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ABSTRACT

Future broadband wireless systems are expected to cope with severely time dispersive
channels, due to multi-path signal propagation between the transmitter and the receiver
while having high power and spectral efficiency. Thus, advanced Frequency Domain
Equalization techniques are required. The implementation complexity in mobile terminals
should be as low as possible to achieve highest possible efficiency. Therefore, most of the
signal processing requirements will be shifted to the base station and we will employ
signals compatible with an efficient, grossly nonlinear power amplification. For this
reason, we will consider offset modulation signals with quasi-constant envelope and
develop receivers that will obtain good BER performance. However, these signals require
a bandwidth significantly above the Nyquist rate, which can be reduced by an overlap of
different frequency channels.

Keywords: SC-FDE; Offset Modulations; IB-DFE; IQI; ACI; CCI
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RESUMO

Os futuros sistemas de banda larga sem fios devem suportar canais com distorção temporal
severa, devido aos múltiplos caminhos de propagação do sinal entre o transmissor e
o receptor enquanto apresentam alta eficiência espectral e de potência. Portanto, são
necessárias técnicas avançadas de igualização no domínio da frequência. Uma vez que a
complexidade de implementação dos terminais móveis deve ser tão baixa quanto possível,
vamos transferir a maioria das exigências de processamento de sinal para a estação base e
vamos usar sinais compatíveis com uma amplificação não linear eficiente. Por este motivo,
vamos considerar modulações com desfasamento temportal que tenham uma envolvente
constante ou praticamente constante e desenvolver receptores que consigam obter bons
desempenhos. No entanto, estes sinais requerem uma largura de banda significativamente
superior à de Nyquist, pelo que vamos também considerar a sobreposição de canais no
domínio da frequência para reduzir a largura de banda necessária.

Palavras-chave: SC-FDE; Modulações com Offset; IB-DFE; IQI; ACI; CCI
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ãI
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âQ
n imaginary part of ân
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1
INTRODUCTION

Broadband wireless systems are expected to have high power and spectral efficiency and
can be subjected to severely time-dispersive channels, due to multi-path signal propagation
between the transmitter and the receiver. Future systems must be able to surpass these
challenges using advanced equalization techniques to compensate the high level of signal
distortion and obtain high bit rates. DFE is a good alternative to linear equalization, with
better performance and slight increased complexity due to high channel impulse response
lengths that make time-domain equalization inadequate, since their complexity grow
linearly with the length of the channel impulse response [Ben+10]. This justifies the use
of block transmission techniques with FDE [Fal+02; Ga+00] where the complexity per
data symbol is lower and somewhat independent from the length of the channel impulse
response.

Single Carrier (SC) transmission schemes employing FDE and OFDM [Cim85; Sar+94a]
have become popular and are advisable to be used in future wireless communication
systems to deal with severely time-dispersive channels, since their complexity grows only
logarithmically with the block length.

At the uplink transmission, these challenges increase with the limited power consump-
tion of the Mobile Terminal (MT) as to preserve battery power. Consequently, the MT shall
resort to low cost and high efficient power amplification, focusing the signal processing
load and power amplification complexity at the Base Station (BS). Grossly nonlinear am-
plification is only advisable when quasi-constant envelope modulations are employed.
To achieve constant envelope, we need to consider Continuous Phase Modulation (CPM)
like MSK, and Gaussian Minimum Shift Keying (GMSK). OQPSK is a special version of
QPSK modulation where the envelope fluctuation is also quasi-constant [GM76]. The
same principle can be apply to OQAM and QAM signals [Mon+11], specially for the case
of 4-OQAM and 4-QAM, where the envelope fluctuations are comparable to those of
QPSK signals. For higher constellation sizes, the signals will no longer have quasi-constant

1



CHAPTER 1. INTRODUCTION

envelop and will need to be dealt with accordingly .
By using SC-FDE schemes, it is possible to achieve a complexity transfer from the MT to

the BS in terms of signal processing, reducing the transmitter block complexity. Therefore,
it is advisable to use this scheme in the uplink of the MT to preserve battery power as well
as to keep the hardware’s complexity low. Combined with efficient nonlinear equalization
techniques: a linear filter to remove part of the intersymbol interference followed by
a feedback interference cancellation using previously detected data, these techniques
provide similar capacity than OFDM in highly time-dispersive channels. [BT02b]

1.1 Research Question, Hypothesis and Approach

The objective of this thesis is to design transmission schemes that have very low BER and
good spectral efficiency, using signals compatible with an efficient and low-cost power
amplification subjected to severely time dispersive channels. Therefore, the research
question of this thesis is: "Is it possible to have low complexity transmission schemes with
high power and spectral efficiency?".

The main concerns of this thesis are the maximization of power and spectral efficiency.
The first problem, power efficiency, will be tackled by combining the design of pulse shape
and OQPSK-type signals with different number of constellation points, decomposing them
into sub OQPSK constellations with constant envelope able to sustain nonlinear amplifi-
cation and designing receivers employing iterative equalization based on Iterative Block
Decision Feedback Equalizers (IB-DFEs) integrated with Soft Input Soft Output (SISO)
decoders, to achieve very low BER. The former, spectral efficiency, will be approached
by combining those special pulse shape designs, capable of going through a low cost
nonlinear amplifier without suffering major bandwidth regrowth, with the overlap of
frequency channels to overcome the fact that quasi-constant envelop modulations re-
quire bandwidths higher than the Nyquist rate. The design of this receiver should allow
an efficient equalization, capable of overcoming highly distorted channels, overlapped
channel spectrum and offset modulations. Therefore, the hypothesis of this thesis is: "By
combining offset schemes with frequency domain processing and overlapping several
frequency channel users, it is possible to improve spectral efficiency while preserving
transmission performance.".

1.2 Outline

The thesis is organized as follows: after this brief introduction, chapter 2 presents the state
of the art, some transmission techniques principles and interference types. Chapter 3 deals
with the frequency domain equalization of OQPSK signals and presents several methods
to reduce and eliminate interference between the in-phase and quadrature signals. In
chapter 4, pragmatic receivers are designed to achieve good performances for higher
order OQAM constellations and in chapter 5, equalization techniques from the previous
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1.3. MAJOR CONTRIBUTIONS

chapters will be extended to cope with frequency division multiple access subjected to
both strong ACI and Co-Channel Interference (CCI). Final conclusions and remarks are
made in chapter 6, as well as some outlines about future work.

1.3 Major Contributions

The major contributions from this work are the creation of a seamless receiver capable of
successfully equalizing SC-FDE signals using offset modulations for any given M2-OQAM
constellation and several linear and nonlinear equalization methods were developed for
OQPSK, OQAM and M2-OQAM, with very good BER results, even for very high-order
constellations. Furthermore, the pursuit of increased spectral efficiency lead to systems
with severe ACI and CCI. Our receivers are also capable of mitigating the interference
produced by these interfering channels. Part of the work presented in this thesis was
published in two journal publications:

1. Luzio, M. ; Dinis, R. ; Montezuma, P. Pragmatic Frequency Domain Equalization for
Single Carrier with Offset Modulations, IEEE Transactions on Wireless Communications,
Volume: 12, Issue: 9 , 2013;

2. Luzio, M. ; Dinis, R. ; Montezuma, P. SC-FDE for Offset Modulations: An Efficient
Transmission Technique for Broadband Wireless Systems, IEEE Transactions on Commu-
nications, Volume: 60, Issue: 7 , 2012;

and in ten conferences:

1. Luzio, M. ; Dinis, R. ; Montezuma, P. Low Complexity Multiple User Detection for
SC-FDE with OQPSK Signals, IEEE International Conference on Telecommunications
& Multimedia, 2014.

2. Luzio, M. ; Dinis, R. ; Montezuma, P. A Pragmatic Design of Frequency-Domain Equaliz-
ers for Offset Modulations, IEEE Vehicular Technology Conference (VTC Fall), 2012;

3. Luzio, M. ; Dinis, R. ; Montezuma, P. ; Astucia, V. ; Beko, M. Efficient receivers for
SC-FDE with offset modulations, Military Communications Conference, 2012;

4. Luzio, M. ; Dinis, R. ; Montezuma, P. On the Use of Multiple Grossly Nonlinear Amplifiers
for an Efficient Amplification of OQAM Signals with FDE Receivers, IEEE Vehicular
Technology Conference (VTC Fall), 2011;

5. Montezuma, P. ; Dinis, R. ; Luzio, M. Power efficient coded 16-OQAM schemes over
nonlinear transmitters, IEEE Sarnoff Symposium, 2011;

6. Dinis, R. ; Luzio, M. ; Montezuma, P. On the design of frequency-domain equalizers for
OQPSK modulations, IEEE Sarnoff Symposium, 2010;
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7. Luzio, M. ; Dinis, R. ; Montezuma, P. On the Design of Linear Receivers for SC-FDE
Schemes Employing OQPSK Modulation, IEEE Vehicular Technology Conference Fall
(VTC 2010-Fall), 2010;

8. Luzio, M. ; Dinis, R. ; Montezuma, P. On the design of iterative FDE receivers for OQAM
modulations, IEEE GLOBECOM Workshops (GC Wkshps), 2010;

9. Montezuma, P. ; Dinis, R. ; Luzio, M. Analytical characterization of nonlinearly dis-
torted TC-OQAM signals, 3rd International Conference on Signal Processing and
Communication Systems, 2009;

10. Luzio, M. ; Dinis, R. ; Montezuma, P. Frequency-domain parallel multiuser detection for
quasi-constant envelope OQPSK schemes with high spectral efficiency, 3rd International
Conference on Signal Processing and Communication Systems, 2009.

4



C
H

A
P

T
E

R

2
LITERATURE REVIEW

2.1 Introduction

The most important aspects for Broadband wireless systems are high power and spectral
efficiency. Nevertheless, the high transmission rates associated to these systems cause
multi-path propagation and often lead to severe time-dispersion effects. One consequence
of channel effects can be the introduction of interference. To cope with interference two
solutions are possible: to increase the transmitted power or to maximize the power and
spectral efficiency of the system. From [IEE09], the first solution falls short, since the
transmitted power is already constricted to prohibitive levels. Moreover, increasing the
transmitted power only solve external interference (from other systems), all the internal
interference (generated within our system) due to other signal components will remain
unaffected. In the second one, internal and external interference can be reduced without in-
crements on the transmitted power, but will require very efficient transmission techniques
[Kim+03]: Not only conventional spatial diversity techniques [Din+04; FG98; RC98], but
also unconventional multiple access schemes [Din+05; Luz+09], effective equalization
methods [Sar+94b; WE71], novel modulations [Mon+09], error correction models [CF07]
and even distributed antenna techniques [Ada+09].

2.2 Interference Types

There are several kinds of interference: InterSymbol Interference (ISI), In-phase Quadrature
Interference (IQI), Adjacent-Channel Interference (ACI), Co-Channel Interference (CCI),
Inter-Carrier Interference (ICI), Conducted Interference (CI), and Electromagnetic Interfer-
ence (EMI). Every single one, despite their different origins, alters, modifies or disrupts the
signal and should be either avoided, by planning the communication system in a specific
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way, or compensated using efficient equalization. The compensation of ISI, IQI, ACI, and
CCI will be one of the main focus of this work.

2.2.0.1 InterSymbol Interference

As the name implies, ISI refers to the interference that each symbol causes on the subse-
quent ones. This effect occurs when multi-path propagation is present, where symbols will
arrive at different times and with amplitude and phase variations due to reflection and
refraction. Another common cause of ISI are band limited channels, channels that have a
cut-off frequency. This is easily understood since any signal that has a limited frequency
spectrum will be infinite in time [Tra+07]. Equalization is the best technique to compensate
ISI effects, since increasing the transmitted power will also increases the power level of
the interfering symbols.

Received signal
Transmitted signal

t

Detection
instant

Ts

Figure 2.1: InterSymbol Interference.

2.2.0.2 In-phase Quadrature Interference

This effect appears mostly when the In-phase (I) and Quadrature (Q) components of
a signal are not aligned in time, for example, in an offset modulation. If the I and Q
components have an inherent time delay, they will be sampled at different instants at the
receiver. As a consequence of multi-path propagation, the support pulse at the equalizer’s
output can become complex and the I component will interfere with the Q component.
Therefore, this kind of interference, IQI, will appear, lowering the overall performance of
the system [Luz+10b].

2.2.0.3 Adjacent-Channel Interference

Adjacent-Channel Interference can be caused either by an external signal that still has
transmitting power on an adjacent channel or due the interference from adjacent channels
in a multi-carrier signal (such as the Multi-Frequency-Time Division Multiple Access
(MF-TDMA) scheme). There are several reasons that drive this type of interference. The
most common ones are nonlinear distortion introduced by a high power amplifier, poor
filtering and poor frequency planning [Tra+07]. The last one can be avoided through proper
frequency planning (this is the case of Global System for Mobile Communications (GSM)
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Received signal after the detection filter
Received signal after the matched filter
Transmitted signal

t

t

In-phase

Quadrature

0

0

Quadrature
detection

In-phase
detection

Ts

Ts/2

Figure 2.2: In-phase Quadrature Interference.

where the frequency planning is done to avoid ACI1). For the other causes, when a system
suffers ACI it is possible to mitigate its effect by using equalization techniques if the
receiver has some knowledge about the interfering signals [Din+05; Luz+09].

ff2f1 f3

Channel 1
Channel 2
Channel 3

Figure 2.3: Adjacent-Channel Interference.

2.2.0.4 Co-Channel Interference

Co-Channel Interference, also known by crosstalk, is the interference produced by two
different signals that coexist in the same frequency channel. This kind of interference
can materialize with poor frequency planning and in an over crowded open spectrum,
also known as unlicensed radio frequency spectrum. Technologies that use Ultra Wide-
band (UWB) or spread spectrum techniques often suffer from this interference. In spread

1Frequency planing imposes restrictions to carrier allocation in each serving area. This compromises the
efficient spectrum usage.

7



CHAPTER 2. LITERATURE REVIEW

spectrum systems as UWB and Code Division Multiple Access (CDMA) this kind of in-
terference can be avoided through the right selection of the spreading codes used by the
different users. Even so, due to impairments on the codes, there is always some residual
interference that limits the maximum number of users allowed in a specific region.

f

Channel 1
Channel 2

f1

Figure 2.4: Co-Channel Interference.

2.2.0.5 Inter-Carrier Interference

This type of interference is inherent to OFDM systems and is cause by the existence of
frequency offset caused by the Doppler shift [Mol11]. Several techniques exist that can
effectively mitigate the ICI [LH09; Nik+09].

2.2.0.6 Other types of interference

Other types of interference are the CI and EMI. The Conducted Interference is an undesired
voltage or current generated within, or conducted into, a receiver, transmitter, or associated
equipment, and appearing at the antenna terminals. The Electromagnetic Interference
is a disturbance that affects an electrical circuit due to either electromagnetic induction
or electromagnetic radiation emitted from an external source [PS02]. The source of this
interference can be any object that carries rapid changes of electric current. This type of
interference is often used to produce radio jamming.

2.3 Bit Modulation

A sinusoidal wave can be modulated by a digital signal on its amplitude, frequency
or phase. In this section some phase and amplitude modulation are considered, more
specifically Phase Shift Keying (PSK) and QAM, due to their lower envelope fluctuations
and the absence of spectral lines inherent to Frequency Shift Keying (FSK), which allows
these schemes to have better power efficiency.

2.3.1 Binary Phase Shift Keying

The Binary Phase Shift Keying (BPSK) contains phase shifts of ±π radians. The waveform
of a BPSK signal is shown in Figure 2.5. This modulation can be expressed as

s(t) = x(t) cos (2π fct) , (2.1)

8
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where x(t) is the baseband component described by

x(t) = ∑
n

an r (t− nTs) , (2.2)

and r(t) denotes the transmitted pulse shape1 and an = ±1 as the phase shifting factor2.
Ts denotes the symbol duration and fc the carrier frequency.

1 1 10

t

Ts

Figure 2.5: BPSK waveform.

2.3.2 Quaternary Phase Shift Keying

A Quaternary Phase Shift Keying (QPSK) can be regarded as the sum of two BPSK signals
in quadrature. This modulation, shown in the left side of Figure 2.6, can be described as

s(t) = Re
{

x(t)e2π fct} (2.3)

x(t) = ∑n aI
n r (t− nTs) + j ∑n aQ

n r (t− nTs) , (2.4)

with aI
n = ±1 as the in-phase bit and aQ

n = ±1 as the quadrature bit.

2.3.3 Offset Quaternary Phase Shift Keying

Staggered or Offset Quaternary Phase Shift Keying (OQPSK) were defined to reduce
envelope variations [GM76]. A typical nonlinear amplifier will flatten out these envelope
fluctuations, and will increase the bandwidth due to spectral regrowth [CC09]. The OQPSK
signal can be characterized in the same way as (2.3), where

x(t) = ∑
n

aI
n r (t− nTs) + j ∑

n
aQ

n r (t− nTs − To) , (2.5)

where To is the time offset between components and is usually Ts/2 seconds, aI
n = ±1 and

aQ
n = ±1.

With the time delay between components, the phase of the OQPSK can never shift more
than ±π/2 radians. This means that the zero-crossing existent in the envelope of a QPSK
signal will never happens in an OQPSK signal, resulting in smaller envelope fluctuation

1Support pulses will be detailed in section 2.4.
2Note that cos(t + π) = −cos(t).
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Quadrature

In-phase

Quadrature

In-phase

Possible
Transitions

QPSK OQPSK

Figure 2.6: QPSK signal constellation (left) and OQPSK signal constellation (right).

(Figure 2.6). These signals are able to go through a grossly nonlinear amplification without
suffering neither strong nonlinear distortion nor spectral regrowth, and therefore, are a
good choice when power-efficient and low cost amplification is intended [GM76].

2.3.4 M-ary Phase Shift Keying

In an M-ary Phase Shift Keying (M-PSK) the phase of the signal can have M different
values. In this modulation, the different symbols are equispaced by 2π/M radians, as
illustrated in its I-Q diagram (Figure 2.7). This system can be characterized in the following

Quadrature

In-phase

Ac

2π /M

Figure 2.7: M-ary PSK signal constellation.
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way

s(t) = Ac ∑
n

cos (2π fct + φn) r (t− nTs) , (2.6)

where Ac is the amplitude of the carrier wave and the phase deviation φn relates to the
sent bit an as

φn =
2πan

M
, an = 0, 1, . . . , M− 1. (2.7)

2.3.5 Multi-level Constellations

A different approach can be made to phase modulations. Since the in-phase and quadrature
signals are orthogonal, it is possible to use amplitude modulation together with phase
modulations, to obtain higher order constellations. One example is the QAM and OQAM
that is formally equivalent to QPSK and OQPSK. Nevertheless, these modulations can
increase the number of points in the amplitude, becoming M-ary Quadrature Amplitude
Modulation (M2-QAM) or M2-OQAM for any given number of M (Figure 2.8).

The data bits of either an M2-QAM or an M2-OQAM constellation with a general grey
mapping can be described as

aI
n =

G

∑
g=1

2G−g
g

∏
m=1

bI(m)
n , (2.8)

for the in-phase component and

aQ
n =

G

∑
g=1

2G−g
g

∏
m=1

bQ(m)
n , (2.9)

for the quadrature component, where bI(m)
n = ±1 and bQ(m)

n = ±1 are the m’s in-phase
and quadrature sent data bits [Din+10a],

G = log2(M), (2.10)

with g = 1, ..., G. This implies that the values associated to aI
n and aQ

n for an 4-OQAM
constellation are ±1, for 16-OQAM ±1 and ±3, for 64-OQAM ±1, ±3, ±5, and ±7 and
so forth. Therefore, s(t) is sill the same as in (2.3), and the complex envelope of the
transmitted signal is

x(t) =
N−1

∑
n=−Ncp

aI
n r(t− nTs) + jaQ

n r(t− nTs − To), (2.11)

with To = 0 for the non-offset modulation and usually To = Ts/2 for the offset modulation.

2.3.6 Hierarchic Constellations

Furthermore, we might also want to make several bits have a higher noise protection
than others [Din+10c]. Therefore, we can add hierarchic levels to the bits of the previous
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Quadrature

In-phase

Quadrature

In-phase

4QAM 16QAM

Quadrature

In-phase

Quadrature

In-phase

4OQAM 16OQAM

Figure 2.8: QAM and OQAM signal constellations.

modulation changing only the data bits from (2.8) and (2.9) to

aI
n =

G

∑
g=1

ϕ(g)
g

∏
m=1

bI(m)
n , (2.12)

and

aQ
n =

G

∑
g=1

ϕ(g)
g

∏
m=1

bQ(m)
n . (2.13)

This will ensure that the resolution block {ϕ(g); g = 1, ..., G}, with ϕ(1) as the highest order
resolution bit and ϕ(G) the lowest, will grant higher or lower bit protection, depending on
the ϕ(g) value.

2.3.7 Decomposition of M2-OQAM into several OQPSK components

To apply highly nonlinear power amplification directly to these schemes, it is necessary to
ensure that the complex envelope, x(t), has the minimum amount of envelope fluctuations
possible. Clearly, all multi-level constellations from subsection 2.3.5 and 2.9 have high
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envelope fluctuations due to the different values of aI
n and aQ

n . Nevertheless, it is possible to
decompose x(t) into G = log2(M) different components with constant or quasi-constant
envelope, depending on the adopted pulse shape.

To decompose x(t), lets consider the constellation symbols for hierarchic constellations,
since they include all the previous modulations explained. Merging (2.11), (2.12) and (2.13)
it is possible to re-write x(t) as

x(t) =
G

∑
g=1

xg(t), (2.14)

where

xg(t) = ϕ(g)
N−1

∑
n=−Ncp

(
g

∏
m=1

bI(m)
n r(t− nTs) +

g

∏
m=1

bQ(m)
n r(t− nTs − To)

)
. (2.15)

Now, every xg(t) component can be regarded as an OQPSK signal, which in fact has
constant or quasi-constant envelope, allowing highly nonlinear amplification.

