A-OFDM bridges OFDM and SC-FDE systems, and has the same guard105
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interval overhead, the same bandwidth occupation and similar link performance to
conventional OFDM schemes. Several salient advantages over OFDM are that AOFDM signal has lower PAPR, improved CFO sensitivity and complexity because
of the smaller size FFT/IFFT module, improved frequency diversity comes from
the natural precoded-OFDM signal structure, and improved BER performance at
high SNR range. Comparing with SC-FDE systems, A-OFDM systems partially
reduce the noise enhancement and error propagation problems, and balance the
complexity in transceiver with lower complicated receiver. And the multiple ac
cess scheme, Q-OFDMA system, not only maintains the above merits of A-OFDM,
but also significantly reduces power consumption and complexity in user terminals,
comparing with the conventional OFDM A systems. Although recently SC-FDMA
has claimed the lower PAPR over OFDMA, SC-FDMA has the following notable
disadvantages: higher complexity at transmitter and receiver, increased PAPR
when it is used for downlink, worse performance for a large number of multiplexed
users, which are solved in Q-OFDMA systems properly.
Based on the layered FFT structure, the subchannel definition in a quadrature
fashion is investigated. We gave a detailed system design for an A-OFDM/QOFDMA system and compared it with the OFDM/OFDMA system and also with
the SC-FDE/SC-FDMA system. Our investigation shows that there is a trade-off
between the frequency diversity improvement and noise enhancement and error
propagation mitigation. For uncoded A-OFDM systems, based on the convexity
and concavity characteristics of the BER functions, the theoretical analysis and
simulations show that the BER performance of the A-OFDM system is between
that of OFDM and SC-FDE systems. This analysis approach is general and can be
applied to most modulation schemes, and can be extended to OFDM, precodedOFDM, SC-FDE and SC-FDMA systems. While for coded systems, we investigated
the performance limits in the multipath fading channels when optimal ML detec
tion is deployed by the exact pairwise error probability based on Craigs alternative
form of the Q-function. We derived a tight union bound on the bit error probabil
ity based on the code transfer function. Our investigation showed that the coded
A-OFDM’s coding gain from error correction capability is relatively stable as fre
quency diversity is mainly achieved before decoding. The coded A-OFDM systems
also have improved diversity whose order equals to the channel codes Hamming
distance times the FFT /IFFT size of A-OFDM systems. Therefore, the coded
A-OFDM systems improve the diversity gain and coding gain without additional
decoding complexity.

8.2 Future Research Directions
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Similar like A-OFDM, Q-OFDMA receiver obtains frequency diversity at the
cost of noise enhancement, which results in Q-OFDMA systems achieving better
performance than OFDMA only in the high SNR range. Contriving an advanced
receiver to solve this problem is an important work for the communication system
design. We analyzed linear, decision-direct and iterative (turbo) detections for QOFDMA systems to mitigate the noise enhancement effect and improve the BER
performance with low complexity. Utilizing the implicit SVD decomposition and
reduced rank techniques in Q-OFDMA systems, the reduced-rank equalizer can im
prove the system performance with similar complexity compared to ZF equalizer.
Q-OFDMA with frequency-domain DFE processes the signal and designs the filter
entirely in the frequency domain, the complexity of FD-DFE Q-OFDMA is similar
to that of the linearly equalized Q-OFDMA systems. Furthermore, a dedicated
turbo equalizer in conjunction with channel estimation for Q-OFDMA systems is
proposed and evaluated. We can judiciously choose estimation, equalization and
decoding algorithms according to the performance/complexity tradeoff. By reduc
ing the interference and noise enhancement effect, and increasing the reliability
of the detected data, the iterative receiver for joint estimation, equalization and
decoding significantly improves the performance of the Q-OFDMA system, with
the similar complexity to the linearly equalized OFDMA/SC-FDMA systems. In
order to solve the A-OFDM/O-OFDMA’s inferior performance for low SNRs and
extend the new systems to MIMO applications, we investigated the Alamouti-like
scheme for combing STBC with Q-OFDMA. With two transmit antennas and sev
eral receive antennas, the schemes are shown to achieve significant diversity gains
from time, space and receivers. We have also analyzed the realization of spatial
multiplexing in Q-OFDMA with ZF and MMSE equalizers.