The main problem with this scheme is that G balanced power amplifiers are needed
(Fig. 2.9) to produce the initially desired modulation.

+

Quadrature

In-phase
1 3

Quadrature

In-phase

1

Quadrature

In-phase

2
+

16 - OQAM

OQPSK

OQPSK

x1(t)

x2(t) x(t)

G1

G2

x1(t) x2(t)

x(t)
G1 = G2

Figure 2.9: Decomposition of M2-OQAM for highly nonlinear amplification.

2.4 Support Pulses

In every digital modulation, the choice of the pulse shape implies bandwidth and envelope
fluctuation restrictions. By choosing a proper pulse shape, it is possible to control the

13
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ISI that results from the communication channel, while simultaneously optimizing the
spectrum of the transmitted signal.

Nyquist defined a strategy to limit the spectrum of a signal avoiding at the same time
ISI [CC09]. Let us consider

y(t) = ∑
n

an p (t− nTs) (2.16)

as the received waveform. To guarantee zero ISI, p(t) needs to have the following property

p(t) =

{
1 t = 0
0 t = ±nTs

, n 6= 0. (2.17)

Under this condition, the only symbol different than zero at the decision time t = nTs, will
be an, which means null inter symbol interference.

2.4.1 Raised Cosine Pulses

One common pulse shape in digital modulation is the raised cosine pulse. This class of
pulse shapes is characterized by a roll-off factor, usually denoted by β. In the frequency
domain its mathematical description is

P( f ) =





Ts , f ≤ 1−β
2Ts

Ts
2

{
1 + cos

[
πTs

β

(
| f | − 1−β

2Ts

)]}
, 1−β

2Ts
≤ f ≤ 1+β

2Ts

0 , f ≥ 1+β
2Ts

. (2.18)

In time domain we may write

p(t) = sinc
(

t
Ts

) cos
(

πβt
Ts

)

1− 4β2t2

T2
s

. (2.19)

Figure 2.10 illustrates these kind of pulses, for different roll-of factors. When a raised cosine
pulse with β = 1 is applied, it is possible to reach a quasi-constant envelope fluctuation
[GM76]. However, even in this case, there are still slight envelope fluctuations.

2.4.2 Minimum Shift Keying Pulses (half sinusoid)

The minimum shift keying modulation is a continuous phase modulation that can be
regarded as a subtype of OQPSK modulation. In MSK signals, the adopted pulse shape is
a half sinusoid, resulting in a constant envelope signal. This support pulse1 is defined as

r(t) = cos
(

πt
2Ts

)
rect

(
t

2Ts

)
, (2.20)

and has the following frequency spectrum

R( f ) = Tssinc
[

2Ts

(
f − 1

4Ts

)]
+ Tssinc

[
2Ts

(
f +

1
4Ts

)]
. (2.21)

1r(t) is the pulse shape before the matched filter and p(t) is the pulse shape after the matched filter.
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Figure 2.10: Raised cosine with different roll-off factors. Frequency spectrum (left) and
time domain pulse (right).

As mentioned before, a constant envelope signal has great robustness to nonlinear amplifi-
cation distortion. In fact, it can be shown that bandpass memoryless nonlinear devices
do not distort constant envelope signals [GM76]. In Figure 2.11 it is possible to see the
time and frequency behavior of this modulation. Compared to raised cosines pulses, this
modulation has much higher bandwidth occupation, but its envelope is constant.

−6/Ts −4/Ts −2/Ts 0 2/Ts 4/Ts 6/Ts

0

f
−Ts −Ts/2 0 Ts/2 Ts
0

1

t

Figure 2.11: Half sinusoid support pulse. Frequency spectrum (left) and time domain
pulse (right).
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2.5 Envelope Fluctuations and Dynamic Range

For very-low-cost MT it is desirable to have grossly nonlinear power amplifiers, which are
simpler to implement, have higher amplification efficiency and output power. However,
these amplifiers are only recommendable if the signal at its input has an almost constant
envelope, otherwise it will distort the transmitted signal.

CPM schemes [Aul+81] are constant-envelope modulations that include MSK and
GMSK, among others. These modulations can be denoted as OQPSK-type modulations
since they can be decomposed as the sum of OQPSK components [Ga+97; Lau86]. OQPSK-
type modulations also include other "non-CPM" schemes with constant or almost constant
envelope and good trade-offs between spectral and power efficiencies [Mon06]. The
OQPSK format can even be employed to define Trellis Coded Modulation (TCM) schemes
with good code gains [MG99]. OQPSK-type schemes are particularly important in the
context of a nonlinear amplification since an OQPSK-type signal retains its OQPSK-type
structure when submitted to bandpass memoryless nonlinear devices (that agree with the
usual model for power amplifiers [Sal81]) which simplifies the performance evaluation
and receiver design [DGa95]. The major problem with OQPSK signals with very low
envelope fluctuations is that their bandwidth is much higher than the symbol rate.

−1 1

−1

1

QPSK

I

Q

−1 1

−1

1

OQPSK

I

Q

−1 1

−1

1

I

Q

−1 1

−1

1

I

Q

` = 0

` = 1

Figure 2.12: IQ Diagrams for QPSK and OQPSK signals with raised cosine support pulses
with different roll off factors.
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Figure 2.13: IQ Diagrams for 16-QAM and 16-OQAM signals with raised cosine support
pulses with different roll off factors.

On the other hand, to avoid ACI, a high separation between frequency channels
is required, which reduces the overall spectral efficiency. A promising technique was
proposed in [Din+05] for QPSK signals where the separation between frequency channels
is equal to the symbol rate, regardless of the transmission bandwidth associated to each
channel. To cope with the high interference levels associated to the overlap between
adjacent channels, an iterative frequency-domain receiver with joint equalization and
ACI suppression was proposed in [Din+05]. That receiver can be regarded as a frequency-
domain iterative equalizer [BT02a; Ga+07] that takes advantage of spectral correlations for
the separation of cyclostationary signals in overlapping bands. Unfortunately, the receiver
of [Din+05] has poor performance for OQPSK schemes due to the inherent IQI of offset
modulations [Luz+09]. Moreover, conventional synchronization and channel estimation
techniques [Din+08; SS00] are not appropriate in scenarios with strong ACI.

2.6 Block Transmission Techniques

In recent years, Single Carrier Modulation (SCM) has become a complementary alternative
to multicarrier modulations such as OFDM [Cim85; Ga+00], largely due to the use of
nonlinear equalizer structures implemented in the frequency domain [Sar+94a]. The
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performance and complexity of SCM combined with FDE is similar to OFDM. However,
since the Peak-to-Average Power Ratio (PAPR) is much lower than that of the OFDM
schemes, it allows less peak power backoff on power amplification and is less susceptible
to frequency offsets [Fal+02]. Therefore, SC-FDE schemes are particularly interesting for
the uplink transmission (from the MT to the BS). Moreover, to reduce costs, increase
coverage and autonomy, the MT should only have moderate complexity, achieve efficient
low-cost power amplification and all the complex signal processing operations should be
kept at the BS.

The transmitter and receiver structures in both approaches are very similar. The main
difference is that the Inverse Fast Fourier Transform (IFFT) block on OFDM is present on
the transmitter, whether in SC-FDE, it appears on the receiver (Figure 2.14). This makes a
crucial difference between both methods: in OFDM there are several narrow subcarriers
in parallel, with each one of them carrying one data stream. In SCM data streams are
carried over one single carrier, in a serial fashion. Therefore the equalization and channel
estimation techniques in OFDM are less complex, since the channel response over each
single subcarrier is assumed to be flat, making possible to equalize every subcarrier by a
simple gain and phase factor. Nevertheless, the robustness to radio frequency hardware
impairments, specially for low cost and power consumption wireless MT turns SC-FDE
an attractive alternative to OFDM [Ben+10].

Figure 2.14: SC-FDE and OFDM interoperability [Fal+02].

Nowadays, SC-FDE is not trying to replace OFDM, but rather complement it. In fact,
SC-FDE can morph to a special form of multicarrier transmission that can be called Discrete
Fourier Transform (DFT)-precoded OFDM. In the European 6th framework program,
the Wireless INitiative NEw Radio (WINNER) project proposed DFT-precoded OFDM
for its uplink transmission and OFDM for the downlink [IST06]. The Third Generation
Partnership Project - Long Term Evolution (3GPP-LTE) and now LTE-Advanced standards
group also propose Single Carrier with Frequency Division Multiple Access (SC-FDMA)
for the uplink of next-generation wide area cellular broadband wireless systems, which
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is formally equivalent to DFT-precoded OFDM, with OFDM for the downlink channel
[Myu+06]. Furthermore, the WiMAX metropolitan area concept, that followed the early
802.16a standard has two transmission modes based on OFDM and one based on SCM.
In fact, when coded and iterative or turbo equalization is employed, the performance of
SCM improves even further, exceeding that of OFDM for both ideal channel knowledge
and for iterative channel estimation [Lam+07]. Nevertheless, the differences are not large
and always depend on the employed system’s equalization, coding, multiuser detection,
channel estimation and coding techniques [Ben+10].

This thesis will focus on uplink transmission and, therefore, its main focus will be on
SC-FDE schemes. Nevertheless the work in this thesis is easily extended to DFT-precoded
OFDM or SC-FDMA systems.

2.6.1 Single Carrier with Frequency Domain Equalization

A linear single carrier modulation is a modulation where the energy associated to each
symbol spreads along the total transmission band. The complex envelope of a N symbol
burst can be described as

x(t) =
N−1

∑
n=0

anr (t− nTs) , (2.22)

where r(t) represents the transmitted pulse, Ts is the symbol duration and an is a complex
coefficient representing the nth data symbol mapped in the selected signal constellation
(e.g., PSK or QAM constellation). Applying the DFT to (2.22) we obtain the frequency
domain description of the complex envelope given by

X( f ) = DFT
{

x (t)
}
=

N−1

∑
k=0

AkR ( f ) e−j2π f kTs , (2.23)

where R( f ) represents the Fourier Transform (FT) of r(t) and Ak the FT of an. Therefore,
the transmission band, associated with each data symbol, is the same as the band occupied
by R( f ).

For ISI-free transmission at the receiver’s matched filter bound, the pulse r(t) shall
verify the orthogonality condition

∫ ∞

−∞
r (t− nTs) r∗

(
t− n′Ts

)
dt = 0, n 6= n′. (2.24)

In conventional SC modulations, offering bit rates of Mbits/s over severely time-
dispersive channels is hard to achieve, since the transmission bandwidth becomes much
greater than the transmission channel’s coherence bandwidth. This leads to high distortion
levels which require complex receiver equalization.

The use of block-wise transmission using FDE at the receiver’s side is based on the
DFT [Fal+02; Ga+00], which can be efficiently implemented through the Fast Fourier Trans-
form (FFT) algorithm. This approach reduces significantly the complexity of the receiver,
and can achieve low Peak-to-Mean Envelope Power Ratio (PMEPR), when associated
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to modulations with low envelope fluctuations, which relaxes power amplification re-
quirements. This kind of block-wise transmission has been called single carrier frequency
domain equalization.

SC-FDE schemes require a Cyclic Prefix (CP) before every transmitted block. This
prefix, shown in Figure 2.15, is a repetition of the last Ncp data symbols in a block and is
needed to prevent block contamination by ISI from the previous block. Another purpose
is to make the received block appear to be cyclic with a period of NTs.

CP

Cyclic
Prefix

N data symbols block

Figure 2.15: Cyclic Prefix.

To ensure that the Inter Block Interference (IBI), from the previous block, is non-existent,
the length of the CP shall be greater than the channel impulse response. This means that
the first data symbol only has ISI from the CP symbols, and since these can be estimated,
it is possible to remove its interference from the following symbols. The complex envelope
of a N symbol burst, including the CP, is similar to one of a normal SC (2.22),

x(t) =
N−1

∑
n=−Ncp

anr (t− nTs) , (2.25)

but has Ncp more symbols to remove the IBI. The negatively indexed an values are given
by a−n = aN−n. Therefore, at the transmitter node (Figure 2.16 and 2.17) will be necessary
to do the following simple procedures:

• add the CP,

• modulate the data symbols in the desired modulation,

• and multiply the remaining block with the transmitted impulse r(t).

On the other hand, the signal processing at the receiver, forces SC-FDE to have the same
order of complexity of an OFDM scheme, and its set of actions depends on the type of
equalization employed [Cim85].

2.7 Equalization Methods

Equalization techniques try to minimize the channel effects inflicted on the transmitted
signal. This process depends on the modulation used in the transmission technique.
Therefore, only the relevant modulation scenarios will be discussed.
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Figure 2.16: SC-FDE Transmitter (Tx block is detailed in Figure 2.17).
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Figure 2.17: Tx Block.

After applying a channel estimation technique, the channel is defined for a given
period of time, and the equalization process takes place considering that estimation. From
this point, the equalization process has to mitigate the channel effects and all interference in
the best possible way to obtain the highest Signal to Noise plus Interference Ratio (SNIR).
Due to the tradeoff between the channel equalization and noise enhancement at the
decision point, linear equalization has always less than ideal performance in terms of
BER over dispersive channels [Ben+10]. Nonlinear equalizers that remove interference
by cancellation, such as DFE, have higher performance than linear equalizers and can
come close to the optimum sequence detector, the Viterbi algorithm, with a much lower
complexity [For72].

The signal processing complexity in time domain equalization increases linearly with
the number of data symbol intervals spanned by the channel impulse response, whether in
the frequency domain, its complexity is much lower per data symbol [Ben+10]. Therefore,
SC-FDE and OFDM have become increasingly interesting due to the existence of cheap
FFT blocks that implement DFT [WE71], yielding a signal complexity that grows only
logarithmically with the channel impulse response length [Ben+10]. There are several
approaches on the equalization of SCM. They can be categorized in linear or nonlinear
and time or frequency domain equalization.

In the early times, when the computationally complexity of the DFT was prohibitive,
the only option was time domain equalization. The approach was to implement a Time
Domain Decision Feedback Equalizer (TDDFE). Its complexity, in terms of complex multi-
plications, is equivalent to the sum of the number of feedforward (NFF) and feedback taps
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(NFB), which relates to the length of the channel impulse response.

After FDE became practical, by the implementation of the FFT and IFFT, the first
obvious choice was to develop a linear frequency domain equalization.

2.7.1 Linear Frequency Domain Equalization

The option of a linear frequency domain equalization requires an efficient implementation
of the DFT to shift the processing domain of the equalization. The FFT and IFFT are used
because of its robustness and speed. The signal processing of a linear FDE (2.18 and 2.19),
after receiving N + Ncp data symbols, implements the following steps:

Rx S/P Remove 
CP

FFT Equalization IFFT Detect

Data

Time domain Time domainFrequency domain

Ncp+N N

Figure 2.18: SC-FDE Receiver with linear equalization (Rx block is detailed in Figure 2.19).

IF/RF
90º

f

Re{.}

Im{.} * j

+ Sample 
& Hold ADC

ADC - Analog-to-Digital Converter
IF/RF - Intermediate / Radio Frequency

Figure 2.19: Rx Block.

• converts the received bits to parallel,

• removes the CP,

• changes the domain of the time block to frequency using FFT function,

• applies a different coefficient value to each discrete frequency (Fk),

• changes the system back to time domain

• and detects the received symbols.
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The coefficient Fk can be optimized under the Zero Forcing (ZF) criteria or the Minimum
Mean Square Error (MMSE) criteria.

When the CP is longer than the overall channel impulse response, the samples {Yk; k =

0, 1, . . . , N− 1}which are the DFT from the time domain received block {yn; n = 0, 1, . . . , N−
1} can be written as

Yk = Hk Ak + Nk, (2.26)

where Hk and Nk denote the channel frequency response and the noise term for the kth
frequency, respectively. {Ak; k = 0, 1, . . . , N − 1} = DFT {an; n = 0, 1, . . . , N − 1} denotes
the DFT of the transmitted time domain data block. For a linear FDE, the estimated
frequency data block, after equalization, is given by

Ãk = FkYk, (2.27)

where {Fk; k = 0, 1, . . . , N − 1} are the equalizer coefficients for the kth frequencies. Using
ZF, we can completely invert the channel effects, reaching

Fk =
H∗k
|Hk|2

. (2.28)

Since this criteria offers complete channel inversion, when the channel has several deep
faded frequencies, the Signal to Noise Ratio (SNR) will greatly decrease due to a reinforce-
ment of the noise in the faded frequencies. Alternatively, the use of the MMSE avoids this
problem. The equalizer coefficients obtained with this method are given by

Fk =
H∗k

|Hk|2 + α
, (2.29)

with α as the inverted SNR. Depending on α, this method can bring non-ideal channel
inversion for some deeply faded frequencies.

2.7.2 Hybrid Time-Frequency Decision Feedback Equalization

After FDE became practical, the second logical option was Hybrid Decision Feedback
Equalizers (HDFEs), to take advantage of the fact that nonlinear equalization such as DFE
increase overall performance with only a small complexity increase. Therefore, employing
DFE in FDE is desirable.

The initial approach in [Fal+02] merged both linear FDE and time-domain DFE. The
feedforward equalization was done in the frequency domain and the feedback equaliza-
tion, in the time domain. According to [Fal+02], the decision feedback equalization suffers
from the same problems described in time domain equalization: a growing complexity
with the length of channel response, due to the time domain feedback equalization. In
Figure 2.20 we can see an example of hybrid time-frequency DFE. This type of equalization
uses the detected symbols to remove its interference effect in sub-sequential detected sym-
bols. There is a performance enhancement compared to linear FDE, but has a complexity
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Figure 2.20: Hybrid time-frequency DFE.

drawback, due to the time-domain feedback equalization and can also suffer from error
propagation effects.

One of the limitations of this approach is that a Pseudo Noise (PN) extension should
be used instead of the more conventional CP. Its complexity is the sum of the two P sized
(I)FFTs, one multiplication per each block of M symbols in the frequency domain and NFB

in the time domain.

Several variations of this receiver were developed. The Hybrid Decision Feedback
Equalizer with Noise Predictor (HDFE-NP) has few advantages over HDFE when adaptive
methods are used to update filter coefficients. In this method, the feedforward filter design
does not depend on the feedback filter design, and the complexity is the same as that of
HDFE.

The previous FDE implementations rely on the use of either CP or PN which reduce
the bandwidth efficiency and cannot be applied on transmissions complying with stan-
dards that do not include the transmission format. The ExtensionLess Hybrid Decision
Feedback Equalizer (ELHDFE) [Tom05] exploits the principle of overlap and save, to allow
extensionless transmission. Therefore, the interblock interference must be continuously
removed, but its computational complexity remains the same as the initial HDFE.

Bidirectional Hybrid Decision Feedback Equalizer (BiHDFE), another version of the
HDFE, processes the received samples in two ways: a direct HDFE and a backward HDFE
that processes the samples backwards. The computational complexity of this method is
roughly the double of the HDFE.

2.7.3 Iterative Block Decision Feedback Equalizer

Decision feedback equalizers can significantly outperform linear equalizers and have a
good trade-off between performance and complexity. However, when the time length of
the channel response increases, conventional time-domain DFE becomes too complex and
can suffer from error propagation, specially when the feedback filters have large number
of taps. Ideally, the feedforward and feedback equalization should be kept completely in
the frequency domain.

Recently, a new iterative equalization method, the IB-DFE, has been proposed [BT02a].
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This method has the feedback filter in the frequency domain which reduces computational
complexity for both filter design and signal processing, and allows performance results
close to the Matched Filter Bound (MFB). The ability of using error correction codes in the
feedback data signal further improves its performance [SF08]. Many parameters of this
method can be further improved by the use of soft decisions, instead of hard decisions
[TB04], better reliability coefficients, among others. This method was later extended to
multiple antennas [Din+04] and to offset modulations [Luz+10a; Luz+10b].

These IB-DFE schemes implement both feedforward and feedback equalization in the
frequency domain in an iterative way. On the first iteration, there is only feedforward
equalization, or linear FDE. Whereas in the next iterations, the decisions from the previous
iteration is fed to the system in the frequency domain. The performance of this method
increases together with the number of iterations (NI). Figure 2.21 shows the receiver
structure of IB-DFE.

Rx S/P Remove 
CP

FFT
Feedforward 
Equalization

IFFT Detect
Data

Time domain Time domainFrequency domain

Feedback 
Equalization

+

FFT Delay

Figure 2.21: IB-DFE receiver

Since the feedback loop takes into account not only the decisions for each block, but
also the overall block reliability, the error propagation problem is significantly reduced.

2.7.4 Comparison between methods

From [Ben+10], we can say that IB-DFE, after four iterations, provides the lowest BER,
outperforming all the other methods. The computational complexity in the frequency
domain equalization is also reduced when compared with the time domain equalization
(Table 2.1 and Table 2.2).

2.8 The Iterative Block Decision Feedback Equalizer

2.8.1 Definition

Let us consider an IB-DFE for SC scheme. For a given iteration i, the frequency output
samples are defined as

Ã(i)
k = F(i)

k Yk − B(i)
k Â(i−1)

k , (2.30)
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Structure Complexity of Equalizer Structures
TDDFE NFF + NFB
HDFE

ELHDFE P
N log2P− P

N + NFB
HDFE-NP

BiDFE 3P
2N log2P− 3P

2N + 2NFB + P
N

IBDFE NI P
N log2P

Table 2.1: Computational complexity of equalizer structures [Ben+10].

Structure Complexity of Parameter Design
TDDFE N3

FF
HDFE

ELHDFE N2
FB + Plog2P + P

2 log2P
HDFE-NP

BiDFE P3

IBDFE 3P

Table 2.2: Computational complexity of parameter design [Ben+10].

where {F(i)
k ; k = 0, 1, ..., N − 1} and {B(i)

k ; k = 0, 1, ..., N − 1} denote the feedforward
and feedback equalizer coefficients, respectively. {Yk; k = 0, 1, ..., N − 1} is the DFT of
the time-domain received block {yn; n = 0, 1, ..., N − 1}, {Â(i)

k ; k = 0, 1, ..., N − 1} is the
DFT of the time-domain hard decision data symbols’ block {â(i)n ; n = 0, 1, ..., N − 1} and
{Ã(i)

k ; k = 0, 1, ..., N− 1} is the DFT of the data symbols’ {an; n = 0, 1, ..., N− 1} estimation.
F(i)

k and B(i)
k , the forward and backward IB-DFE coefficients, are chosen as to maximize

the SNIR.

2.8.2 Computation of the Receiver Parameters for IB-DFE

According to [Din+07], the estimated data symbols can be written as

â(i)n = ρ(i)an + δ
eq(i)
n , (2.31)

where ρ(i) represents the correlation coefficient that provides a block wise reliability
measure of the estimates used in the feedback loop and is given by

ρ(i) =
E
[

â(i−1)
n a∗n

]

E
[
|an|2

] =
E
[

Â(i−1)
k A∗k

]

E
[
|Ak|2

] .1 (2.32)

1According to Parseval’s discrete power theorem.
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Using the DFT it is possible to rewrite (2.31), in the frequency domain, as

Â(i)
k = ρ(i)Ak + ∆(i)

k , (2.33)

where ∆(i)
k denotes a zero-mean error term with the expected value

E
[∣∣∣∆(i)

k

∣∣∣
2
]
≈
(

1− ρ(i)
2)

E
[
|Ak|2

]
. (2.34)

Using (2.26) and (2.33), it is possible to rewrite (2.30) as

Ã(i)
k = F(i)

k (Ak Hk + Nk)− B(i)
k

(
ρ(i−1)Ak + ∆(i−1)

k

)
. (2.35)

The ISI component, in the frequency domain, associated to the difference between the
average channel frequency response after the feedforward filter, is defined as

γ(i) =
1
N

N−1

∑
k=0

F(i)
k Hk, (2.36)

which would have a constant value for null ISI. If the estimates of the transmitted block
are reliable, the feedback filter can be used to remove this residual interference. Therefore,
the equalized frequency domain samples associated to each iteration can be written as

Ã(i)
k = γ(i)Ak + ε

eq(i)
k , (2.37)

where
ε

eq(i)
k =

(
F(i)

k Hk − γ(i) − ρ(i−1)B(i)
k

)
Ak − B(i)

k ∆(i−1)
k + F(i)

k Nk. (2.38)

Clearly, ε
eq(i)
k have three noise components: inter symbol interference (F(i)

k Hk − γ(i) −
ρ(i−1)B(i)

k ), interference from the inaccuracy of the data estimation that is fed back to the
system (B(i)

k ∆(i−1)
k ) and the usual noise component (F(i)

k Nk).
The next objective is to maximize the SNIR, which can be obtained by the following

equation:

SNIRk =

E
[∣∣∣γ(i)Ak

∣∣∣
2
]

E
[∣∣∣εeq(i)

k

∣∣∣
2
] =

∣∣∣γ(i)
∣∣∣
2

E
[
|Ak|2

]

E
[∣∣∣εeq(i)

k

∣∣∣
2
] . (2.39)

The maximization of SNIRk can be achieved by the minimization of

E
[∣∣∣εeq(i)

k

∣∣∣
2
]
= E

[∣∣∣F(i)
k Hk − γ(i) − ρ(i−1)B(i)

k

∣∣∣
2
]

2σ2
S+

+
∣∣∣B(i)

k

∣∣∣
2
(

1−
(

ρ(i−1)
)2
)

2σ2
S +

∣∣∣F(i)
k

∣∣∣
2

2σ2
N ,

(2.40)

conditioned to a given γ(i), with σ2
N denoting the variance of the noise terms and σ2

S , the
variance of the data symbols. This leads to an optimization problem that can be solved
using the Lagrange multipliers’ method. Lets define the Lagrangian function as

L = E
[∣∣∣εeq(i)

k

∣∣∣
2
]
+ λ(i)

(
1
N

N−1

∑
k=0

F(i)
k Hk − 1

)
(2.41)
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Solving the following equations leads to the optimum receiver coefficients.

∂L

∂F(i)
k

= 4σ2
S H∗k

(
F(i)

k Hk − 1− ρ(i−1)B(i)
k +

γ(i)

2σ2
S N

)
+

+4σ2
N F(i)

k = 0, (2.42)

∂L

∂B(i)
k

= − 4σ2
Sρ(i−1)

(
F(i)

k Hk − 1− ρ(i−1)B(i)
k

)
+

+ 4σ2
S

(
1− ρ(i−1)2)

B(i)
k = 0 (2.43)

and
∂L

∂λ(i)
=

1
N

N−1

∑
k=0

Fk Hk − 1 = 0. (2.44)

As expected, (2.44) is equivalent to have γ(i) = 1. After some algebraic manipulation we
may write for the feedforward coefficients

F(i)
k =

κ(i)H∗k
α +

(
1− ρ(i−1)2

)
|Hk|2

, (2.45)

and for the feedback coefficients

B(i)
k = ρ(i−1)

(
F(i)

k Hk − 1
)

, (2.46)

where α as the inverse of the SNR defined as

α =
σ2

N
σ2

S
. (2.47)

The normalization factor κ(i) of (2.45) is defined as

κ(i) = 1− ρ(i−1)2 − λ(i)

2σ2
N N

. (2.48)

From (2.44) and (2.45) we can obtain λ(i) solving

N =
N−1

∑
k=0

(
1− ρ(i−1)2 − λ(i)

2σ2
N N

)
|Hk|2

(
1− ρ(i−1)2) |Hk|2 + α

. (2.49)

For the first iteration, the information about an is unavailable, which means ρ(−1) = 0
and B(0)

k = 0. Under these conditions, the values of F(0)
k are easily obtained by a simple

substitution of ρ(−1) = 0, resulting in

F(0)
k =

κ(0)H∗k
|Hk|2 + α

. (2.50)

Therefore, the IB-DFE is equivalent to a linear FDE on the first iteration.
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2.8.3 IB-DFE with soft decisions

To increase the immunity against error propagation, it is possible to use soft decisions,
a(i)n , instead of using hard decisions, â(i)n . For a normalized QPSK constellation, i.e. aI

n =

Re {an} = ±1 and aQ
n = Im {an} = ±1, following [BT05] and [Ga+07] we may write

aI(i)
n = tanh

(
ΛI(i)

n

2

)
(2.51)

and

aQ(i)
n = tanh

(
ΛQ(i)

n

2

)
, (2.52)

where ΛI(i)
n and ΛQ(i)

n are the Log-likelihood Ratios of the in-phase, aI
n, and quadrature,

aQ
n , data bit estimation described as

ΛI(i)
n =

2 Re
{

ã(i)n

}

σ2
N

(2.53)

and

ΛQ(i)
n =

2 Im
{

ã(i)n

}

σ2
N

, (2.54)

respectively. The total variance of the channel and interference noise, σ2
N , is given by

σ2
N =

1
2

E[|an − ã(i)n |2] ≈
1

2N

N−1

∑
n=0
|â(i)n − ã(i)n |2. (2.55)

The feedforward coefficients, F(i)
k are still given by (2.45) and, since A(i)

k is equivalent
to ρ(i) Â(i)

k , the feedback coefficients are given by

B(i)
k = F(i)

k Hk − 1. (2.56)

Finally, the estimated data symbols are obtained by

Ã(i)
k = F(i)

k Yk − B(i)
k A(i−1)

k . (2.57)

From this point forward in this thesis the (i) superscript will be dropped to lower the
complexity of mathematic expressions.
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3
FDE RECEIVER DESIGNS FOR OFFSET MODULATIONS

3.1 Introduction

Future broadband wireless systems are expected to have high transmission rates while
requiring good power and spectral efficiency. To reduce the cost of mobile terminals, its
complexity should be minimal. Moreover, an efficient, low-cost power amplification is
also required, to increase the coverage and/or battery autonomy.

Due to high transmission rates, the multi-path propagation can lead to severe time-
dispersion effects. For this reason, block transmission techniques combined with FDE
techniques such as OFDM [Cim85] and SC-FDE [Sar+94a] should be employed. SC-FDE
schemes are particularly suitable for the uplink transmission (i.e., the transmission from
the mobile terminal to the base station), since the envelope fluctuations of the transmitted
signals are much lower than those of OFDM schemes [Fal+02; Ga+00]. Although, SC-FDE
schemes have acceptable performance with a simple linear FDE, the performance is
substantially increased with more powerful iterative FDE schemes [TH00; TH01; Tüc+02].
One of the most promising iterative FDE is the IB-DFE [BT02a; Ben+10], which can be
regarded as a DFE where the feedforward and feedback filters are implemented in the
frequency domain. The main problem with QPSK schemes is that we still need a linear
amplifier for SC modulations, since the transmitted signal still has envelope fluctuations1.

It is widely accepted that SC-FDE is an excellent candidate for broadband wireless
systems, especially when an efficient power amplification is intended. If grossly nonlinear
power amplifiers are employed, conventional QPSK or QAM modulations should be
replaced by their offset modulations counterparts, OQPSK and OQAM. In fact, offset
signals have much lower dynamic range than non-offset signals, with OQPSK signals
being able to have an almost constant envelope. For very-low-cost mobile terminals, it is

1The exception is the case where rectangular pulses are employed, which is usually not employed due to
their poor spectral characteristics.
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desirable to have grossly nonlinear power amplifiers, which are simpler to implement and
have higher amplification efficiency and output power. However, these amplifiers are only
recommendable when the signal at its input has an almost constant envelope. In this case,
OQPSK modulations, also denoted by staggered modulations [Tu93], are strongly recom-
mendable since the transmitted signals can have very low envelope fluctuations or even
quasi-constant envelope. It should be pointed out that for QPSK/OQPSK constellations
the main degradation due to a nonlinear amplifier is associated to the spectral widening
effects (i.e., increased out-of-band radiation levels); due to the reduced dynamic range of
OQPSK signals (without zeros crossings) the spectral widening effects are much smaller
than with corresponding QPSK signals, even when we employ signals without constant
envelope.

The most famous OQPSK modulation is MSK [GM76], but GMSK signals [MH81]
and other CPM signals [Aul+81] can also be written as the sum of OQPSK components
[Lau86]. Moreover, this description in terms of OQPSK components can be employed to
define TCM-OQAM schemes with good code gains [Mon06; MG99]. Naturally, OQAM
signals have significant envelope fluctuations, making them prone to nonlinear distortion
effects. However, they can be decomposed as the sum of several OQPSK signals that can
be separately amplified almost without distortion [Mon+11]. Nevertheless, we should be
cautious when extending to offset modulation receivers that were designed for non-offset
modulations [LV02; Tu93].

Combining OQPSK modulations with SC-FDE schemes seems a natural choice for the
uplink of highly power efficient broadband wireless systems. Since OQPSK signals with
constant or quasi-constant envelope have bandwidth much higher than the minimum
Nyquist band, the FDE should be designed with several samples per symbol to take full
advantage of diversity effects, inherent to the larger transmission bandwidth and/or to be
able to cope with synchronization errors [Oba+09].

This chapter considers frequency-domain receiver’s design for OQPSK and OQAM
schemes. It is shown that the FDE designed for non-offset modulations are not suitable for
offset modulations due to the residual IQI, i.e. the interference between In-phase (I) and
Quadrature (Q) components at the sampling instants. Although the time-domain receivers
especially designed for offset modulations such as those of [LV02; Tu93] can address this
problem, their complexity is too high for severely time-dispersive channels. Therefore, we
propose several FDE designs where there is no IQI at the sampling instants and iterative
FDE receivers with IQI cancellation.

This chapter is organized as follows: section 3.2, characterizes linear and iterative FDE
designs for non-offset and offset modulations, as well as the multiplicity concept. Several
methods to mitigate IQI in linear FDE are proposed in section 3.3. In section 3.4 is presented
an alternative approach to minimize the overall interference. The characterization, relevant
properties and performance results of iterative FDE with IQI cancellation, are presented in
section 3.5. Finally, the chapter is summarized in section 3.8.
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3.2 Linear and Iterative FDE Designs with Oversampling

3.2.1 FDE for QPSK Schemes

The length-N data block to be transmitted is {an; n = 0, 1, ..., N − 1}, where an = aI
n + jaQ

n

is the nth data symbol with aI
n = ±1 and aQ

n = ±1 associated to the “in-phase" and
“quadrature" bits, respectively. For a QPSK scheme the transmitted signal is

s(t) = Re
{

x(t)ej2π fct
}

, (3.1)

where fc is the carrier frequency and s(t) is its the complex envelope, given by

x(t) =
N−1

∑
n=−Ncp

anr(t− nTs), (3.2)

with r(t) denoting the adopted pulse shape and Ncp the length of the cyclic prefix [Fal+02]
(it is assumed that the block {an; n = 0, 1, ..., N − 1} is periodic with period N, i.e., an =

an+N).

Let us first assume that x(t) is the complex envelope of a QPSK scheme with pulse
shape r(t) and data symbols an, n = 0, 1, . . . , N − 1. If a given block is sampled with
rate J/Ts, i.e., with J samples per symbol, then the samples associated to the useful
part of the block (i.e., without cyclic prefix) are {x(J)

n ; n = 0, 1, . . . , JN − 1}, with x(J)
n

∆
=

x(nTs/J) (it is assumed that the rate J/Ts is large enough to avoid aliasing effects). Since
x(t) is cyclostationary2 [Gar91], the frequency domain block associated to {x(J)

n ; n =

0, 1, . . . , JN − 1} is {X(J)
k ; k = 0, 1, . . . , JN − 1} = DFT {x̌n; n = 0, 1, . . . , JN − 1}, with

X(J)
k = A(J)

k R(J)
k , (3.3)

where {R(J)
k ; k = 0, 1, . . . , JN− 1} is the DFT of {r(J)

n
∆
= r((n− JN/2)Ts/J); n = 0, 1, . . . , JN−

1} (without loss of generality, we assume that r(t) is centered in 0 and {A(J)
k ; k = 0, 1, . . . , JN−

1} is the DFT of {a(J)
n ; n = 0, 1, . . . , JN − 1}, with

a(J)
n =

{
an′ , n = Jn′

0, otherwise
(3.4)

It can easily be shown that

A(J)
k =

1
J

Ak, (3.5)

where {Ak; k = 0, 1, . . . , N − 1} denotes the DFT of {an; n = 0, 1, . . . , N − 1} (once again
the time-domain and frequency-domain blocks associated to the the data are periodic with
period N). This means that there is an implicit multiplicity in the frequency-domain block
when the adopted pulse shape has bandwidth above the Nyquist band (i.e., when R(J)

k is
not restricted to N non-zero samples), since the frequency-domain sample Ak is repeated
in several X(J)

k samples (which are separated by multiples of N) as shown in Figure 3.1.
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Figure 3.1: Frequency-domain multiplicity in QPSK (up) and OQPSK (down) signals.

This multiplicity can be regarded as a frequency diversity effect that can be used by the
FDE.

The received block is sampled with the rate J/Ts, the cyclic prefix is removed and the
resulting blocks, {y(J)

n ; n = 0, 1, . . . , JN − 1}, are passed to the frequency domain, leading
to the blocks {Y(J)

k ; k = 0, 1, . . . , JN − 1}. If the cyclic prefix is longer than the overall
channel impulse response length then

Y(J)
k = A(J)

k H(J)
k + N(J)

k , (3.6)

where H(J)
k is the overall channel impulse response for the kth subcarrier (which includes

the adopted pulse shape, the channel and the 1/J factor inherent to (3.5)) and N(J)
k is the

corresponding noise component.
For a linear FDE the output is

Ãk =
J−1

∑
q=0

F(J)
k+qNY(J)

k+qN , k = 0, 1, . . . , N − 1, (3.7)

where the FDE coefficients, optimized under the MMSE criterion (Minimum Mean Squared
Error), are given by

F(J)
k =

H(J)
k

∗

α + ∑J−1
q=0

∣∣∣H(J)
(k mod N)+qN

∣∣∣
2 , k = 0, 1, . . . , JN − 1, (3.8)

with (·)∗ denoting complex conjugate, x mod y denoting the modulo operator, i.e. the
integer remainder of x/y, and

α = E[|N(J)
k |2]/E[|A(J)

k |2] (3.9)

denoting the inverse of the SNR.
2 E [x(t)x(t− τ)] is periodic in t, with period Ts.
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For a given iteration of the IB-DFE, the FDE output is

Ãk =
J−1

∑
q=0

F(J)
k+qNY(J)

k+qN − Bk Ak, k = 0, 1, . . . , N − 1, (3.10)

where {Ak; k = 0, 1, . . . , N − 1} is the DFT of {an; n = 0, 1, . . . , N − 1}, with an denoting
the average values of ãn associated to the previous iteration, conditioned to the FDE
output. For QPSK constellations with Grey mapping these average values can be obtained
as described in [Ga+07] and for 16-QAM constellations with Grey mapping they can be
obtained as described in [SF09]. For general M2-QAM constellations we can employ the
approach of [Din+10a] where the constellation symbols are expressed as a function of the
corresponding bits as follows:

an =
G

∑
g=1

2G−g
g

∏
m=1

bI(m)
n + j

G

∑
g=1

2G−g
g

∏
m=1

bQ(m)
n , (3.11)

with G = log2(M), bI(m)
n = ±1 and bQ(m)

n = ±1. The log-likelihood ratio of the mth bit of
the nth transmitted symbol is given by

Λ(m)
n = log




∑a∈Φ(m)
1

exp
(
− |ãn−a|2

2σ2
N

)

∑a∈Φ(m)
−1

exp
(
− |ãn−a|2

2σ2
N

)


 , (3.12)

where Φ(m)
1 and Φ(m)

−1 are the constellation’s subsets associated to the symbols with the
mth bit at 1 or −1, respectively and

σ2
N =

1
2N

N−1

∑
n=0

E[|ãn − an|2]. (3.13)

To obtain the average symbol values conditioned to the FDE output, an, we need the
average bit values conditioned to the FDE output, b

(m)
n . They can be related as

b
(m)
n = tanh

(
Λ(m)

n

2

)
= ρ

(m)
n b̂(m)

n , (3.14)

with b̂(m)
n denoting the hard decisions’ estimate of b(m)

n and ρ
(m)
n its reliability. From (3.11),

(3.14) and assuming uncorrelated bits due to the usage of a suitable interleaver, we have

an =
G

∑
g=1

2G−g
g

∏
m=1

b
I(m)
n + j

G

∑
g=1

2G−g
g

∏
m=1

b
Q(m)
n . (3.15)

Having in mind the results of [Din+03] it can be shown that the IB-DFE coefficients are
given by

F(J)
k =

κH(J)
k

∗

α + (1− ρ2)∑J−1
q=0

∣∣∣H(J)
(k mod N)+qN

∣∣∣
2 , k = 0, 1, . . . , JN − 1, (3.16)
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and

Bk =
J−1

∑
q=0

F(J)
k+qN H(J)

k+qN − 1, k = 0, 1, . . . , N − 1, (3.17)

respectively, where κ is selected to ensure that

1
N

JN−1

∑
k=0

F(J)
k H(J)

k = 1, (3.18)

α is defined by (3.9), and the correlation coefficient ρ that regards block-wise reliability of
the decisions used in the feedback loop is given by

ρ =
E [ana∗n]

E
[
|an|2

] ≈ E [an â∗n]

E
[
|ân|2

] . (3.19)

For general M2-QAM constellations we have

ρ =
1

2N

N−1

∑
n=0

G

∑
g=1

∣∣∣4G−g ∏
g
m=1 ρ

(m)
n

∣∣∣
4G−g , (3.20)

where

ρ
(m)
n = tanh

(
|Λ(m)

n |
2

)
. (3.21)

3.2.2 Multiplicity in OQPSK Signals

For an OQPSK scheme we still have

s(t) = Re
{

x(t)ej2π fct
}

, (3.22)

but with the complex envelope given by

x(t) =
N−1

∑
n=−Ncp

aI
nr(t− nTs) + j

N−1

∑
n=−Ncp

aQ
n r(t− nTs − To), (3.23)

Clearly, the OQPSK signal can be regarded as the sum of two binary Pulse Amplitude
Modulation (PAM) signals each with symbols (bits) separated by Ts (the average bit rate
is 1/2Ts), and with an offset To between them (which usually is Ts/2).

Although, the in-phase and quadrature components of OQPSK signals are cyclosta-
tionary with period Ts, the OQPSK signal is cyclostationary with period Ts/2. Therefore,
as in subsection 3.2.1, when we sample the received signal with the rate J/Ts we ob-
tain the time-domain block {x(J)

n ; n = 0, 1, . . . , JN − 1} = IFFT {X(J)
k = A(J)

k R(J)
k ; k =

0, 1, . . . , JN − 1}, where R(J)
k is previously defined and {A(J)

k ; k = 0, 1, . . . , JN − 1} = DFT
{a(J)

n ; n = 0, 1, . . . , JN − 1}. However, contrary to (3.4), we have

a(J)
n =





aI
n′ , n = n′ J

aQ
n′ , n = n′ J + J/2

0, otherwise

(3.24)
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Therefore, a(J)
n = aI(J)

n + aQ(J)
n−J/2 where aI(J)

n and aQ(J)
n are related with aI

n and aQ
n , respec-

tively, as in (3.4). This means that A(J)
k = AI(J)

k + AQ(J)
k Θk, with Θk = j exp(−jπk/N). Since

AI(J)
k and AQ(J)

k are related to {AI
k; k = 0, 1, . . . , N − 1} = DFT {aI

n; n = 0, 1, . . . , N − 1}
and {AQ

k ; k = 0, 1, . . . , N − 1} = DFT {aQ
n ; n = 0, 1, . . . , N − 1}, respectively, there is an

implicit multiplicity in the frequency-domain block when the adopted pulse shape has
bandwidth above the Nyquist band (see Fig. 3.1). The simplest way to take advantage of
this multiplicity is to design separate FDEs for the in-phase and quadrature components
(naturally, the quadrature FDE manipulates the samples shifted by J/2 relatively to the
in-phase FDE). If we consider IB-DFE receivers, the Fk and Bk coefficients could still be
given by (3.16) and (3.17). Nevertheless, the major problem with this approach consists on
the interference between the I and Q components at the sampling points, i.e., for the sam-
ple associated to the I component there is a residual interference due to the Q component
(the same effect applies to the Q component). This residual interference can significantly
compromise the performance. Moreover, the performance does not change significantly
when we employ a conventional IB-DFE receiver.