8.2

F uture R esearch D irectio n s

In this section we outline a number of future research directions that arise from the
work presented in this thesis. Basically, there are three research directions for future
work: improvements of A-OFDM/Q-OFDMA systems in practical implementation,
extended applications of the layered FFT concept, and new signalling scheme design
for future mobile broadband wireless communications.
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Im p ro v em en ts o f A -O F D M /Q -O F D M A sy ste m s in
p ra ctica l im p le m e n ta tio n

Pilot design: Various types of the pilot arrangement can be classified into two
types at higher level: block type and comb type. How to design the pilot arrange
ment to improve the performance and reduce the complexity of the A-OFDM/QOFDMA systems is a key future work.
Timing and frequency offset estim ation and correction: In this thesis, we
only discussed the lower CFO sensitivity characteristics of A-OFDM/Q-OFDMA
systems. Timing and frequency offsets are the common impairment at the receiver.
The impact on the link level performance and capacity is an important issue for a
practical implementation.
Resource allocation and optimization: Modern broadband communication
systems are expected to support various types of services simultaneously. Each
type of service has its own quality of service (QoS) requirements such as delay, data
rate, and bit error rate, etc. And also wireless channels suffer from time-varying
multipath fading; moreover the statistical channel characteristics of different users
are different. Therefore, to accommodate various types of service simultaneously
under limited resources, a better resource allocation strategy will be studied, es
pecially for the proposed systems. Also, there will be some trade-off between
multiuser diversity and the claimed advantages of Q-OFDMA systems including
reduced complexity and PAPR, and improved CFO sensitivity and frequency di
versity. Novel resource allocation algorithms are needed to optimize the multiuser
diversity for Q-OFDMA, which will be the future research work.
Uplink Consideration: In this thesis, only downlink scenario was considered for
the proposed systems. In a typical uplink scenario, multiple access interference
(MAI) caused by symbol timing misalignments destroys the orthogonality between
users. For performance evaluat ion, the effects and improvement of carrier frequency
errors, sampling clock frequency errors, symbol timing misalignment and PAPR on
Q-OFDMA uplink performances will be studied.
Adaptive subchannel definition: In the proposed systems, the receiver com
plexity tradeoffs the flexibility in subchannel definition, which can be designed
more efficiently in the future.

8.2 Future Research Directions
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E x te n d e d a p p lic a tio n s o f t h e la y e re d F F T c o n c e p t

Layered concept in other FFT algorithms: In this thesis, the presented struc
ture has explicit interpretation from the Decimation-in-Time FFT algorithm, it can
also be extended to a structure corresponding to the Decimation-in-Frequency FFT
algorithm and even a mixed algorithm.
Com plexity adaptive frequency diversity: In current OFDM systems, infor
mation bit rate is generally changed by using different modulations, coding rates,
and/or frequency/time spreading. However, the physical layer data rate is fixed,
and both transmitter and receiver require full FFT computation, regardless of mul
tipath conditions and bit rate. Based on the layered FFT structure, it is possible
to design a system with transmitter diversity, whose complexity is adaptive to the
desired bit rate and performance.
Interm ediate domain beamforming: In MIMO-OFDM systems, current frequencydomain beamforming (subcarrier-wise) suffers high DFT processing complexity for
each antenna, while time-domain beamforming (symbol-wise) suffers the perfor
mance loss. By introducing the layer FFT concept, beamforming can be realized
in the intermediate domain and is adaptive to the performance/complexity.
Space-Frequency-Time Code: Unlike the subchannels in conventional OFDMA
systems, which are defined in one dimension in the frequency domain, subchannels
in Q-OFDMA system are defined over an array of two dimensions in the interme
diate domain. Using the quadrature fashion in the intermediate domain to design
an efficient space-frequency-time code is the future research work.