3.3 Linear FDE without IQI

In this section we propose an FDE design for OQPSK without IQI at the sampling instants.
A simple way to achieve this is forcing the overall impulse response after the feedforward
part (the time-domain block associated to the frequency-domain samples Fk Hk) to be real.
For this purpose, it is necessary to ensure that Fk Hk is symmetrical with respect to the
central frequency of the spectrum3 (this is usually true for the transmitted signals but it is
not necessarily true at the channel output). On the other hand, the FDE should take full
advantage of the diversity effects inherent to the frequency multiplicity (see Fig. 3.1).

In the particular case of offset modulations, the I and Q components have an inherent
delay (To) and they must be sampled at different instants at the receiver. If the received
support pulses are real, there will be no interference between the I and Q components,
even when a contribution from the quadrature component is present at the in-phase
component detection. Due to the channel effects, the pulse at the equalizer’s output can
become complex and we will have interference between both in-phase and quadrature
components, lowering the overall performance of the system.

Defining P(J)
k as P(J)

k = F(J)
k H(J)

k , k = 0, 1, . . . , JN − 1, which can be regarded as the
equivalent frequency response at the FDE output, and the corresponding time-domain
block as {p(J)

n ; n = 0, 1, . . . , JN − 1} = IFFT {P(J)
k ; k = 0, 1, . . . , JN − 1}, which can be

regarded as the equivalent impulse response at the FDE output. Under zero ISI conditions,
p(J)

nJ = 0, n 6= 0, which is formally equivalent to impose the condition

J−1

∑
q=0

P(J)
k+qN = constant. (3.25)

3Since Fk ∝ Hk, it is clear the overall frequency response is real.
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The objective of the FDE is to achieve this condition, at least approximately.4 For
OQPSK schemes, there is an additional constraint to mitigate the IQI:

Im
{

p(J)
J/2+nJ

}
= 0, ∀n. (3.26)

A possible way to achieve (3.25) and (3.26) is to have p(J)
nJ/2 = 0 for n 6= 0, which

corresponds to employ Nyquist pulses with half symbol duration (this implies twice the
bandwidth which it is not desirable). Instead, we will design the FDE in the MMSE sense
(implicitly achieving (3.25)), but constrained to avoid IQI. An important idea is that if we
have Im{p(J)

n } = 0, the condition (3.26) is met and there will be no IQI. In the following
subsections, we will present three different methods to avoid IQI.

3.3.1 Method I

The objective of Method I is to ensure that p(J)
n is real. Since F(J)

k ∝ H(J)
k

∗
, P(J)

k is real and
non-negative. Therefore, this means that P(J)

k should have even symmetry (see Fig. 3.2),
i.e.,

P(J)
k = P(J)

JN−k, (3.27)

for k = 1, . . . , JN/2 − 1. In this case k = 0 will have no constraints, and assuming

N
JN

Symmetry

Figure 3.2: Symmetry groups for method I.

an oversampling factor J high enough to ensure H(J)
JN/2 = 0, neither will k = JN/2.

Consequently, the FDE design corresponds to the minimization of

E
[∣∣∣F(J)

k Y(J)
k − A(J)

k

∣∣∣
2
]
+ E

[∣∣∣F(J)
JN−kY(J)

JN−k − A(J)
JN−k

∣∣∣
2
]

, (3.28)

conditioned to (3.27), which is equivalent to

F(J)
k H(J)

k = F(J)
JN−k H(J)

JN−k, (3.29)

for k = 1, . . . , JN/2− 1.

4For a ZF FDE, the equation (3.25) holds true, but for a MMSE FDE, considered here, (3.25) is only true
for very high SNR.
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Using Lagrangian multipliers’ method it can easily be shown that the optimum values
of F(J)

k are

F(J)
k =

(1− λk) H(J)
k

∗

α +
∣∣∣H(J)

k

∣∣∣
2 , (3.30)

and

F(J)
JN−k =

(1 + λk) H(J)∗

JN−k

α +
∣∣∣H(J)

JN−k

∣∣∣
2 , (3.31)

with k = 1, 2, . . . , JN/2 and

λk =

∣∣∣H(J)
k

∣∣∣
2
(

α +
∣∣∣H(J)

JN−k

∣∣∣
2
)
−
∣∣∣H(J)

JN−k

∣∣∣
2
(

α +
∣∣∣H(J)

k

∣∣∣
2
)

∣∣∣H(J)
k

∣∣∣
2
(

α +
∣∣∣H(J)

JN−k

∣∣∣
2
)
+
∣∣∣H(J)

JN−k

∣∣∣
2
(

α +
∣∣∣H(J)

k

∣∣∣
2
) . (3.32)

Due to the absence of constraints for k = 0 and k = JN/2, F(J)
0 and F(J)

JN/2 are defined by
(3.16).

3.3.2 Method II

The main problem with Method I is the imposition of too many unnecessary symmetry
constrains on P(J)

k , because it forces p(J)
n to be real for any value of n, compromising the

performance. Instead, Method II only forces p(J)
nJ/2 to be real (n = 0, 1, . . . , 2N − 1), which

is enough to ensure that there will be no IQI at the sampling instants (naturally, we are
assuming that J ≥ 2). It should be pointed out that the frequency samples can be organized
in symmetry groups and multiplicity groups, as shown in Fig. 3.3. In symmetry groups,
both frequency samples must have the same value, to guarantee no IQI. On the other hand,
the multiplicity groups have information concerning the same kth frequency sample. Let
us define four different groups:

Ψ(1)
k = {k + 2qN; q = 0, 1, ..., J/2− 1} ,

Ψ(2)
k = {N − k + 2qN; q = 0, 1, ..., J/2− 1} ,

Ψ(3)
k = {N + k + 2qN; q = 0, 1, ..., J/2− 1} , and

Ψ(4)
k = {2N − k + 2qN; q = 0, 1, ..., J/2− 1} ,

where k = 1, . . . , N/2. The symmetry groups are Ψ(1)
k ∪ Ψ(4)

k and Ψ(2)
k ∪ Ψ(3)

k , and the
multiplicity groups are Ψ(1)

k ∪ Ψ(3)
k and Ψ(2)

k ∪ Ψ(4)
k .

Therefore, the relations needed to mitigate the IQI are

∑
k′∈Ψ(i)

k

F(J)
k′ H(J)

k′ = ∑
k′∈Ψ(5−i)

k

F(J)
k′ H(J)

k′ , (3.33)

with i = 1 or 2 and k′ = 1, . . . , N/2. This problem leads to the minimization of

E




∣∣∣∣∣∣ ∑
k′∈Ψ(1)

k ∪ Ψ(3)
k

F(J)
k′ Y(J)

k′ − Ak

∣∣∣∣∣∣

2

+ E




∣∣∣∣∣∣ ∑
k′∈Ψ(2)

k ∪ Ψ(4)
k

F(J)
k′ Y(J)

k′ − AN−k

∣∣∣∣∣∣

2

 (3.34)
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k N - k N + k 2N - k 2N + k 3N - k 3N + k 4N - k

k N - k

N

Multiplicity groups

Symmetry groups

JN

N + k 2N - k

Multiplicity groups

Figure 3.3: Symmetry and multiplicity groups for method II.

conditioned to (3.33). By employing the Lagrange multipliers’ method, and after some
straightforward but lengthy manipulations, it can be shown that the optimum values of
F(J)

k are

F(J)
k′ =





(
1−λ

(a)
k

)
H(J)

k′
∗

α+∑
k′∈Ψ(1)

k ∪ Ψ(3)
k

∣∣∣H(J)
k′
∣∣∣
2 , k′ ∈ Ψ(1)

k

(
1−λ

(b)
k

)
H(J)

k′
∗

α+∑
k′∈Ψ(2)

k ∪ Ψ(4)
k

∣∣∣H(J)
k′
∣∣∣
2 , k′ ∈ Ψ(2)

k

(
1+λ

(b)
k

)
H(J)

k′
∗

α+∑
k′∈Ψ(1)

k ∪ Ψ(3)
k

∣∣∣H(J)
k′
∣∣∣
2 , k′ ∈ Ψ(3)

k

(
1+λ

(a)
k

)
H(J)

k′
∗

α+∑
k′∈Ψ(2)

k ∪ Ψ(4)
k

∣∣∣H(J)
k′
∣∣∣
2 , k′ ∈ Ψ(4)

k ,

(3.35)

with λ
(a)
k and λ

(b)
k given by

λ
(a)
k =

β
(124)
k − β

(413)
k

β
(124)
k + β

(413)
k

(3.36)

and

λ
(b)
k =

β
(213)
k − β

(324)
k

β
(213)
k + β

(324)
k

, (3.37)

respectively, where β
(xyz)
k = G(x)

k

(
α + G(y)

k + G(z)
k

)
, and G(a)

k = ∑k∈Ψ(a)
k

∣∣∣H(J)
k

∣∣∣
2
. Since this

leads to a solution where p(t− nTs/2) is real for every n = 0, 1, . . . , N − 1, this method
mitigates all IQI, while still taking into account the multiplicity groups.
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3.3.3 Method III

Let us take the previous equalization method one step further. It is known that a matched
filter will guarantee p(t− nTs) = 0, for n 6= 0. Assuming that the FDE mitigates the ISI, it
thus becomes clear that is unnecessary to force Im{p(J)

nJ } = 0 where the FDE guarantees
zero ISI (see also [LV02; Tu93]). Consequently, the only condition needed to assure an IQI
free system will be

Im
{

p(J)
J/2+nJ

}
= 0, ∀n (3.38)

which corresponds to the exact time where the IQI interferes with the symbol detection.
Note that the block

{
p(J)

Jn ; n = 0, . . . , N − 1
}

is the IFFT of the block
{

∑J−1
q=0 P(J)

k+qN ; k = 0, . . . , N − 1
}

,

and the block
{

p(J)
Jn+J/2; n = 0, . . . , N − 1

}
is the IFFT of the block

{
Θk ∑J−1

q=0 (−1)q P(J)
k+qN ; k = 0, . . . , N − 1

}
.

Under these conditions, the desired equalizer output, Ãk can be written as

Ãk =
J−1

∑
q=0

P(J)
k+qN AI(J)

k+qN + jP(J)
k+qN AQ(J)

k+qNΘk+qN . (3.39)

Clearly, we have Θk′+N = −Θk′ and Θk′−N = −Θ∗k′ . Therefore we may write

Ãk = AI
k

J−1

∑
q=0

P(J)
k+qN + jAQ

k Θk

J−1

∑
q=0

(−1)q P(J)
k+qN . (3.40)

To ensure that p(J)
Jn+J/2 is real (and, consequently, to guarantee an IQI free system), P(J)

k

has to verify
J−1

∑
q=0

(−1)q P(J)
k+qN = −

J−1

∑
q=0

(−1)q P(J)
N−k+qN . (3.41)

Such as in Method II, we still have symmetry groups and the multiplicity groups.
Obviously, considering (3.41) and the symmetry groups it is possible to write the following
condition

∑
k′∈Ψ(1)

k

F(J)
k′ H(J)

k′ − ∑
k′∈Ψ(3)

k

F(J)
k′ H(J)

k′ = − ∑
k′∈Ψ(2)

k

F(J)
k′ H(J)

k′ + ∑
k′∈Ψ(4)

k

F(J)
k′ H(J)

k′ , (3.42)

which is equivalent to

∑
k′∈
(

Ψ(1)
k ∪ Ψ(2)

k

)
F(J)

k′ H(J)
k′ = ∑

k′∈
(

Ψ(3)
k ∪ Ψ(4)

k

)
F(J)

k′ H(J)
k′ (3.43)

with the groups Ψ(1)
k , Ψ(2)

k , Ψ(3)
k and Ψ(4)

k defined in a similar way as in method II (see Fig.
3.4).

To optimize the values of F(J)
k′ it is needed to minimize

E




∣∣∣∣∣∣∣
∑

k′∈
(

Ψ(1)
k ∪ Ψ(3)

k

)
F(J)

k′ Y(J)
k′ − Ak

∣∣∣∣∣∣∣

2
+ E




∣∣∣∣∣∣∣
∑

k′∈
(

Ψ(2)
k ∪ Ψ(4)

k

)
F(J)

k′ Y(J)
k′ − AN−k

∣∣∣∣∣∣∣

2
 , (3.44)
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k N - k N + k 2N - k 2N + k 3N - k 3N + k 4N - k

k N - k

N

Multiplicity group for k Multiplicity group for N - k

Symmetry group

JN

Figure 3.4: Symmetry and multiplicity groups for method III.

with k = 1, 2, ..., N/2− 1, conditioned to (3.43). Once again, using the Lagrangian multi-
pliers’ method and after some straightforward but lengthy algebraic manipulations, we
obtain the optimum coefficients

F(J)
k′ =





(1−λk)H(J)
k′
∗

α+∑
k′∈

(
Ψ(1)

k ∪ Ψ(3)
k

)
∣∣∣H(J)

k′
∣∣∣
2 , k′ ∈ Ψ(1)

k

(1−λk)H(J)
k′
∗

α+∑
k′∈

(
Ψ(2)

k ∪ Ψ(4)
k

)
∣∣∣H(J)

k′
∣∣∣
2 , k′ ∈ Ψ(2)

k

(1+λk)H(J)
k′
∗

α+∑
k′∈

(
Ψ(1)

k ∪ Ψ(3)
k

)
∣∣∣H(J)

k′
∣∣∣
2 , k′ ∈ Ψ(3)

k

(1+λk)H(J)
k′
∗

α+∑
k′∈

(
Ψ(2)

k ∪ Ψ(4)
k

)
∣∣∣H(J)

k′
∣∣∣
2 , k′ ∈ Ψ(4)

k

. (3.45)

To obtain λk we need to solve the following equation:

(1− λk)∑k′∈Ψ(1)
k

∣∣∣H(J)
k′

∣∣∣
2
− (1 + λk)∑k′∈Ψ(3)

k

∣∣∣H(J)
k′

∣∣∣
2

α + ∑k′∈
(

Ψ(1)
k ∪ Ψ(3)

k

)
∣∣∣H(J)

k′

∣∣∣
2 =

−
(1− λk)∑k′∈Ψ(2)

k

∣∣∣H(J)
k′

∣∣∣
2
− (1 + λk)∑k′∈Ψ(4)

k

∣∣∣H(J)
k′

∣∣∣
2

α + ∑k′∈
(

Ψ(2)
k ∪ Ψ(4)

k

)
∣∣∣H(J)

k′

∣∣∣
2 , (3.46)

where the solution is

λk =

(
Z(1)

k − Z(2)
k

) (
α + Z(3)

k + Z(4)
k

)
+
(

Z(3)
k − Z(4)

k

)(
α + Z(1)

k + Z(2)
k

)

(
Z(1)

k + Z(2)
k

) (
α + Z(3)

k + Z(4)
k

)
+
(

Z(3)
k + Z(4)

k

) (
α + Z(1)

k + Z(2)
k

) , (3.47)

with Z(a)
k = ∑k′∈Ψ(a)

k

∣∣∣H(J)
k′

∣∣∣
2
.
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For k = 0 we have

F(J)
0 =

H(J)
0

∗

α + ∑k′∈Ψ0

∣∣∣H(J)
0

∣∣∣
2 , (3.48)

leading to λ0 = 0. For k = N/2, it is necessary to guarantee

Im

{
ΘN/2

J−1

∑
q=0

(−1)q P(J)
N/2+qN

}
= 0. (3.49)

Since ΘN/2 = ΘN−N/2 = −j, the previous condition can be simplified to

J−1

∑
q=0

(−1)q P(J)
N/2+qN = 0. (3.50)

Therefore, the groups Ψ(1)
N/2 and Ψ(2)

N/2 will be the same as Ψ(3)
N/2 and Ψ(4)

N/2, respectively.
This leads to a simplified optimization problem, for k = N/2, equivalent to the

minimization of

E




∣∣∣∣∣∣∣
∑

k′∈
(

Ψ(1)
N/2 ∪ Ψ(3)

N/2

)
F(J)

k′ Y(J)
k′ − AN/2

∣∣∣∣∣∣∣

2
 , (3.51)

conditioned to

∑
k′∈Ψ(1)

N/2

F(J)
k′ H(J)

k′ = ∑
k′∈Ψ(3)

N/2

F(J)
k′ H(J)

k′ . (3.52)

Applying the Lagrange multiplier’s method will result

F(J)
k′ =





(1−λN/2)H(J)
k′
∗

α+∑
k′∈

(
Ψ(1)

N/2 ∪ Ψ(3)
N/2

)
∣∣∣H(J)

k′
∣∣∣
2 , k′ ∈ Ψ(1)

N/2

(1+λN/2)H(J)
k′
∗

α+∑
k′∈

(
Ψ(1)

N/2 ∪ Ψ(3)
N/2

)
∣∣∣H(J)

k′
∣∣∣
2 , k′ ∈ Ψ(3)

N/2

, (3.53)

with λN/2 as the solution of

(1− λN/2)∑k′∈Ψ(1)
N/2

∣∣∣H(J)
k′

∣∣∣
2

α + ∑k′∈
(

Ψ(1)
N/2 ∪ Ψ(3)

N/2

)
∣∣∣H(J)

k′

∣∣∣
2 =

(1 + λN/2)∑k′∈Ψ(3)
N/2

∣∣∣H(J)
k′

∣∣∣
2

α + ∑k′∈
(

Ψ(1)
N/2 ∪ Ψ(3)

N/2

)
∣∣∣H(J)

k′

∣∣∣
2 . (3.54)

which is λN/2 = (CN/2 − DN/2)/(CN/2 + DN/2).

3.3.4 Performance Results

The performance results of the different receiver designs are presented in this section.
Here, as well as for other performance results of this chapter, we consider blocks of
N = 512 data symbols, plus an appropriate cyclic prefix. The channel spans over 128
symbols and is characterized by the HIPERLAN/2 power delay profile type C [ETS98],
with uncorrelated Rayleigh fading on each tap (similar results were observed for other
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Figure 3.5: BER for linear FDE.

severely time-dispersive channels). We also assume perfect synchronization and channel
estimation at the receiver.

From Figure 3.5, we can perceive the performance results obtained by these presented
methods while comparing it with either the conventional FDE [Sar+94a]. As stated before,
there is an increased performance when the number of constraints decrease (method
I has JN constraints, method II has 2N constraints, and method III has N constraints).
The results show that Method III gives the best overall performance, closely followed
by method II. Both of them reduce the BER from 10−2 (in the conventional FDE) to 10−4

for Eb/N0 = 20dB, showing a significant performance increase in the linear frequency
domain equalization of offset modulations.

3.4 Linear FDE with Reduced Overall Residual Interference

It was shown that the introduction of the λk factor in the linear equalization, removes
the IQI. However, as drawback, this method increases residual ISI, due to the added
constraints in the FDE. Therefore, a better approach would be to minimize the overall
interference instead of just eliminating IQI and accepting the consequent increase of ISI
values. A simple way to minimize the overall interference is to replace the Lagrangian

44



3.4. LINEAR FDE WITH REDUCED OVERALL RESIDUAL INTERFERENCE

multipliers λk by

λ
clip
k =

{
λk , |λk| < λclip

λk
|λk | λclip , |λk| > λclip (3.55)

which means that we are limiting the effort of the λk factor on Fk. In fact, we can improve
the performance by limiting the effect of λk in the equalization. This increases IQI, losing
the constraint from (3.41) and therefore its odd symmetry, but also reduces the residual
ISI, allowing to obtain an optimal value.

To obtain the optimum value of λclip, let us analyze the SIR from both ISI and IQI.
Considering Peq

k = ∑J−1
q=0 P(J)

k+qN as the equivalent equalized channel for a signal with N
samples, the effective power of this signal can be written as

N−1

∑
k=0

∣∣Peq
k

∣∣2 . (3.56)

Its residual ISI, in the frequency domain, will be defined as Ik = Peq
k − 1

N ∑N−1
k=0 Peq

k . There-
fore, being the residual ISI power proportional to

N−1

∑
k=0
|Ik|2 , (3.57)

the signal to inter-symbol interference ratio can then be defined as

SIRISI =
∑N−1

k=0

∣∣Peq
k

∣∣2

∑N−1
k=0 |Ik|2

. (3.58)

To obtain the residual IQI, let us look at condition (3.41). From (3.41), PQ,eq
k = ∑J−1

q=0 (−1)q P(J)
k+qN ,

which means that the equivalent equalized channel, for the quadrature component, needs
to have odd symmetry regarding to N/2. When we apply (3.55) to Fk, in linear equalization,
this symmetry is lost and we can define PQ,eq

k as

PQ,eq
k = PQ,even

k + PQ,odd
k , (3.59)

where PQ,even
k = (PQ,eq

k + PQ,eq
N−k)/2, and PQ,odd

k = (PQ,eq
k − PQ,eq

N−k)/2 (without clipping the
value of λk, PQ,even

k = 0 and PQ,odd
k = PQ,eq

k ). The residual IQI is associated with PQ,even
k ,

and its power is proportional to
N−1

∑
k=0

∣∣∣PQ,even
k

∣∣∣
2

. (3.60)

Therefore, the signal to IQI ratio can be defined as

SIRIQI =
∑N−1

k=0

∣∣Peq
k

∣∣2

∑N−1
k=0

∣∣∣PQ,even
k

∣∣∣
2 . (3.61)

Finally, the total SIR can be written as

SIR =
∑N−1

k=0

∣∣Peq
k

∣∣2

∑N−1
k=0

∣∣∣PQ,even
k

∣∣∣
2
+ ∑N−1

k=0 |Ik|2
. (3.62)
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Figure 3.6 shows the values of SIRISI, SIRIQI and total SIR versus λclip. To be able to
obtain reliable results, it was assumed a noise-free system. Figure 3.7 shows the obtained
BER versus λclip, for the same system with different Eb/N0 values. From Figure 3.6 and
3.7 we can perceive that the optimum value of λclip is 0.5. In the next sections the adopted
value of λclip will be always the optimum value: λclip = 0.5.
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Figure 3.6: SIRISI, SIRIQI and total SIR versus λclip.

In Figure 3.8 and 3.9 we compare the performance with this new method with either
the conventional FDE [Sar+94a] and method III. Figure 3.8 refers to an OQPSK system,
while the performance results of Figure 3.9 are for a 16-OQAM system. Clearly, there is
an overall performance improvement (10 times in the OQPSK). These results show that
the linear FDE with reduced overall residual interference gives the best performance for
linear frequency domain equalization of offset modulations.

3.5 Iterative FDE with IQI Cancellation

As an alternative to an FDE coefficient specially designed to avoid IQI, we could optimize
the FDE coefficients without any restrictions (as for QPSK schemes) and modify the
receiver to cancel the resulting interference. This approach is particularly interesting when
we employ iterative FDE receivers as the IB-DFE, since we can use the iterations to obtain
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Figure 3.7: λclip impact on the BER performance of a linear FDE.

enhanced estimates of the I and Q components and cancel them when detecting the other
component (see Fig. 3.10, where the middle feedback loop is used for IQI cancellation).

When employing an IB-DFE, the performance of a given system is greatly enhanced.
To use the IB-DFE in OQPSK and OQAM schemes, some modifications ought to be done.
Taking into account frequency multiplicity the output samples for a given iteration can be
defined as

ÃI
k =

J/2−1

∑
q=0

[
F(J)

k+qN

(
Y(J)

k+qN −YQ(J)
k+qN

)
− B(J)

k+qN AI(J)
k+qN

]
(3.63)

and

ÃQ
k =

J/2−1

∑
q=0

[
F(J)

k+qN

(
Y(J)

k+qN −Y I(J)
k+qN

)
− B(J)

k+qN AQ(J)
k+qN

]
, (3.64)

where {k = 0, . . . , 2N− 1}. For the in-phase block, {ÃI
k; k = 0, . . . , 2N− 1} = DFT{ãI

n; n =

0, . . . , 2N − 1} only the even data bits are relevant, whereas for the quadrature block
{ÃQ

k ; k = 0, . . . , 2N − 1} = DFT{ãQ
n ; n = 0, . . . , 2N − 1} the odd data bits are relevant for

detection5. Note as well that the feedback data bits are, in this case, from soft bit decisions,
and therefore more precise (roughly Ak ≈ ρÂk).

5 This is due to the time offset between in-phase and quadrature components in OQPSK.
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Figure 3.8: BER performance of OQPSK with different linear FDE receivers.

Since the first iteration of this method is, in fact, a linear equalization, where ρ = 0
and ak is unknown, we can use any of the presented linear Fk throughout this chapter to
minimize both ISI and IQI from the received signal. Nevertheless, the best performances
will be obtained when the method with reduced overall residual interference is used. For
the subsequent iterations we use the feedforward and feedback coefficients given by (3.16)
and (3.17), i.e., we use the same values of the FDE designed for non-offset modulations.

The values of the overall average received frequency values for In-phase Y I(J)
k and

Quadrature YQ(J)
k signal, that cancel the IQI over the successive iterations are given by

Y I(J)
k = H(J)

k AI(J)
k (3.65)

and
YQ(J)

k = H(J)
k Θk AQ(J)

k . (3.66)

Figure 3.11 and 3.12, show the performance results regarding the Iterative FDE with
IQI cancellation where the channel spans over 128 symbols and is characterized by the
HIPERLAN/2 power delay profile type C [ETS98], with uncorrelated Rayleigh fading on
each tap (similar results were observed for other severely time-dispersive channels). Again,
perfect synchronization and channel estimation is assumed at the receiver. Figure 3.11
gives the results for an OQPSK system while Figure 3.12 shows the results for a 16-OQAM
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Figure 3.9: BER performance of 16-OQAM with different linear FDE receivers.

system. Each figure evaluates the impact on the number of iterations over the performance
results with different equalization methods for the first iteration: conventional, method III,
and method III with clipping.

As it can be seen from the results of Figure 3.11, despite the performance difference of
the first iteration, all methods converge at the same pace close to the MFB. On the other
hand, the 16-OQAM system (see Fig. 3.12) has a clear advantage with the method III with
clipping over all the others. If we choose the conventional method over the proposed,
one more iteration is needed to obtain similar results. This reduces processing power and
energy in the overall equalization.

The results for the conventional IB-DFE without IQI cancellation were not shown since
they only have slight performance increase within each iteration, following closely the
results of the Linear FDE.

3.6 Performance Results with Multiple Unbalanced Nonlinear
Amplifiers

This section considers the impact of phase and gain unbalance between different amplifiers
due to an efficient amplification of M2-OQAM signals.
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Figure 3.10: Proposed Iterative Receiver Structure.

To obtain high spectral efficiency, large constellations need to be employed. It is well
known that QAM schemes have better power efficiency when compared with PSK schemes
with the same number of constellation points. However, with QAM constellations the
absolute value of the constellation points is not constant, contrarily to the PSK case. This
means that QAM signals have significant envelope fluctuations, which lead to amplifi-
cation constraints. In fact, even typical PSK schemes still require linear amplifiers since
the envelope of the corresponding analog signal have envelope fluctuations (it can even
be zero when we have transitions from one constellation point to the symmetrical one).
OQPSK schemes have been proposed to overcome this problem and the most popular
OQPSK scheme is the MSK modulation, where the transmitted signals have constant
envelope, allowing a very efficient power amplification based on a grossly nonlinear
amplifier.

This concept can be extended to QAM schemes. In fact, the envelope of OQAM signals
do not have zero-crossing. However, OQAM signals are not suitable for nonlinear ampli-
fiers because they still have envelope fluctuations. It is known that an OQAM signal can be
written as a sum of OQPSK signals that can have constant envelope when a proper pulse
shape is selected. In such conditions, these signals allow efficient high power amplification
using grossly nonlinear amplifiers. To produce the corresponding OQAM signal we just
need to combine the different OQPSK components with a passive combiner before sending
them to the transmit antenna. Alternatively, we can employ separate antennas.

Nevertheless, the different amplifiers need to be perfectly balanced and the design of
frequency-domain receivers for offset signals is more difficult than with the non-offset case
due to the residual interference levels between I and Q components [Din+10b; Luz+10b].
This problem is more serious in the OQAM case [Luz+10a].
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Figure 3.11: BER performance of OQPSK with iterative FDE receivers.

3.6.1 Unbalanced system description

Let us consider an SC-FDE scheme where the data is transmitted in blocks and a suitable
cyclic prefix is append to each block. The length-N data block to be transmitted is {an; n =

0, 1, ..., N− 1}, where an = aI
n + jaQ

n is the nth data symbol. For a M2-OQAM constellation,
aI

n and aQ
n , take the values ±1, ±3, . . . , and ±M − 1. The complex envelope of these

transmitted signals are

x(t) =
N−1

∑
n=−Ncp

aI
nr(t− nTs) +

N−1

∑
n=−Ncp

aQ
n r(t− nTs − To), (3.67)

where r(t) is the adopted pulse shape, To is the time offset between both I and Q com-
ponents (usually Ts/2) and Ncp is the length of the cyclic prefix required for an efficient
FDE implementation [Fal+02]. The block {an; n = 0, 1, ..., N − 1} is periodic with period
N, therefore, a−n = aN−n.

It is clear that the complex envelope, x(t), has envelope fluctuations due to the dif-
ferent values of aI

n and aQ
n . Therefore, it is not possible to apply highly nonlinear power
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Figure 3.12: BER performance of 16-OQAM with iterative FDE receivers.

amplification directly to this scheme, since constant or quasi-constant envelope is needed.
Nevertheless, it is possible to decompose x(t) into G = log2(M) different components
that have constant or quasi-constant envelope, depending on the adopted pulse shape6. To
decompose x(t) lets consider that the constellation symbols for M2-QAM can be expressed
as a function of the corresponding bits as follows [Din+10a]:

aI
n =

G

∑
g=1

ϕ(g)
g

∏
m=1

bI(m)
n , (3.68)

and

aQ
n =

G

∑
g=1

ϕ(g)
g

∏
m=1

bQ(m)
n . (3.69)

Merging (3.67), (3.68) and (3.69) it is possible to write x(t) in the following way

x(t) =
G

∑
g=1

xg(t), (3.70)

6For a MSK support pulse the signals will have constant envelope.
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where

xg(t) = ϕ(g)
N−1

∑
n=−Ncpa

(
g

∏
m=1

bI(m)
n r(t− nTs) +

g

∏
m=1

bQ(m)
n r(t− nTs − To)

)
. (3.71)

Now, every xg(t) component can be regarded as an OQPSK signal, which in fact has
constant or quasi-constant envelope, allowing highly efficient nonlinear amplification. The
main problem with this scheme is that G balanced power amplifiers are needed (Fig. 2.9).

3.6.2 Performance Results

This section presents a set of performance results concerning the impact of unbalanced
transmitter power amplifiers with different gains and phases. The transmitted symbols are
selected from a 16-OQAM signal constellation, that can be decomposed into two OQPSK
signals, more specifically, MSK signals due to the pulse selection. For the iterative receiver
we assumed four iterations and blocks of N = 256 data symbols. Two scenarios were
approached: when the power amplifier G2 (fig. 2.9) has a phase deviation (∆θ), and when
it has a gain deviation (∆G2). Mathematically these deviations can be expressed as

x(t)16OQAM = ∆G2ej∆θ x1(t) + x2(t), (3.72)

with x1(t), by definition, being the signal with highest amplitude. As an example we
considered a severely time dispersive propagation channel characterized by the power
delay profile type C for High Performance Local Area Lan [ETS98], with uncorrelated
Rayleigh fading in different taps (similar results were observed for other severely time-
dispersive channels with rich multi-path propagation). The duration of the useful part of
the data block (N symbols) is 4µs. It is also assumed perfect synchronization and channel
estimation.

In Figure 3.13 and 3.14 are shown the BER for two different values of Eb/N0: 14dB
(red) and 18dB (blue). It can be seen how the performance decreases with the unbalance
between the amplifiers, either Figure 3.13 for the phase deviation or Figure 3.14 for the
gain deviation. It is clear that a phase or gain deviation higher than 0.15 will greatly hinder
the success of the transmission.

In Figure 3.15 it is shown the BER versus Eb/N0 for three different values of ∆θ: 0
(perfectly balanced amplifiers), 0.1 and 0.2 rad, and Figure 3.16 shows the BER versus
Eb/N0 for three different values of ∆G2: 1 (perfectly balanced amplifiers), 1.1, and 1, 2. As
we can see, this receiver performs well even for strong levels of amplifier unbalance.

3.7 Computational Complexity

3.7.1 Linear method

The computational complexity per data block of the equalizer structures resumes to a pair
of FFT/IFFT, whose complexity is of the order 2JN log2(JN), plus JN multiplications by
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Figure 3.13: BER performance versus ∆θ for the four iteration with an Eb/N0 of 14 and
18dB.

the Fk coefficients and N additions of J replicas. Therefore, the overall FDE complexity is

O(JN log(JN)) + O(JN) ∝ O(JN log(JN)). (3.73)

This means that the receiver runs in quasi-linear time [Nai+94]. The overall complexity
per data symbol is O(J log(JN)).

The complexity required to obtain the Fk is O(JN)

3.7.2 Iterative method

For the iterative method we need a pair of FFT/IFFT, with complexity of the order
2JN log2(JN), plus 2JN multiplications (JN for the Fk and JN for the Bk), for each iteration.
We also need to perform the I-Q cancellation (JN operations) for each iteration. If the
receiver has NI iterations, the overall receiver complexity is O(NI JN log(JN)) and the
complexity per detected symbol is O(NI J log(JN)).

For each iteration, the complexity required to obtain the Fk and Bk is O(JN)

3.8 Conclusions and Final Remarks

In this chapter we considered frequency domain receiver designs for OQPSK and OQAM
schemes. It was shown that conventional non-offset receivers are not suitable for offset
schemes since they lead to significant interference between in-phase and quadrature
components. These effects can be especially serious for OQAM schemes. To overcome this
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Figure 3.14: BER performance versus ∆G2 for the four iteration with an Eb/N0 of 14 and
18dB.

problem we proposed FDE designs that mitigate IQI at the sampling instants, as well as
iterative FDE schemes with IQI cancellation. It was shown that our receivers are suitable
to these schemes and are able to cope with IQI.

Our receivers significantly outperform FDE receivers designed for QPSK modulations.
It was also demonstrated that the linear designs significantly outperform the linear FDE
for non-offset modulations. Moreover, the iterative FDE can have performances close to
the MFB, as it can be seen from the performance results.

It should be pointed out that the complexity of the different linear or iterative FDE
receiver designs, proposed in this chapter, is not significantly higher than the complexity
of the corresponding linear or iterative FDE receivers for conventional, non-offset modula-
tions. For the linear receivers we need a few additional operations to obtain the Lagrange
multipliers required for the computation of the FDE coefficients, but the FDE receiver
complexity is identical. For the iterative receiver the FDE coefficients are the same; we
only need to include the IQI removal block for each iteration.
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Figure 3.15: BER performance versus Eb/N0 for ∆θ = 0, 0.1 and 0.2 rad.
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Figure 3.16: BER performance versus Eb/N0 for ∆G2 = 1, 1.1 and 1.2.
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4
PRAGMATIC RECEIVER DESIGNS FOR OFFSET

MODULATIONS

4.1 Introduction

Offset signals designed to have reduced envelope fluctuations allow high amplification
efficiency. When combined with SC-FDE schemes, they become excellent candidates for
broadband wireless systems with severe power constraints. However, the performance
of these modulations with conventional FDE receivers is sub-par, even for receivers
specifically designed for offset modulations. This is especially serious when large offset
QAM constellations are used. In this chapter we consider SC-FDE schemes combined with
offset modulations and study the reason behind the poor performance of conventional
FDE implementations. We also present pragmatic FDE receivers for offset modulations
that have low complexity and excellent performance.

To achieve a low cost and highly efficient power amplification we should employ
grossly nonlinear power amplifiers. These amplifiers are only recommendable for signals
with constant or quasi-constant envelope. As referred before offset modulations are par-
ticularly interesting in this context because both the envelope fluctuations and dynamic
range of the transmitted signals are typically much lower than those of their corresponding
non-offset signals. However, this is achieved at the expense of bandwidths wider than the
minimum Nyquist band. Modulations like MSK [GM76], GMSK and other CPM schemes
[Sun95] can be decomposed as the sum of OQPSK components [Ga+97], and we can design
OQPSK-type signals with good trade-offs between power efficiency, spectral efficiency
and reduced envelope fluctuations [DGa95; Mon06]. Offset modulations based on larger
constellations such as OQAM [MG99], while having much higher envelope fluctuations,
can also be written as a sum of OQPSK components with very low envelope fluctuations.
These components can then be separately amplified, without added distortion, by several
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grossly nonlinear amplifiers [Luz+11], allowing efficient power amplification.

SC-FDE schemes [Sar+94a] are excellent candidates for the uplink of broadband wire-
less systems where MTs have strict power constraints. In fact, the achievable performance
and and overall signal processing complexity are similar to OFDM systems, but the trans-
mitted signals have much lower envelope fluctuations and the signal processing load is
shifted to the receiver (the BS in the uplink case). The performance can be further improved
when SC-FDE schemes are combined with efficient nonlinear equalization techniques
[BT02b]. However, when conventional FDE receivers (designed for non-offset modula-
tions) are employed with offset modulations, the performance is very poor due to the
residual interference between the in-phase and quadrature components at the sampling in-
stants [Din+10b]. For this reason, FDE receivers specially designed for offset modulations
were proposed in [Din+10b]. The basic idea behind these schemes is to design the FDE in
such a way that the overall impulse response at its output (including the channel and trans-
mit and receive filters) becomes real, avoiding IQI. Since these schemes can have very high
residual ISI, modified FDE receivers were proposed in [Luz+10b] that minimize the overall
residual ISI plus IQI levels, allowing an improved performance. Unfortunately, even the
best FDE receivers for offset modulations have a somewhat disappointing performance
when large offset constellations are employed [Luz+10a].

Contrary to what could be expected, the performance of offset modulations with con-
ventional FDE receivers improves when we employ raised-cosine pulses with close to zero
roll-off (i.e. with the minimum Nyquist bandwidth) [Luz+12a]. In this chapter, we take
advantage of this particular property to define pragmatic FDE receivers for offset modula-
tions that can take full advantage of the multi-path diversity. To decrease the complexity
of the feedback loop, the oversampling and offset procedures are treated separately from
the equalization process in a special block pair. The proposed FDE schemes can equalize
oversampled and non-oversampled, offset and non-offset signals alike, allowing good
performance, even for high order constellations.

This chapter is organized as follows: section 4.2 explains both QAM and OQAM signals
and their respective oversampling. Section 4.3 describes several linear receiver designs for
offset modulations. A set of performance results is shown in section 4.4. Section 4.5 shows
the designs’ adaptation to iterative receivers and devises a less complex iterative method.
A series of simulations were conducted to evaluate the performance of the proposed
iterative receivers. The corresponding BER performance results are then presented in
section 4.6. A complexity analysis is made in section 4.7 and section 4.8 gives the final
remarks for this chapter.

4.2 Offset QAM Signals

Let us consider an SC-FDE scheme where the data is transmitted in blocks of N symbols
with a suitable cyclic prefix of Ncp samples appended to the beginning of each block. The
data block to be transmitted is {an; n = 0, 1, ..., N− 1}, where an = aI

n + jaQ
n′ is the nth data
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symbol, aI
n for the in-phase component and aQ

n for the quadrature component. The data
bits of an M2-OQAM constellation with no zero crossings and low envelope fluctuations
with a general grey mapping can be described as,

aI
n =

G

∑
g=1

ϕ(g)
g

∏
m=1

bI(m)
n , (4.1)

for the in-phase component and

aQ
n =

G

∑
g=1

ϕ(g)
g

∏
m=1

bQ(m)
n , (4.2)

for the quadrature component, where bI(m)
n = ±1 and bQ(m)

n = ±1 are the m’s in-phase
and quadrature sent data bits [Din+10a; Din+10c],

G = log2(M), (4.3)

and {ϕ(g); g = 1, ..., G} is the resolution block (ϕ(1) is the highest order resolution bit and
ϕ(G) the lowest). For uniform constellations, ϕ(g) = 2G−g. This implies that the values
associated to aI

n and aQ
n for an 4-OQAM constellation are ±1, for 16-OQAM ±1 and ±3,

for 64-OQAM ±1, ±3, ±5, and ±7 and so forth.
Assuming that the complex envelope of the transmitted signal is

x(t) =
N−1

∑
n=−Ncp

aI
n r(t− nTs) + jaQ

n r(t− nTs − To), (4.4)

where r(t) is the adopted pulse shape, Ts is the sampling time, To = Tsφ is the time
offset between both I and Q components, usually with φ = 0.5, and Ncp is the length
of the cyclic prefix required for an efficient FDE implementation [Fal+02]. The block
{an; n = 0, 1, ..., N− 1} is periodic with period N. Therefore, the cyclic prefix is a repetition
of the last Ncp data symbols of the data block, a−n = aN−n.

At the receiver side, if the received block is sampled at Ts/J rate, with J ∈N samples
per symbol, the samples associated to the useful part of the block, without cyclic prefix,
will be {x(J)

n ; n = 0, 1, . . . , JN − 1}, with x(J)
n

∆
= x(n Ts/J)1. Since x(t) is cyclostationary

[Gar91], E [x(t)x(t− τ)] is periodic in t, with period Ts for non-offset modulations, and
Ts/2 for offset modulations.

The frequency-domain block associated to {x(J)
n ; n = 0, 1, . . . , JN − 1}, can be defined

as {X(J)
k ; k = 0, 1, . . . , JN − 1}, and

X(J)
k = A(J)

k R(J)
k , (4.5)

where
{

R(J)
k ; k = 0, 1, . . . , JN − 1

}
= DFT

{
r(J)

n
∆
= r(n Ts/J); n = 0, 1, . . . , JN−1

}
, (4.6)

1 J is assumed to be large enough to avoid aliasing effects.
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and {
A(J)

k ; k = 0, 1, . . . , JN − 1
}
= DFT

{
a(J)

n ; n = 0, 1, . . . , JN−1
}

, (4.7)

as the oversampled data symbols. The relation of the oversampled data symbols to the reg-
ular data symbol block is distinct, whether we consider offset or non-offset modulations.

4.2.1 Non-offset Modulations

If we consider a non-offset modulation (φ = 0), the relation of the oversampled data
symbols to the regular data symbol block, as we can see in Fig. 4.1, is

a(J)
n =

{
an′ , n = Jn′

0 , otherwise
, (4.8)

with n = 0, 1, . . . , JN − 1 and n′ = 0, 1, ..., N − 1. In the frequency domain, the correspon-
dent oversampled data symbol block is

A(J)
k = Ak mod N , (4.9)

with x mod y as the remainder of division of x by y. The process to obtain the regular data

I
Q

n

aQ
nan aI

n

n

Q

n

I

I
Q

J

J = 4
N = 4

J J J

Offset modulation

Non-offset modulation

J J J J

Figure 4.1: Data symbols’ oversampling (regular data symbols in the left, oversampled
data symbols in the right).

symbols from an non-offset oversampled frequency data block is

{
an; n = 0, 1, . . . , N − 1

}
= IDFT

{
J−1

∑
q=0

A(J)
k+qN ; k = 0, 1, . . . , N − 1

}
(4.10)
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This means that an implicit multiplicity exists in the frequency-domain block when the
adopted pulse shape has a bandwidth higher than the Nyquist band2 [Oba+09]. Therefore,
the frequency-domain sample Ak, can be repeated in several X(J)

k samples, separated by
multiples of N, as shown in Figure 4.2.