8 .2 .3

D e s ig n n e w s ig n a llin g sc h e m e s fo r f u tu r e m o b ile b r o a d 
b a n d w ire le ss c o m m u n ic a tio n s

Recall that different multiple access schemes divide different domain to achieve
multi-access: TDMA divides time slots, FDMA divides frequency tones, CDMA
divides codes. OFDM and its variants are most efficient solutions for linear broad
band channels, however they suffer CFO, PAPR and guard interval overhead prob
lems. In this thesis, the proposed systems scheme signals in the intermediate
domain are with a quadrature fashion, the future research work will design a bet
ter signalling scheme to get better performance in the mobile broadband wireless

no
channels.
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A p p e n d ix A

A .l

C a r r ie r F re q u e n c y O ffset S e n s itiv ity o f th e
O F D M S y s te m s in M u ltip a th C h a n n e ls in
C h a p te r 3

The OFDM/OFDMA signal radiated from a transmitter antenna can be repre
sented as
xc(t) = x(t)e?2irfct,

(A.l)

where x(t) = Yln=o
exp(j27rn/s£) is the baseband signal, f s is the subcarrier
interval and f c is the carrier frequency. After passing through a multipath channel
hc(t), the received RF signal yc{t) equals to the convolution of xc(t) and hc(t).
After down-converting in the mixer, the received baseband signal can be written
as
y(t) = (xc(t) * hc(t))e-i2"Uc+e)t
xc(t — r)/ic(r)d r
x(t - T)e-j2nst(hc(T)e-j2n'cT)dT

(A.2)

where * denotes the convolution operator, e is the CFO between the transmitter
and the receiver, and hc(r) exp(—j2'xfcr) = h(r) is the baseband channel impulse
response.
Generally, the CFO term exp(—j2ir£t) is then shifted out of the integration
from (A.2) so that it is left multiplied to the product of the channel and the
transmitted signal in a matrix form [59]. Consequently, the impairment analysis
111
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needs to be averaged over channels even with the assumption of perfect channel
knowledge. This approach is also effective only when CP is used. In zero-padded
OFDM system, it is easy to see that the CFO terms in the zero-padding period are
different from those in the starting period of the OFDM symbol. Thus after the
overlap-and-sum operation, the previous expression does not hold. Alternatively,
we can do the following processing after (A.2)
y(t) = f [x(t —r)e _j27r£^~r)) (h(r)e_j27r£r)dr.

(A.3)

After sampling at period Ts = l / ( N f s), the received baseband signal is digi
tized, given by
yn = Y .

(hme~i2’’emT‘) ,

(A.4)

m

where yn = y(t)t=nTs, xn = x(t)i=nTa, and hm = (h(i))t=mTs. The accumulated
CFO per OFDM symbol acts as a constant phase shift to the samples, thus we will
ignore its effect here. After overlapping-and-summing, the digitized signal can be
represented in a matrix form, given by
y = HDx,

(A.5)

where y = (2/0, 2/1, - - * ,Vn - i )T, x = (x0,x i,--- ,X;v- i)T, Q is the CFO diagonal
matrix with n-th diagonal element cn = exp(—j2nnTae)1 and H is a circulant
matrix with first column Ip = (h0, hie_^27reTs, • • • i h ^ i e ~ ^ 2ve^N~1^Ta)T. Note that
each element in the channel matrix absorbs a CFO term.
Applying an Appoint FFT to y, we get
F ^ y - F y v H F jjF ^ x - D F ^Q F ^x,
where x = (To, Xi, • • • , xyv_i)T, and D = F
onal elements equal to the FFT of hi.

(A.6)

is a diagonal matrix with diag

Now if we assume D is perfectly known in the receiver, a de-convolution oper
ation can then remove the channel effect from the CFO impairment analysis, and
the estimate of x, (x), is given by
(x) = D 'Fjvy = F aiS1F"x .

(A.7)

A.l Carrier Frequency Offset Sensitivity of the OFDM Systems in Multipath
Channels in Chapter 3
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With the same assumptions, (A.6) simplifies CFO impairment analysis even when
channel estimation error is considered, because the channel term can be easily
processed now. However, this method is only applicable to zero-padded OFDM
systems, and not suitable for CP-OFDM systems.
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