AI
k

−AQ
k Θk

AI
kAI

kAI
k

−AQ
k ΘkAQ

k ΘkAQ
k Θk

N
JN

AI
kAI

kAI
kAI

k

AQ
k AQ

k AQ
k AQ

kAI
k

AQ
k

N

Offset modulation

Non-offset modulation

Figure 4.2: Frequency data symbols block oversampling (regular data symbols in the left,
oversampled data symbols in the right).

4.2.2 Offset Modulations

On the other hand, in offset modulations (usually with φ = 0.5 or To = Ts/2) the relation
of the oversampled data symbols to the regular data symbol block is

a(J)
n =





aI
n′ , n = Jn′

j aQ
n′ , n = Jn′ + Jφ

0 , otherwise

, (4.11)

where the symbol from in-phase component appears separated from the quadrature
component, as depicted in Fig. 4.1. Furthermore, the oversampling procedure needs J as a
multiple of 1/φ and can be represented in the frequency domain as

A(J)
k = AI

k mod N + AQ
k mod NΘk, (4.12)

where {
AI

k; k = 0, 1, . . . , N − 1
}
= DFT

{
aI

n; n = 0, 1, . . . , N − 1
}

(4.13)

and {
AQ

k ; k = 0, 1, . . . , N − 1
}
= DFT

{
aQ

n ; n = 0, 1, . . . , N − 1
}

. (4.14)

2Rk is not restricted to N non-zero samples.
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The correspondent frequency domain phase deviation, from the quadrature component
relatively to the in-phase component, can be described as

Θk = j exp
(
− j2πφk

N

)
. (4.15)

In regular offset modulations, where φ = 0.5, there is a key difference when compared
with non-offset modulation: Θk+N = −Θk. Therefore a sign shift occurs every N samples
(see Fig. 4.2). To obtain the regular data symbols from an oversampled frequency data
block taking into account the implicit multiplicity, we need to process the oversampled
frequency domain data symbols by performing undersampling,

Ak =
1
J

J−1

∑
q=0

A(J)
k+qN + j

1
J

J−1

∑
q=0

A(J)
k+qN

Θk+qN
, (4.16)

followed by the usual Inverse Discrete Fourier Transform (IDFT)

{
an; n = 0, 1, . . . , N − 1

}
= IDFT

{
Ak; k = 0, 1, . . . , N − 1

}
. (4.17)

4.3 Linear FDE Design for OQAM

In FDE, the received signal is sampled at J/Ts rate (oversampling the signal at rate J), the
cyclic prefix is removed and the resulting block {y(J)

n ; n = 0, 1, . . . , JN − 1} is transformed
into the frequency domain, leading to the block {Y(J)

k ; k = 0, 1, . . . , JN − 1}. If the cyclic
prefix is longer than the overall channel impulse response length then

Y(J)
k = A(J)

k H(J)
k + N(J)

k , (4.18)

where N(J)
k is the corresponding noise component and

H(J)
k = H̆(J)

k R(J)
k (4.19)

is the overall channel impulse response associated to the kth subcarrier, which includes
the adopted pulse shape R(J)

k and the channel impulse response H̆(J)
k , as shown in Fig. 4.3.

From Fig. 4.4 it is clear that the inherent time offset To produces high level interference
between both I and Q components of OQAM signals. Since the I and Q symbols are
associated to the real and imaginary parts of the transmitted signals, there is no interference
between the I and Q components at the sampling instants, when the adopted pulse shape
is real. However, it is not enough to employ a real-valued pulse shape r(t), because the
channel can make the equivalent pulse shape at the receiver3

p(t) = r(t) ∗ h(t) ∗ f (t), (4.20)

3h(t) is the channel impulse response, f (t) the corresponding feedforward equalization filter and ∗
denotes the convolution operator.
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Figure 4.3: Overall channel impulse response (H(J)
k ), channel impulse response (H̆(J)

k ) and

adopted pulse shape (R(J)
k ) for N = 64 and J = 8.

complex-valued, where the received symbols after the feedforward filter become

∑
n

aI
n p(t− nTs) + j ∑

n
aQ

n p(t− nTs− To). (4.21)

This is the case of typical time-dispersive multi-path channels such as the ones inherent to
broadband wireless systems.

Fig. 4.5 represents the equalization process for a linear FDE that can be expressed as

Ã(J)
k = F(J)

k Y(J)
k , (4.22)

where {F(J)
k ; k = 0, ..., JN − 1} are the feedforward coefficients, responsible for the perfor-

mance of the linear FDE that will be discussed in the following subsections. Finally, to
obtain the corresponding time domain data symbols’ estimate ãn′ , it is necessary to remove
the oversampling and the offset from Ã(J)

k (4.16), and apply the IDFT to the resulting Ãk

(4.17).

4.3.1 Conventional FDE

The conventional linear FDE for non-offset modulations taking into account oversampled
signals under the MMSE criteria is characterized by the following feedforward coefficients
[Ga+03]:

F(J)
k =

κ H(J)
k

∗

α + ∑J−1
q=0

∣∣∣H(J)
(k mod N)+qN

∣∣∣
2 , (4.23)

with α denoting the inverse of the SNR and κ selected to ensure

1
JN

JN−1

∑
q=0

F(J)
k H(J)

k = 1. (4.24)
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Figure 4.4: BER performance for QPSK and OQPSK with conventional FDE.

4.3.2 Interference minimization FDE

It was demonstrated in [Din+10b] that conventional MMSE FDE for non-offset modu-
lations had very poor performance under offset scenarios. In chapter 3 we presented a
solution using feedforward coefficient values that minimize both IQI and ISI under the
MMSE criteria

F(J)
k =





κ(1−λ
clip
k′ )H(J)∗

k

α+∑
(k mod N)∈

(
Ψ(1)

k′ ∪ Ψ(3)
k′
)
∣∣∣H(J)

k

∣∣∣
2 , k ∈ Ψ(1)

k′

κ(1+λ
clip
k′ )H(J)∗

k

α+∑
(k mod N)∈

(
Ψ(1)

k′ ∪ Ψ(3)
k′
)
∣∣∣H(J)

k

∣∣∣
2 , k ∈ Ψ(3)

k′

κ(1−λ
clip
k′ )H(J)∗

k

α+∑
(k mod N)∈

(
Ψ(2)

k′ ∪ Ψ(4)
k′
)
∣∣∣H(J)

k

∣∣∣
2 , k ∈ Ψ(2)

k′

κ(1+λ
clip
k′ )H(J)∗

k

α+∑
(k mod N)∈

(
Ψ(2)

k′ ∪ Ψ(4)
k′
)
∣∣∣H(J)

k

∣∣∣
2 , k ∈ Ψ(4)

k′

, (4.25)

with k′ = 0, 1, . . . , N − 1 and

λ
clip
k′ =

{
λk′ , |λk′ | < 0.5

λk′
|λk′ |

0.5 , |λk′ | > 0.5
, (4.26)
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where

λk′=

(
Z−
(1,2)

) (
α + Z+

(3,4)

)
+
(

Z−
(3,4)

) (
α + Z+

(1,2)

)

(
Z+
(1,2)

) (
α + Z+

(3,4)

)
+
(

Z+
(3,4)

) (
α + Z+

(1,2)

) , (4.27)

with

Z−
(i,j) = ∑

k∈Ψ(i)
k′

∣∣∣H(J)
k

∣∣∣
2
− ∑

k∈Ψ(j)
k′

∣∣∣H(J)
k

∣∣∣
2

, (4.28)

Z+
(i,j) = ∑

k∈Ψ(i)
k′

∣∣∣H(J)
k

∣∣∣
2
+ ∑

k∈Ψ(j)
k′

∣∣∣H(J)
k

∣∣∣
2

, (4.29)

and

Ψ(1)
k′ =

{
k′ + q2N; q = 0, 1, ..., J/2− 1

}
, (4.30)

Ψ(2)
k′ =

{
N − k′ + q2N; q = 0, 1, ..., J/2− 1

}
, (4.31)

Ψ(3)
k′ =

{
N + k′ + q2N; q = 0, 1, ..., J/2− 1

}
, (4.32)

Ψ(4)
k′ =

{
2N − k′ + q2N; q = 0, 1, ..., J/2− 1

}
. (4.33)

This method was shown to have significantly better performance over the conventional
MMSE FDE [Luz+10b].

Feedforward 
Equalization IFFT DetectionUndersampling

banean
eAkY

(J)
k

eA(J)
k

Figure 4.5: Linear frequency domain equalization.

4.3.3 Minimum-band FDE

The motivation for this method started with the BER performance comparison between
raised cosine support pulses with different roll-off factors. From the observation of the
right side of Fig. 4.6, it is possible to conclude that using the conventional linear FDE
equalization, characterized by (4.23), with an extremely selective channel impulse response,
the best performance is only achieved by raised cosine support pulses with a null roll-off
factor. From Fig. 4.6 we can perceive that the IQI levels are lower when the support pulse
bandwidth shrinks.

Therefore we can define, a very simple FDE where the received signal is filtered to
remove all frequency multiplicity, leaving only the N sample signal (Φ) that has the highest
power at the transmitter (see Fig. 4.7) [Luz+12a]. Mathematically, this operation can be
expressed as

H(MB)(J)
k =

{
H(J)

k , k ∈ Φ
0 , otherwise

. (4.34)
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Figure 4.6: Frequency spectrum of raised cosine support pulse (left) and BER performance
vs. Eb/N0 for conventional FDE using raised cosine support pulses (right), for different β
(roll-off) factors.

Further on, the equalizer coefficients are obtained by the traditional MMSE criteria,

F(J)
k =

κ
(

H(MB)(J)
k

)∗

α +
∣∣∣H(MB)(J)

k

∣∣∣
2 , (4.35)

but take into account the filtered channel response H(MB)(J)
k , instead of the overall channel

impulse response H(J)
k . However, there is a drawback in this method, since it neglects all

the power sent by the transmitter outside of the filtered region and therefore, all of the
signals’ diversity. In fact, the total power loss, considering an MSK support pulse is

∑JN−1
k=0

∣∣∣R(MB)(J)
k

∣∣∣
2

∑JN−1
k=0

∣∣∣R(J)
k

∣∣∣
2 ≈ −1.5dB, (4.36)

with

R(MB)(J)
k =

{
R(J)

k , k ∈ Φ
0 , otherwise

. (4.37)

Therefore, this method starts off hindered, compared to the other ones.

4.3.4 Full-band FDE

This method implements a pragmatic equalization algorithm that uses the full band of the
oversampled received signal already represented in Fig. 4.2. The transmitted signal given
by (4.5) is divided in two parts: the data symbols A(J)

k and the support pulse R(J)
k . Since

the support pulse has a fixed given value, the receiver will be able to know a priori, its
value without any kind of estimation.
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Figure 4.7: Frequency spectrum of H(J)
k , H(MB)(J)

k (up) and R(J)
k , R(MB)(J)

k (down) for an
MSK support pulse.

For the sake of simplicity, let us assume that the support pulse r(t) is selected to ensure
that the output of the matched filter, i.e. r(t) ∗ r∗(−t), fulfills the first Nyquist criterion.
Therefore, there is neither ISI nor IQI at the time-domain symbol sampling associated to

the signal A(J)
k

∣∣∣R(J)
k

∣∣∣
2

since the time-domain samples associated to
∣∣∣R(J)

k

∣∣∣
2

are, in fact, real.
The same would remain true if a ZF equalizer (i.e., Fk = 1/Hk) was to be employed at the
receiver before the equivalent matched filter operation4. Since a ZF is not recommendable
in SC-FDE communication due to noise enhancement effects, we can employ a “full-band"
MMSE equalizer to invert channel effects. The feedforward coefficients values for this
equalization are

F(J)
k = κ E(J)

k R(J)∗

k , (4.38)

with

E(J)
k =

H̆(J)∗

k

α +
∣∣∣H̆(J)

k

∣∣∣
2 (4.39)

as the MMSE equalizer.
In this way, for a high enough SNR (α→ 0), when Ek is applied to H̆(J)

k , the result will
be

1
JN

JN−1

∑
k=0

E(J)
k H̆(J)

k ≈ 1. (4.40)

4In the frequency domain, the matched filter can be regarded as multiplying the “full-band" signal

samples (i.e. the samples associated to the oversampled received) by R(J)
k

∗
.
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Therefore, when the values for the feedforward coefficients F(J)
k are applied to H(J)

k ,

F(J)
k H(J)

k =

(
H̆(J)∗

k

α+
∣∣∣H̆(J)

k

∣∣∣
2 R(J)∗

k

)(
H̆(J)

k R(J)
k

)
≈
∣∣∣R(J)

k

∣∣∣
2

, (4.41)

and

F(J)
k Y(J)

k ≈ A(J)
k

∣∣∣R(J)
k

∣∣∣
2

, (4.42)

mitigating both ISI and IQI.

4.4 Performance Results for Linear Equalization

In this section we present a set of performance results concerning linear receivers for
16-OQAM and 64-OQAM signal constellations with blocks of N = 256 data symbols and
an MSK support pulse. We considered severely time dispersive propagation channels,
with uncorrelated Rayleigh fading in different taps. The duration of the useful part of
the data block (N symbols) is 4µs and perfect synchronization and channel estimation
is assumed. Oversampled and non oversampled regular modulations (16-QAM and 64-
QAM) with linear conventional FDE were added to the results for comparison purposes.
Fig. 4.8 presents the BER performance of these three methods against the conventional
FDE and the MFB for a 16-OQAM constellation. The MFB can be defined as

PMFB

(
Eb

N0

)
=

2
log2(M)

(
1− 1

M

)
· Q




√√√√√√
6 log2(M)

(M2 − 1)
· Eb

N0
·

∑k

∣∣∣H(J)
k

∣∣∣
2

∑k

∣∣∣R(J)
k

∣∣∣
2


 , (4.43)

where Eb denotes the average bit energy and N0 the one-sided power spectral length of
the channel noise.

From these results we can verify that all the methods achieve better performance than
the conventional FDE except the minimum-band method for Eb/N0 values below 10 dB
(mainly due to the specific 1.5 dB power loss of the method). Nevertheless, for Eb/N0 > 20
dB, this method surpasses the interference minimization method, becoming the second
best. It’s clear that the method with the best performance is the full-band FDE, reaching
the lowest BER for any given Eb/N0 value. This behavior becomes more obvious when
the constellation order is increased, as we can see from the comparison of Fig. 4.9 with
Fig. 4.8. Due to the high interference values of 64-OQAM constellation, conventional and
IQI-free methods have increasingly reduced performance. In higher order constellations,
the advantage of the minimum-band and full-band FDE is more distinct, with the latter
still acquiring the best performance result of all the methods. When compared to non-offset
modulations, the full-band FDE has better performance than non-oversampled 16-QAM
and 64-QAM but falls behind the oversampled 16-QAM and 64-QAM results.
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Figure 4.8: BER performance versus Eb/N0 for a 16-OQAM constellation.

4.5 Iterative FDE design

4.5.1 Iterative FDE with IQI cancellation

Further improvements over the performance of linear equalization can be obtained
through iterative equalization. The objective of the iterative receiver of [Luz+12b], whose
structure is depicted in Fig. 4.10, is to mitigate the residual ISI from the feedforward
equalization, and at the same time cancel the IQI by removing the signal’s quadrature
component from the in-phase detection and vice versa. This method can be regarded as

ÃI
k =

J/2−1

∑
q=0

[
F(J)

k+qN

(
Y(J)

k+qN −YQ(J)

k+qN

)
− B(J)

k+qN AI(J)

k+qN

]
(4.44)

for the in-phase component and

ÃQ
k =

J/2−1

∑
q=0

[
F(J)

k+qN

(
Y(J)

k+qN −Y I(J)

k+qN

)
− B(J)

k+qN AQ(J)

k+qN

]
(4.45)

for the quadrature component, with {B(J)
k ; k = 0, 1, . . . , JN − 1} as the feedback equaliza-

tion coefficients and where {k = 0, . . . , 2N − 1}. For the in-phase block,
{

ÃI
k; k = 0, . . . , 2N − 1

}
= DFT

{
ãI

n; n = 0, . . . , 2N − 1
}

(4.46)
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Figure 4.9: BER performance versus Eb/N0 for a 64-OQAM constellation.

only the even data bits are relevant, whereas for the quadrature block

{
ÃQ

k ; k = 0, . . . , 2N − 1
}
= DFT

{
ãQ

n ; n = 0, . . . , 2N − 1
}

(4.47)

only the odd data bits are relevant for detection.

The first iteration of this method is, in fact, a linear equalization, where Ak are non
existent and ρ = 0. Therefore, we can use any linear method (namely those from subsection
4.3.1, 4.3.2, 4.3.3 and 4.3.4) as the first iteration of the IB-DFE. For all the following iterations,
the values of the feedforward and feedback coefficients are calculated in the following
way:

F(J)
k =

κH(J)∗
k

α + (1− ρ2)∑J−1
q=0

∣∣∣H(J)
(k mod N)+qN

∣∣∣
2 , (4.48)

B(J)
k = F(J)

k H(J)
k − 1, (4.49)

with the feedback data reliability, ρ, defined by (4.62). The overall average received
frequency values for the in-phase and quadrature that cancel IQI through the successive
iterations are

Y I(J)
k = H(J)

k AI(J)
k (4.50)
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Figure 4.10: Regular Iterative Receiver Structure.

for the in-phase component and

YQ(J)
k = H(J)

k Θk AQ(J)
k (4.51)

for the quadrature component, where AI(J)
k and AQ(J)

k are the oversampled frequency
domain data bits for the in-phase and quadrature component, respectively, defined in
section 4.5.3.

4.5.2 Proposed Iterative Receiver

The complexity of the previous iterative receiver, with different equalization for each
signal component, was significant. To reduce its complexity, we combine the feedback
data symbols in such a way that there is no need to separately equalize the in-phase and
quadrature components of the received signal. The structure of this new iterative receiver
is depicted in Fig. 4.11, and the FDE’s output for a given iteration can be defined as

Ã(J)
k = F(J)

k Y(J)
k − B(J)

k A(J)
k . (4.52)

Note that the feedback data bits are more precise due to soft bit decisions (explained in
the next subsection) [Ben+10]. After applying the undersample (4.16) and IDFT (4.17) we
obtain the non-offset estimated data bits ãn. The values of B(J)

k are given by (4.49) and F(J)
k

can either by obtained by (4.48) or by a slightly different version of (4.38), the Full-Band
FDE, that takes into account the feedback data reliability

F(J)
k =

κH̆(J)∗

k R(J)
k

∗

α + (1− ρ2)
∣∣∣H̆(J)

k

∣∣∣
2 . (4.53)
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4.5.3 Feedback Data Symbols

Considering the general M2-QAM mapping in (4.1) and (4.2), and assuming uncorrelated
bits due to the usage of a suitable interleaver, we can obtain {AI(J)

k ; k = 0, . . . , JN − 1}
and {AQ(J)

k ; k = 0, . . . , JN − 1} (for the Iterative FDE design of section 4.5.1) from {aI
n; k =

0, . . . , JN− 1} and {aQ
n ; k = 0, . . . , JN− 1}, by using (4.8) and applying the DFT. To obtain

{A(J)
k ; k = 0, . . . , JN − 1} we apply (4.8) and the DFT in the same way, but with

an = aI
n + j aQ

n , (4.54)

where

aI
n =

G

∑
g=1

ϕ(g)
g

∏
m=1

b
I(m)
n , (4.55)

and

aQ
n =

G

∑
g=1

ϕ(g)
g

∏
m=1

b
Q(m)
n . (4.56)

To obtain an, the average symbol values conditioned to the FDE output [Din+10a; Din+10c],
we need to compute the average bit values conditioned to the FDE output, i.e. b

I(m)
n and

b
Q(m)
n . The mth bit of the nth transmitted symbol component can be obtained by

b
I(m)
n = tanh

(
ΛI(m)

n

2

)
(4.57)

for the in-phase component and

b
Q(m)
n = tanh

(
ΛQ(m)

n

2

)
(4.58)

for the quadrature component. The log-likelihood ratio of the mth bit of the nth transmitted
symbol component, ΛI(m)

n for the in-phase component and ΛQ(m)
n for the quadrature

component, are given by

ΛI(m)
n = log




∑aI∈Φ(m)
1

exp
(
−|ã

I
n−aI |2
2σ2

N

)

∑aI∈Φ(m)
−1

exp
(
− |ãI

n−aI |2
2σ2

N

)


 , (4.59)
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and

ΛQ(m)
n = log




∑aQ∈Φ(m)
1

exp
(
−|ã

Q
n −aQ|2
2σ2

N

)

∑aQ∈Φ(m)
−1

exp
(
−|ã

Q
n −aQ|2
2σ2

N

)


 , (4.60)

where Φ(m)
1 and Φ(m)

−1 are the constellation’s subsets associated to the symbols with the
mth bit at 1 or −1, respectively [Din+10a]. The estimated data bits values ãI

n and ãQ
n are

obtained by (4.52), after applying the undersample and IFFT operations characterized by
(4.16) and (4.17). σ2

N denotes the variance of the real and imaginary part of the overall
noise (plus residual ISI and IQI) at the FDE output. In practice it can be estimated by

σ2
N =

1
2N

N−1

∑
n=0

E[|ãn − an|2] ≈
1

2N

N−1

∑
n=0

E[|ãn − an|2]. (4.61)

Finally, the reliability of the estimated average data symbols’ soft decision an, to be
used in the feedback loop, taking into account the use of a general M2-OQAM mapping in
(4.1) and (4.2), are obtained by

ρ =
E [ana∗n]

E
[
|an|2

] ≈ (4.62)

≈ 1
2N

N−1

∑
n=0

G

∑
g=1

∣∣∣2ϕ(g)
∏

g
m=1

(
ρ

I(m)
n

)∣∣∣
2ϕ(g) +

+
1

2N

N−1

∑
n=0

G

∑
g=1

∣∣∣2ϕ(g)
∏

g
m=1

(
ρ

Q(m)
n

)∣∣∣
2ϕ(g) ,

with ρ
I(m)
n and ρ

Q(m)
n as the reliability of the estimated in-phase and quadrature data given

by

ρ
I(m)
n = tanh

(
|ΛI(m)

n |
2

)
(4.63)

and

ρ
Q(m)
n = tanh

(
|ΛQ(m)

n |
2

)
. (4.64)

4.6 Performance Results for Iterative Equalization

In this section we present a set of performance results concerning iterative receivers for
16-OQAM, uniform 64-OQAM and non-uniform 64-OQAM signal constellations. The
assumptions are the same from the linear receivers’ performance results. Oversampled
non-offset modulations (16-QAM and 64-QAM) with linear conventional FDE were added
to the results for comparison purposes. In this case (Fig. 4.12), with the proposed receiver
and four iterations, all the methods obtain similar performance results, except for the
conventional FDE. This means that the proposed iterative receiver has substantial interfer-
ence cancellation power, with performance results close to the MFB for all the other three
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methods. Nevertheless, when we increase the constellation order to 64-OQAM (Fig. 4.13),
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Figure 4.12: BER performance versus Eb/N0 for 16-OQAM constellation for 4 iterations.

both the conventional and interference minimization methods reach a BER floor of 10−2

and 10−3, respectively, due to being unable to mitigate all of the 64-OQAM interference.
Only the minimum and full-band FDE are able to cope with the interference sensitivity of
a 64-OQAM signal constellation, with the full-band maintaining the closest results to the
MFB, and similar to that of a conventional iterative FDE for an oversampled non-offset
modulation ( this remains valid even for the case of a 64-OQAM constellation with a
severely time dispersive propagation channel).

If we increase the overall SIR, by using a non-uniform 64-OQAM constellation, with
High Protected Bits (HPBs) ϕ(3) = 4, Medium Protected Bits (MPBs) ϕ(2) = 1 and Low
Protected Bitss (LPBs) ϕ(1) = 1/4 (see Fig. 4.14), the results show that for linear receivers
there is a significant performance difference between the full-band and min-band FDE,
with the former having always higher rates. On the other hand, for the iterative receivers,
only the least protected bits of the full-band FDE have significantly higher performance
than for the min-band FDE. In the higher protected bits, while full-band FDE outperforms
min-band FDE in all simulated results, the performance of both methods is similar. The
conventional FDE and interference minimization FDE methods were unable to mitigate
the high levels of SIR, making data transmission unfeasible.

74



4.7. COMPUTATIONAL COMPLEXITY

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
10

−4

10
−3

10
−2

10
−1

10
0

E
b
/N

0
(dB)

B
E
R

64−OQAM

Oversampled 64−QAM
Iterative FDE: Conventional
Iterative FDE: Interference Min.
Iterative FDE: Minimum−band
Iterative FDE: Full−band
MFB

Figure 4.13: BER performance versus Eb/N0 for 64-OQAM constellation for 4 iterations.

4.7 Computational Complexity

The receiver complexity is mainly a function of the oversampling factor and the number
of iterations, for both offset and non-offset modulations. In fact, for a given oversampling
factor and number of FDE iterations, the receiver complexity is similar with both modula-
tions since the number of FFT operations are similar. When we employ Nyquist filtering
with zero or near zero roll-off factor (i.e., we have minimum bandwidth), the oversampling
is not an issue and the resulting complexity for either modulation is also similar. However,
for a signal with wider bandwidth, it is recommendable to employ oversampling to take
full advantage of its diversity effects.

The computational complexity per data block of the equalizer structures resumes to a
pair of FFT/IFFT, whose complexity is of the order 2JN log2(JN), plus JN multiplications
by the Fk coefficients and N additions of J replicas. Therefore, the overall FDE complexity
is

O(JN log(JN)) + O(JN) ∝ O(JN log(JN)). (4.65)

The overall complexity per data symbol is O(J log(JN)) and the complexity required to
obtain the Fk is O(JN)

For the iterative method we need a pair of FFT/IFFT, with complexity of the order
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Figure 4.14: BER performance versus Eb/N0 for Non-uniform 64-OQAM constellation
(4;1;1/4) for linear and iterative (4 iterations) equalization.

2JN log2(JN), plus 2JN multiplications (JN for the Fk and JN for the Bk), for each iteration.
If the receiver has I iterations, the overall receiver complexity is O(I JN log(JN)) and
the complexity per detected symbol is O(I J log(JN)). For each iteration, the complexity
required to obtain the Fk and Bk is also O(JN).

4.8 Conclusions

In this chapter we considered the use of offset modulations with SC-FDE schemes and
we presented pragmatic receiver designs suitable for signals with bandwidth above the
Nyquist band. The oversampled OQAM signal was demystified and we presented both
linear and iterative FDE designs that are able to cope with the high interference generated
by an oversampled 64-OQAM signal, reaching values close to the MFB for the iterative
full-band FDE. In this way we were able to develop both linear and iterative FDE designs
that are easily interchangeable for offset, non-offset, oversampled and non-oversampled
signals, requiring only a pair of “Oversampling/Undersampling” blocks that take into
account whether the received signal is an offset or non-offset signal, and a different
feedforward coefficient calculation, from their conventional FDE counterpart.

Our performance results show that the pragmatic FDE receivers have excellent perfor-
mance and are a promising method for offset modulations with high order constellations.
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5
MULTIPLE USER RECEIVER DESIGNS FOR OFFSET

MODULATIONS

5.1 Introduction

It is widely accepted that SC-FDE is a good candidate for broadband wireless communica-
tions, due to his lower PAPR when compared with OFDM. Nevertheless, to obtain a SC
signal without envelope fluctuations, capable of handling a highly nonlinear amplification,
its spectral occupation becomes several times higher than its minimum value, resulting
in low spectral efficiency. In this chapter we consider a Frequency Division Multiple
Access (FDMA) system employing OQPSK modulations with quasi-constant envelope
that increases the overall spectral efficiency, by considering spectral overlapping between
several different frequency channels, reducing its spectral occupation. To mitigate the
overall interference, we present two iterative frequency-domain receivers with parallel
multiple user detection. These systems are capable to cope with ISI, strong ACI or CCI
levels inherent to spectral overlapping, and IQI, the interference between the I and Q
components of the OQPSK signals, for severely time-dispersive channels.

A common drawback of the signals with reduced envelope fluctuations is the increased
spectral occupation, much higher than the minimal spectral occupation for QPSK signals
with the same rate (achieved for Nyquist pulses with roll-off zero)1. To avoid ACI the
channel separation has to become several times the symbol rate2, resulting in a very small
spectral efficiency for the overall system. To improve the system’s spectral efficiency we
can overlap adjacent carriers. This leads to strong ACI levels, or even CCI if we put two
or more carriers in the same frequency. By jointly detecting all the channels in a Serial

1In fact, the spectral occupation for MSK signals is infinity, with relevant side lobes for frequencies several
times above the symbol rate.

2For Nyquist pulses the minimum separation between frequency channels, achieved for zero roll-off, is
equal to the symbol rate.
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Iterative Cancellation (SIC) fashion, it is possible to cope with the strong ACI levels for non
offset modulations [Din+05]. Another approach, aimed to increase the spectral efficiency,
is to merge different users into the same frequency and try to recover the sent signal at the
receiver. These approaches are possible due to the inherent severe time-dispersion effect
associated to the multi-path propagation of systems with high bit rates. Therefore, the
highly selective channel can be used as an orthogonal medium to separate the co-channel
users, much like CDMA does with orthogonal codes.

This chapter aims to increase the spectral efficiency by reducing channel separation
and developing receivers able to cope with the high ACI, considering an extension of the
receiver proposed in [Din+05] to OQPSK signals and to a Parallel Interference Cancellation
(PIC) approach that has lower delay and allow a parallel receiver implementation. From
another point of view, to drastically reduce the channel separation, we will put two carriers
in the same frequency. This produces incredibly high CCI levels since more users coexist
in the same frequency channel. For such a scenario it is developed a method to retrieve
the data from such an high interference transmission.

This chapter is organized as follows: section 5.2 considers a high complexity SC-FDE
system employing OQPSK modulations with quasi-constant envelope that increases the
overall spectral efficiency by overlapping adjacent channels and section 5.3 considers a
low complexity pragmatic SC-FDE system employing OQPSK modulations with quasi-
constant envelope that increases the overall spectral efficiency by considering total spectral
overlapping of two different users. Due to the high complexity of the equations in the
following sections, the symbols from both sections will overlap, but they will only regard
each section, and are not always interchangeable.

5.2 Receiver design for strong ACI levels

In this section we consider a high complexity SC-FDE system employing OQPSK mod-
ulations with quasi-constant envelope that increases the overall spectral efficiency by
overlapping adjacent channels. To mitigate the overall interference, we present an iterative
frequency-domain receiver with parallel multiple user detection capable to cope with
ISI, ACI levels inherent to the spectral overlapping, and IQI, for severely time-dispersive
channels.

5.2.1 System Description

Let us consider a FDMA system employing an SC-FDE scheme with an OQPSK mod-
ulation for each frequency channel. Under these conditions, U frequency channels are
adopted, with the carrier frequency denoted by fu, u = 1, 2, ...U. It is also assumed equally
spaced frequency channels: fu − fu−1 = ∆ f and transmitted blocks with the same length
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for all the carriers (Figure 5.1). The data block transmitted by the uth frequency channel is

xu(t) =
N−1

∑
n=−Ncp

aI
n,ur(t− nTs) + j

N−1

∑
n=−Ncp

aQ
n,ur(t− nTs − Ts/2), (5.1)

where aI
n,u = ±1 and aQ

n,u = ±1 are, respectively, the nth in-phase and quadrature data
symbol of the uth frequency channel. Ts denotes the symbol duration, r(t) is the transmit-
ted pulse shape and Ncp denotes the number of samples at the cyclic prefix (longer than the
overall channel impulse response length) appended to each block where aQ

−n,u = aQ
N−n,u

and aI
−n,u = aI

N−n,u.

Figure 5.1: System with strong ACI levels

It is assumed that the bandwidth B of xu(t), i.e., the bandwidth associated to r(t), is
larger than the symbol rate 1/Ts

1. Clearly, ACI will be present whenever ∆ f < B.

The frequency separation between channels is ∆ f . Given ∆ f , the ACI-free conditions
are only valid for raised-cosine pulses with roll-off zero, which means that the highest
spectral efficiency can be achieved.

To cope with strong ACI levels, all channels will be detected simultaneously. Therefore,
it is necessary to employ a wide-band receiver filter and sample the overall received
signal with a rate of J/Ts >> 1/Ts, large enough to avoid aliasing effects. This implies
an oversampling factor of J. Given the implicit frequency multiplicity [Gar91] on the
FDE for oversampled signals, after removing the samples associated to the cyclic prefix
and computing its size-JN DFT, the corresponding frequency-domain received block can
represented as a J-sized vector containing the J multiplicity blocks

Yk = Hk Ak + Nk, (5.2)

where k = 0, 1, . . . , N − 1. The corresponding channel noise for the kth frequency is

Nk =
[

Nk Nk+N . . . Nk+(J−1)N

]T
. The overall channel frequency response for the kth

frequency which includes the adopted pulse shape, the channel impulse response for the
different frequency users in its U columns and the frequency oversampling factor in its J

1For a raised-cosine pulse the two-sided bandwidth is (1 + β)/Ts. For OQPSK signals with almost
constant envelope B >> 1/Ts.
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rows is defined as

Hk =
[

Hk,0 · · · Hk,u · · · Hk,U

]
=




Hk,1 · · · Hk,U

Hk+N,1 · · · Hk+N,U
...

...
Hk+(J−1)N,1 · · · Hk+(J−1)N,U




. (5.3)

The frequency domain data symbols, Ak = [Ak,0 Ak,1 . . . Ak,U ]
T, are also a J-sized vector

where
Ak,u = AI

k,u + AQ
k,uΘk. (5.4)

The frequency domain time offset inherent to these modulations is Θk = je−jπk/N , and
the frequency domain data symbols can be obtained from their time domain counterparts
with the DFT operation

{AI
k,u, k = 0, 1, . . . , N − 1} = DFT

{
aI

n,u, n = 0, 1, . . . , N − 1
}

, (5.5)

and
{AQ

k,u, k = 0, 1, . . . , N − 1} = DFT
{

aQ
n,u, n = 0, 1, . . . , N − 1

}
. (5.6)

Consequently, the FDE will be able to use the periodic frequency blocks associated to
the data, to correctly detect the different frequency users. Besides the ACI problem, this
system will also suffer from IQI inherent to all Offset systems, as shown in Figure 5.2.
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Figure 5.2: BER performance for QPSK and OQPSK with raised cosine (β = 1) support
pulse and conventional FDE.
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5.2.2 Parallel FDE Design with ACI and IQI Cancellation
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Figure 5.3: Proposed receiver structure.

In this section, an iterative receiver with separated estimations of the I and Q compo-
nents is presented. After the first iteration, i = 0, the information from one component is
fed back to remove its interference from the other. Figure 5.3 shows the proposed receiver
structure. Therefore, for any given iteration, the outputs for the components I and Q are
described by the relations

Ã
I(i)
k = F(i)

k

(
Yk − YQ(i−1)

k

)
− B(i)

k AI(i−1)
k , (5.7)

and

Ã
Q(i)
k = F(i)

k Θ−1
k

(
Yk − Y I(i−1)

k

)
− B(i)

k AQ(i−1)
k . (5.8)

We may note that the first iteration, i = 0, is similar to a linear equalization, where
the data estimation from I and Q components is nonexistent, and therefore Y I(−1)

k , YQ(−1)
k ,

AI(1)
k and AQ(−1)

k are null vectors. The parallel feedforward coefficient matrix that mitigates
ISI and ACI is obtained by

F(i)
k =




F(i)
k,1 F(i)

k+N,1 · · · F(i)
k+(J−1)N,1

...
...

...

F(i)
k,U F(i)

k+N,U · · · F(i)
k+(J−1)N,U



= K(i)HH

k

[
αI J + H∗k Ω(i−1) HT

k

]−1
(5.9)

with α as the inverse of the SNR,

Ω(i) = diag
(

1− ρ
(i)
1

2
; 1− ρ

(i)
2

2
; · · · ; 1− ρ

(i)
U

2
)

, (5.10)
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with the correlation coefficient that provides a block wise reliability measure of the esti-
mates used in the feedback loop ρ

(i)
u given by

ρ
(i)
u =

E
[
ân,ua∗n,u

]

E
[∣∣a2

n,u
∣∣] ≈

1
2N

N−1

∑
n=0

(
Re
{

aI(i)
n,u

}
+ Re

{
aQ(i)

n,u

})
. (5.11)

K(i) is a normalization factor that will be deduced in the next subsection. The U-by-U
feedback coefficient matrix, given by

B(i)
k =




B(i)
k,1,1 · · · B(i)

k,U,1
...

. . .
...

B(i)
k,1,U · · · B(i)

k,U,U


 = F(i)

k Hk − IU , (5.12)

is needed to mitigate IQI and remove the residual ACI and ISI after the feedforward
filtering. It should be noted that the values of F(i)

k and B(i)
k are the same for both I and Q

components and Θk is a diagonal matrix defined as

Θk = diag
(

Θk ; · · · ; Θk+(J−1)N

)
, (5.13)

that relates to the time offset of the quadrature component. The fed back matrices

AI(i)
k =

[
AI(i)

k,1 AI(i)
k,2 . . . AI(i)

k,U

]T
, (5.14)

and

AQ(i)
k =

[
AQ(i)

k,1 AQ(i)
k,2 . . . AQ(i)

k,U

]T
, (5.15)

denote the soft decision frequency block vector taken from

{AI(i)
k,u , k = 0, 1, . . . , N − 1} = DFT

{
aI(i)

n,u , n = 0, 1, . . . , N − 1
}

(5.16)

and

{AQ(i)
k,u , k = 0, 1, . . . , N − 1} = DFT

{
aQ(i)

n,u , n = 0, 1, . . . , N − 1
}

, (5.17)

where aI(i)
n,u and aQ(i)

n,u are the soft decisions values obtained from ãI(i)
n,u and ãQ(i)

n,u , associated
to the previous iteration. They can be obtained by

aI(i)
n,u = tanh


Re{ã(i)n,u}

σ
(i)2

N,u


 , (5.18)

and

aQ(i)
n,u = tanh


 Im{ã(i)n,u}

σ
(i)2

N,u


 , (5.19)

where

σ
(i)2

N,u =
1
2

E[|an,u − ã(i)n,u|2] ≈
1

2N

N−1

∑
n=0
|â(i)n,u − ã(i)n,u|2. (5.20)
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Finally, the overall averaged received frequency values for in-phase and quadrature
components that cancel the IQI over the successive iterations can be obtained from AI(i)

k,u

and AQ(i)
k,u and are defined as

Y I(i)
k = Hk AI(i)

k , (5.21)

YQ(i)
k = HkΘk AQ(i)

k . (5.22)
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Figure 5.4: Frequency spectrum of F(i)
k,u and Hk,u.Ak,u for U = 3, a noise-free flat-fading

channel and a raised cosine support pulse with roll-off = 1.

Figure 5.4 shows the obtained values of F(i)
k,u for B = 2/Ts, U = 3, J = 4 and a flat fading

channel. For the first user (u = 1), the value of F(i)
k,1 is positive over the first two N blocks,

where the desired signal, Ak,1, exists. The second N block, has ACI from the second user
(u = 2), and as it can be seen from Figure 5.4, on the third N block the ACI interference
from the second user is removed (F(i)

k+2N,1 ≤ 0, k = 0, 1, . . . , N − 1). Unfortunately, the
removed ACI contains information from third user as well. For a correct equalization, it is
also needed to mitigate the interference from the third user, which is what happens in the
fourth Nth block. This method is extendable to any other value of U.

5.2.3 Computation of Receiver Parameters

In this subsection we will show how to compute the receiver parameters for a system with
U users with partially overlapping spectrum. To obtain the feedforward and feedback
coefficients, we need to minimize the expected value for each individual user

E
[∣∣∣Ã(i)

k,u − Ak,u

∣∣∣
2
]

, (5.23)
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where Ã(i)
k,u are the frequency domain estimated data symbols for the ith iteration of the

uth user and Ak,u the data symbols in the frequency domain. These data symbols can be
regarded to those of (5.2) in the following way

Ak,u = Γ
(i)
u Ak, (5.24)

where

Γ
(i)
u =

[
0 · · · γ

(i)
u · · · 0

]
. (5.25)

is the operation that shapes Ak in a single u user format.
For the sake of computation simplicity for this particular situation, we will use hard

decisions Â
(i)
k instead of the soft decisions A(i)

k in the feedback loop, and since the IQI
is removed before the feedforward equalization (5.8), the FDE design assumes a QPSK
constellation. Under these assumptions, the output for the FDE is

Ã
(i)
k = F(i)

k Yk − B(i)
k Â

(i−1)
k , (5.26)

or in a single u user format

Ã(i)
k,u = F(i)

k,uYk − B(i)
k,u Â

(i−1)
k , (5.27)

where F(i)
k,u = Γ

(i)
u F(i)

k and B(i)
k,u = Γ

(i)
u B(i)

k .
The frequency domain hard decisions obtained from the estimated data symbols can

be assumed to be divided into two components

Â
(i)
k = ρ(i)Ak + ∆

(i)
k (5.28)

where

ρ(i) = diag
(

ρ
(i)
1 ; ρ

(i)
2 ; · · · ; ρ

(i)
U

)
, (5.29)

represents the correlation coefficient that provides a block wise reliability measure of the
estimates used in the feedback loop and

∆
(i)
k =

[
∆(i)

k,1 ∆(i)
k,2 · · · ∆(i)

k,U

]T
, (5.30)

that denotes a zero-mean error term with the expected value

E
[∣∣∣∆(i)

k,u

∣∣∣
2
]
≈
(

1− ρ
(i)
u

2
)

E
[∣∣∣A(i)

k,u

∣∣∣
2
]

. (5.31)

Similarly, the estimated data bits can be written as

Ã
(i)
k = Γ(i)Ak + ∆

(i)
k (5.32)

with e(i)k as the estimation error,

Γ(i) = diag
(

γ
(i)
1 ; γ

(i)
2 ; · · · ; γ

(i)
U

)
, (5.33)
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and

γ
(i)
u =

1
JN

JN−1

∑
k=0

F(i)
k,u Hk,u. (5.34)

After some straightforward manipulation of (5.27) we can obtain

Ã(i)
k,u = Γ

(i)
u Ak +

(
F(i)

k,uHk − B(i)
k,uρ(i−1) − Γ

(i)
u

)
Ak − B(i)

k,u∆
(i−1)
k + F(i)

k,uNk. (5.35)

At this point we can say that Γ
(i)
u Ak is the useful signal and everything else is either noise

or interference. Using the Lagrangian multipliers method we get

L = E
[∣∣∣Ã(i)

k,u − Γ
(i)
u Ak

∣∣∣
2
]
+ λ

(i)
u

(
γ
(i)
u − 1

)
, (5.36)

where λ
(i)
u is the Lagrangian multiplier for an optimization carried out under γ

(i)
u = 1. The

optimum feedforward coefficients are obtained by solving the following set of equations:

∇
F(i)

k,u
L = 0 ⇔ F(i)

k,uHkRSHH
k − B(i)

k,uρ(i−1)RSHH
k − Γ

(i)
u RSHH

k +

+F(i)
k,uRN +

λ
(i)
u

N
HH

k,u = 0

⇔ F(i)
k,uHk HH

k − B(i)
k,uρ(i−1)HH

k − Γ
(i)
u HH

k +

+αF(i)
k,u +

λ
(i)
u

2σ2
S N

HH
k,u = 0, (5.37)

∇
B(i)

k,u
L = 0 ⇔ B(i)

k,u

(
RSρ(i−1)2

+ R(i)
∆

)
= F(i)

k,uHkRSρ(i−1) − Γ
(i)
u RSρ(i−1),

(5.38)

and
∇

λ
(i)
u
= 0⇔ γ

(i)
u = 1 (5.39)

with
RS = E

[
A∗k AT

k

]
= 2σ2

S IU , (5.40)

RN = E
[

N∗k NT
k

]
= 2σ2

N I J (5.41)

and

R(i−1)
∆ = E

[
∆
(i)
k

∗
∆
(i)
k

T
]
= 2σ2

S diag
(

1− ρ
(i−1)2

1 , · · · , 1− ρ
(i−1)2

U

)
= 2σ2

SΩ(i−1). (5.42)

As expected, (5.39) is the condition under which the optimization is carried out.
Rewriting (5.38) by noting that ρ(i−1)2

RS + R(i)
∆ = RS, the optimum feedback vector is

given by
B(i)

k,u =
(

F(i)
k,uHk − Γ

(i)
u

)
ρ(i−1). (5.43)

By replacing (5.43) in (5.37) we obtain the feedforward coefficients

F(i)
k,u = K(i)

u HH
k

[
αI J + H∗k Ω(i−1)HT

k

]−1
(5.44)
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where K(i)
u represents a constant normalization vector given by

K(i)
u =

[
0 · · · κ

(i)
u · · · 0

]
= Ω

(i−1)
u Γ

(i)
u −

λ
(i)
u

2σ2
S N

(5.45)

with

λ
(i)
u =

[
0 · · · λ

(i)
u · · · 0

]
(5.46)

being the Lagrangian multipliers vector associated to the uth user and since γ
(i)
u = 1,

Γ
(i)
u =

[
0 · · · 1 · · · 0

]
(5.47)

Considering the detection of all users (i.e. PIC receiver), the optimum forward and
backward matrices, can also be obtained by employing the Lagrangian multipliers method,
with

F(i)
k = K(i)HH

k

[
αI J + H∗k Ω(i−1) HT

k

]−1
. (5.48)

Taking into consideration that the optimization is carried out with γ(i) = 1, we may write

K(i) = Ω(i−1) − λ(i)

2σ2
S N

, (5.49)

λ(i) = diag
(

λ
(i)
1 ; · · · ; λ

(i)
u ; · · · ; λ

(i)
U

)
(5.50)

and

B(i)
k =

(
F(i)

k Hk − IU

)
ρ(i−1). (5.51)

Since we are using soft bit decisions, the vector ρ(i−1) is no longer needed3 and the
feedback coefficients remain only

B(i)
k = F(i)

k Hk − IU . (5.52)

5.2.4 Performance Results

In this section we present a set of performance results concerning both linear and iterative
receivers for OQPSK signal constellations with blocks of N = 256 data symbols and three
different users U = 3. Both raised cosine support pulses with roll off value of 1 and
MSK pulses with a Gaussian filtering with standard deviation 0.09Ts. As an example we
considered a severely time dispersive propagation channel characterized by the power
delay profile type C for High Performance Local Area Network [ETS98], with uncorrelated
Rayleigh fading in different taps. The duration of the useful part of the data block (N
symbols) is 4µs. It is also assumed perfect synchronization and channel estimation.

In Figure 5.5 we present the frequency spectrum of the used support pulses. As we can
see, both have a higher frequency occupation than the Nyquist bandwidth (N samples).
Raised cosine support pulses have a B = 2N and MSK has B > 5N, therefore ACI will

86



5.2. RECEIVER DESIGN FOR STRONG ACI LEVELS

−3N −2N −N 0 N 2N 3N
10−6

10−5

10−4

10−3

10−2

10−1

100

f

 

 
Raised Cosine `=1
Gaussian MSK

Figure 5.5: Frequency spectrum of raised cosine (dashed blue line) and MSK with Gaussian
filtering (red line) support pulses.

be present in systems with multiple users. In Figure 5.6 we can perceive the level of ACI
existent in this system for both support pulses.

In Figure 5.7 the values of F(i)
k for a power delay profile type C for HIPERLAN/2

channel [ETS98] are presented. As expected, the F(i)
k follows the behavior observed for

flat fading channels (Figure 5.4), naturally, with the fluctuations inherent to the channel
selectivity.

Figure 5.8 show the BER results for the four iterations of three different users for raised
cosine support pulse. Due to the inherent system design, there are two separate results
for each iteration: one for the lower ACI users: the leftmost and rightmost user (solid
lines) and the higher ACI users: the inward users (dashed lines). As expected, the lower
ACI users have better performance, but after the fourth iteration these differences can be
neglected. The results also show that after three or four iterations, the BER is near the MFB
in spite of the strong IQI and ACI levels.

Figure 5.9 show the BER results for the four iterations of three different users for MSK
with Gaussian filtering with standard deviation 0.09Ts. These results follow the same
pattern as the previous ones, demonstrating an initial performance advantage for the
lower ACI users. Nevertheless, despite the higher overall ACI level of this particular
support pulse, the results show similar performance of the receiver, implying that with
proper support pulse shaping this receiver is able to cope with high ACI (and IQI) level,
reaching results close to the BER after just four iterations.

3In fact, A(i)
k ≈ ρ(i) Â

(i)
k .
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Figure 5.6: Frequency overlap of three different users: raised cosine (up) and MSK with
Gaussian filtering (down).

5.2.5 Conclusions

In this section we considered a FDMA system employing SC-FDE schemes with OQPSK
modulations and significant spectral overlapping between different frequency channels.
This system had two major problems: IQI and ACI. It was shown that conventional FDE
designs lead to significant performance degradation due to the interference between
in-phase and quadrature components. We proposed an iterative receiver able to cope with
strong ACI levels and especially designed to remove the interference between in-phase
and quadrature components. It was shown that the proposed method was able to mitigate
both IQI and ACI. Moreover, this system achieves high power efficiency due to the OQPSK
modulation, and high spectral efficiency due to the spectral overlapping of adjacent users.
Our performance results show that this receiver needs only 3 or 4 iterations to remove IQI
and ACI, obtaining remarkable BER performance for scenarios with strong ACI levels.

5.3 Receiver design for strong CCI levels

In this section we consider a simple and low complexity pragmatic SC-FDE system
employing OQPSK modulations with quasi-constant envelope that increases the overall
spectral efficiency by considering total spectral overlapping of two different users. To
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Figure 5.7: Frequency spectrum of F(i)
k,u for U = 3, B = 2/Ts and a frequency selective

fading channel.

mitigate the overall interference, we present an iterative frequency-domain receiver with
parallel multiple user detection capable to cope with ISI, CCI levels inherent to the spectral
overlapping, and IQI, for severely time dispersive channels.

5.3.1 System Description

Let us consider a simple system employing an SC-FDE scheme with U co-channel users
with OQPSK signals for a single frequency channel. Under these conditions, the signal
transmitted by the uth frequency channel is

su(t) =
N−1

∑
n=−Ncp

aI
n,ur(t− nTs) + j

N−1

∑
n=−Ncp

aQ
n,ur(t− nTs − Ts/2), (5.53)

with n = 0, 1, . . . , N − 1, and where aI
n,u = ±1 and aQ

n,u = ±j are, respectively, the nth
in-phase and quadrature data symbol of the uth frequency channel. Ts denotes the symbol
duration, r(t) is the transmitted pulse shape and Ncp denotes the number of samples at
the cyclic prefix (longer than the overall channel impulse response length) appended to
each block where aQ

−n,u = aQ
N−n,u and aI

−n,u = aI
N−n,u. Naturally, the regular data symbols

will be an,u = aI
n,u + jaQ

n,u.
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Figure 5.8: BER performance RC1

To cope with the strong CCI levels, all channels will be detected simultaneously.
Therefore, it is necessary to employ a reception filter and sample the overall received
signal with a J/Ts rate, resulting in an oversampling factor of J.

The relation of the oversampled data symbols a(J)
n,u to the regular data symbol block

an,u in an offset modulation is

a(J)
n,u





aI
n′,u , n = Jn′

j aQ
n′,u , n = Jn′ + J/2
0 , otherwise

, (5.54)

with n = 0, 1, . . . , JN − 1 where the symbol from the in-phase component appears sepa-
rated from the quadrature component. Furthermore, the oversampling procedure needs J
as a multiple of 2 and can be represented in the frequency domain as

A(J)
k,u = AI

k mod N,u + AQ
k mod N,uΘk, (5.55)

where {
AI

k,u; k = 0, 1, . . . , N − 1
}
= DFT

{
aI

n,u; n = 0, 1, . . . , N − 1
}

, (5.56)

and {
AQ

k,u; k = 0, 1, . . . , N − 1
}
= DFT

{
aQ

n,u; n = 0, 1, . . . , N − 1
}

. (5.57)
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Figure 5.9: BER performance XT

The correspondent frequency domain phase deviation, from the quadrature component
relatively to the in-phase component, can be described as

Θk = j exp
(
− j2πk

2N

)
. (5.58)

In offset modulations there is a key difference when compared with non-offset modulation:
Θk+N = −Θk. Therefore a sign shift occurs every N samples (see Figure 5.10).
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Figure 5.10: Frequency data symbols block with offset and oversampling.

To obtain the regular data symbols from an oversampled frequency data block, tak-
ing into account the implicit multiplicity [Gar91], we need to process the oversampled
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frequency domain data symbols by performing undersampling,

Ak,u =
1
J

J−1

∑
q=0

A(J)
k+qN,u + j

1
J

J−1

∑
q=0

A(J)
k+qN,u

Θk+qN
, (5.59)

followed by the usual IDFT
{

an,u; n = 0, 1, . . . , N − 1
}
= IDFT

{
Ak,u; k = 0, 1, . . . , N − 1

}
. (5.60)

After removing the samples associated to the cyclic prefix and computing its size-JN
DFT, the corresponding frequency-domain received block can represented as

Y(J)
k = H(J)

k A(J)
k + N(J)

k , (5.61)

where k = 0, 1, . . . , JN − 1, with N(J)
k as the corresponding frequency domain noise for

the kth frequency. The overall channel frequency response for the kth frequency which
includes the frequency domain adopted pulse shape RJ

k and the channel impulse response

H̆(J)
k for the different frequency users in its U columns is defined as

H(J)
k = H̆(J)

k R(J)
k =

[
H̆(J)

k,1 R(J)
k . . . H̆(J)

k,U R(J)
k

]T
(5.62)

and the frequency domain data symbols

A(J)
k =

[
A(J)

k,1 . . . A(J)
k,U

]
. (5.63)

Consequently, the FDE will be able to use the periodic frequency blocks associated to
the data, to correctly detect the different U frequency users. Besides the CCI problem, this
system will also suffer from IQI inherent to all offset systems, as shown in Figure 5.11.

I
Q

n

aQ
nan aI

n

Q

n

I

J = 4
N = 4 J J J J

Figure 5.11: Regular data symbols (right) and oversampled offset data symbols’ (right).

5.3.2 Low Complexity Parallel FDE Design

This section presents a low complexity iterative receiver capable of mitigating ISI, IQI
and CCI. After the first iteration, information from the previous detection is fed back to
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improve subsequent equalization procedure, making estimated symbols more reliable.
Therefore, for any given iteration, the estimated frequency domain data symbols’ block is
described by the relation

Ã
(J)
k = Y(J)

k F(J)
k − A(J)

k B(J)
k . (5.64)

The proposed receiver structure is shown in Figure 5.12.
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Figure 5.12: Proposed receiver structure.

For the first iteration, there is no information about any detected symbols, therefore it
is similar to a linear equalization where A(J)

k is a null vector. The feedforward coefficient
matrix, derived from the pragmatic method presented in subsection 4.3.4 is obtained by

F(J)
k =




F(J)
k,1
...

F(J)
k,U




T

=
H̆(J)

k

H (
IU − ρρH)

H̆(J)
k

H
(IU − ρρH) H̆(J)

k + α

R(J)
k

∗
(5.65)

with α as the inverse of SNR for each user. Note that the denominator of (5.65) is, in fact,
not a matrix but just a single number, therefore there is no matrix inversion inherent to
this procedure. This approach reduces significantly the complexity of this multiple user
detection method.

The U-by-U feedback coefficient matrix, needed to mitigate IQI and remove the resid-
ual CCI and ISI after the feedforward filtering is given by

B(J)
k =




B(J)
k,1,1 · · · B(J)

k,U,1
...

. . .
...

B(J)
k,1,U · · · B(J)

k,U,U


 = F(J)

k H(J)
k − IU . (5.66)

The computation of these receiver parameters will be explained in section 5.3.4.
The correlation coefficient matrix that provides a block wise reliability measure of the

estimates used in the feedback loop

ρ = diag
(

ρ1, . . . , ρu, . . . , ρU

)
, (5.67)

and the fed back matrix denoting the soft decision frequency block vector

A(J)
k =

[
A(J)

k,1 · · · A(J)
k,u · · · A(J)

k,U

]
, (5.68)
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will be both explained in the next section.

5.3.3 Feedback Data Symbols

Considering the general OQPSK constellation mapping for every user u, and assuming
uncorrelated bits due to the usage of a suitable interleaver, we can obtain {A(J)

k,u; k =

0, . . . , JN − 1} by applying (5.59) and the DFT with

an,u = aI
n,u + j aQ

n,u, (5.69)

where aI
n,u and aQ

n,u, the average symbol values conditioned to the FDE output [BT05] can
be obtained by

aI
n,u = tanh

(
ΛI

n,u

2

)
(5.70)

for the in-phase component and

aQ
n,u = tanh

(
ΛQ

n,u

2

)
(5.71)

for the quadrature component. The log-likelihood ratio of the nth transmitted symbol
component, ΛI

n,u for the in-phase component and ΛQ
n,u for the quadrature component, are

given by

ΛI
n,u =

2Re{ãn,u}
σ2

N,u
, (5.72)

and

ΛQ
n,u =

2Im{ãn,u}
σ2

N,u
. (5.73)

The estimated data bits values ãI
n,u and ãQ

n,u are obtained by (5.64), after applying the
undersample and IFFT operations characterized by (5.59) and (5.60). σ2

N,u denotes the
variance of the real and imaginary part of the overall noise (plus residual ISI and IQI) at
the FDE output. In practice it can be estimated by

σ2
N,u =

1
2N

N−1

∑
n=0

E[|ãn,u − an,u|2] ≈
1

2N

N−1

∑
n=0

E[|ãn,u − an,u|2]. (5.74)

Finally, the reliability of the estimated average data symbols’ soft decision an, to be
used in the feedback loop are obtained by

ρu =
E
[
an,ua∗n,u

]

E
[
|an,u|2

] ≈ 1
2N

N−1

∑
n=0

[∣∣∣∣∣tanh

(
|ΛI

n,u|
2

)∣∣∣∣∣+
∣∣∣∣∣tanh

(
|ΛQ

n,u|
2

)∣∣∣∣∣

]
. (5.75)
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5.3.4 Computation of Receiver Parameters

In this subsection we will show how to compute the receiver parameters for a system
with U users with total overlapping spectrum. To obtain the feedforward and feedback
coefficients, we need to minimize the expected value for every u user

E
[
eHe

]
= E

[(
Ãk − Ak

)H (
Ãk − Ak

)]
(5.76)

where e is the error matrix associated with the users’ errors for each iteration. For the sake
of simplicity lets assume that

Ãk = YkFk − ÂkBk (5.77)

instead of (5.64), given that Ak ≈ ÂkρH and put aside the oversampling symbol (J)

(but take into consideration that all these matrices and symbols regard to oversampled
symbols). The relation between the hard decisions to the estimated data symbols is

Âk = Akρ− ∆k, (5.78)

with ∆k =
[
∆k,1 · · · ∆k,u · · · ∆k,U

]
regarding the error associated to each users’ hard

decision. It is possible to rewrite (5.77) using (5.61) and (5.78) in the following way

Ãk = Ak HkFk + NkFk − AkρBk − ∆kBk. (5.79)

Taking into account that the following expected values: E
[
AH

k ∆k
]
, E
[
∆H

k Ak
]
, E
[
NH

k Ak
]
,

E
[
AH

k Nk
]
, E
[
NH

k ∆k
]
, and E

[
∆H

k Nk
]

are null, and that

E
[

AH
k Ak

]
= RS = 2σ2

S IU , (5.80)

E
[

NH
k Nk

]
= RN = 2σ2

N , (5.81)

with σ2
S as the real and imaginary variance of the data symbols, and

E
[
∆H

k ∆k

]
= R∆ = RS − ρHRSρ = 2σ2

S

(
IU − ρHρ

)
, (5.82)

we are able to obtain the feedforward and feedback coefficient matrices from (5.76). After
some lengthy but straightforward calculations, we get

E
[
eHe

]
= FH

k HH
k RSHkFk − FH

k HH
k RSρBk (5.83)

−FH
k HH

k RS + FH
k RN Fk − BH

k ρHRSHkFk

+BH
k ρHRSρBk + BH

k ρHRS + BH
k R∆Bk

−RSHkFk + RSρBk + RS.

Taking into account that
∂X H

k
∂Xk

= 0 (5.84)
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to obtain Bk we calculate

∇Bk

{
E
[
eHe

]}
= 0⇔ Bk = ρH (HkFk − IU) . (5.85)

Since the total system feedback is

ÂkρH (HkFk − IU) , (5.86)

and given that the feedback data symbols are based on soft decisions Ak, which relate to
the hard decisions by Ak ≈ ÂkρH, the feedback coefficients equation is finally obtained
from

Bk = HkFk − IU . (5.87)

To obtain Fk we calculate

∇Fk

{
E
[
eHe

]}
= 0⇔ Fk =

HH
k
(

IU − ρρH)

HH
k (IU − ρρH) Hk + α

, (5.88)

together with [Luz+13], the feedforward coefficients can be obtained from

F(J)
k =




F(J)
k,1
...

F(J)
k,U




T

=
H̆(J)

k

H (
IU − ρρH)

H̆(J)
k

H
(IU − ρρH) H̆(J)

k + α

R(J)
k

∗
. (5.89)

5.3.5 Performance Results

In this section we present a set of performance results concerning the presented iterative
receiver for OQPSK signal constellations with blocks of N = 256 data symbols and two
different users (U = 2) employing MSK support pulses. These pulses have a main lobe
in the frequency domain three times the size of the minimum Nyquist band, with this
system, the spectral efficiency increases by a factor of two (Figure 5.13), with relatively the
same complexity as receiving two separate signals in different frequency bands, since for
this system, with U = 2, the feedforward coefficients (5.65) are reduced to

F(J)
k,u =

H̆(J)∗

k,u (1− ρ2
u)

(1− ρ2
1)
∣∣∣H̆(J)

k,1

∣∣∣
2
+ (1− ρ2

2)
∣∣∣H̆(J)

k,2

∣∣∣
2
+ α

R(J)∗

k . (5.90)

As an example, we considered a severely time dispersive propagation channel, indispens-
able for the problem at hand, characterized by the power delay profile type C for High
Performance Local Area Lan [ETS98], with uncorrelated Rayleigh fading in different taps.
The duration of the useful part of the data block (N symbols) is 4µs. It is also assumed
perfect synchronization and channel estimation.

In Fig. 5.13 we present the frequency spectrum of the used support pulses. As we can
see, both have a higher frequency occupation than the Nyquist bandwidth (N samples).
The main lobe of the MSK pulse have a B = 3N with relevant side lobes of B = N. For
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Figure 5.13: Power spectral density of a data blocks from each user and of MSK support
pulses.

a system employing this support pulse, the proposed system is capable of detecting a
maximum of two concurrent users in the same frequency channel, raising the spectral
efficiency by a factor of two, and maintain good BER after four or five iterations (Fig. 5.14).
These results show the average BER for six iterations of the two different co-channel users
for an MSK support pulse. The results also show that after four or five iterations, the BER
is near the MFB in spite of the strong ISI, IQI and CCI levels. To the best of our knowledge
this is the first receiver capable of dealing with more than one co-channel user employing
offset modulations.

5.3.6 Conclusions

In this section we considered an system employing SC-FDE schemes with OQPSK modu-
lations with co-channel interference due to multiple users in the same frequency channel.
The major obstacles of this system are the high IQI and CCI. The conventional FDE designs
and even FDE designs specifically designed for IQI and ACI are unable to cope with the
high CCI and IQI levels. Therefore we proposed a low complexity iterative receiver able
to cope with strong co-channel interference and the interference between in-phase and
quadrature components, while obtaining high power and higher spectral efficiency due to
the offset modulations and the sharing of the channel by different users. Our performance
results show that this receiver only requires few iterations to remove IQI and CCI, allowing
a good performance vs. complexity tradeoff, for scenarios with strong CCI levels.
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6
CONCLUSIONS

6.1 Synthesis and Final Remarks

This PhD thesis aimed to improve the transmission rates of offset signals over FDE. The
biggest challenges were to overcome the inherent IQI and increase the frequency efficiency
of these signals.

The first challenge was met, since we were able to design a receiver capable of produc-
ing a BER similar to those of non-offset modulations, with a similar level of complexity,
for any given constellation order.

The second challenge fell short of the desired accomplishment since the increased
spectral efficiency was only achieved in OQPSK modulations at the expense of some BER
performance.

Nevertheless, we developed systems capable of dealing with incredibly high levels
of IQI, ACI and CCI, being able to genuinely restore the information from two users
that send their transmission over the same channel, without any kind of pre-determined
orthogonality between them.

6.2 Future Work

During the presented work, it was assumed perfect time synchronization and channel
estimation. Therefore, a logic improvement will be to analyze the impact of time synchro-
nization and channel estimation techniques in the overall performance of the proposed
systems. As complement to the work developed here, it is possible to identify the overall
improvement of the equalization of the ACI and CCI methods for decoding co-channel
and adjacent channel users and the comparison between the SIC and PIC approach of the
ACI method, developed respectively in [Din+05] and the previous chapter.
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