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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 distor¢ao temporal
severa, devido aos multiplos caminhos de propagacdo do sinal entre o transmissor e
o receptor enquanto apresentam alta eficiéncia espectral e de poténcia. Portanto, sdo
necessarias técnicas avangadas de igualizagdo no dominio da frequéncia. Uma vez que a
complexidade de implementacdo dos terminais moéveis deve ser tdo baixa quanto possivel,
vamos transferir a maioria das exigéncias de processamento de sinal para a estacdo base e
vamos usar sinais compativeis com uma amplificacdo ndo linear eficiente. Por este motivo,
vamos considerar modulagdes 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 a de Nyquist, pelo que vamos também considerar a sobreposi¢do de canais no
dominio da frequéncia para reduzir a largura de banda necessaria.

Palavras-chave: SC-FDE; Modulag¢oes com Offset; IB-DFE; 1QI; ACI; CCI
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CHAPTER

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
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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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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

10.

Schemes Employing OQPSK Modulation, IEEE Vehicular Technology Conference Fall
(VTC 2010-Fall), 2010;

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

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;

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.



CHAPTER

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.

Transmitted signal
: — — -Received signal

\/

. Detection
instant

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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Quadrature

— >
t

Quadrature
detection

- In-phase
~ detection

Transmitted signal
— — Received signal after the matched filter
Received signal after the detection filter

Figure 2.2: In-phase Quadrature Interference.

where the frequency planning is done to avoid ACI'). 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].

—— 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

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

—— Channel 1
= —Channel 2

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 +7 radians. The waveform

of a BPSK signal is shown in Figure 2.5. This modulation can be expressed as
s(t) = x(t) cos (27t fct), (2.1)
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where x(t) is the baseband component described by
Z an v (t —nTs) (2.2)

and r(t) denotes the transmitted pulse shape' and a, = +1 as the phase shifting factor?.
Ts denotes the symbol duration and f. the carrier frequency.

N AL
AAVAVAVVAVARVAY

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)e?™ft} (2.3)
x(t)y =Y, alr(t—nTy) +j%, anQr(t—nTs), (2.4)

with al = 41 as the in-phase bit and a@ = +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

Za r(t—nTs) +]Zan r(t—nTs —Tp), (2.5)

where T, is the time offset between components and is usually T;/2 seconds, a;, = +1 and
an = =+1.

With the time delay between components, the phase of the OQPSK can never shift more
than £7/2 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

ISupport pulses will be detailed in section 2.4.
2Note that cos(t + 1) = —cos(t).
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Quadrature Quadrature
QPSK OQPSK
} In-phase } 3 In-phase
77777 Possible
Transitions

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 271/ M radians, as
illustrated in its I-Q diagram (Figure 2.7). This system can be characterized in the following

Quadrature

Ac

2n/M

In-phase

Figure 2.7: M-ary PSK signal constellation.
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way
s(t) = Ac)_cos (2rtfet + ¢y) 1 (t —nTy), (2.6)

where A, is the amplitude of the carrier wave and the phase deviation ¢, relates to the

sent bit a,, as
_ 27may,

=" 2,=0,1,...,M—1. (2.7)
M

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

G 8 I
ah =Y 20 [T o™, (28)
g=1 m=1
for the in-phase component and
G 8
ad = Y 26 s TT 2™, 2.9)
g=1 m=1

for the quadrature component, where b,i(m) — 41 and bg (") — £1 are the m’s in-phase
and quadrature sent data bits [Din+10a],

G =log,(M), (2.10)

with ¢ = 1, ..., G. This implies that the values associated to al and ag 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(f) is sill the same as in (2.3), and the complex envelope of the
transmitted signal is

N-1
x(t)= ) alr(t —nT,) + jalr(t —nTs —T,), (2.11)

n=—Np

with T, = 0 for the non-offset modulation and usually T, = T;/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 Quadrature
4QAM 16QAM
LARRE] R .
. In-phase In-phase
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Quadrature Quadrature
40QAM LR SEREE ERREE e----« 160QAM
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Figure 2.8: QAM and OQAM signal constellations.
modulation changing only the data bits from (2.8) and (2.9) to
G .
al =Y o® T 6", 2.12)
g=1 m=1
and
- 8 Q0m)
a? =Y o® TT 62™. (2.13)
g=1 m=1

This will ensure that the resolution block {q)(g ) ¢=1,.. G}, with q)(l) as the highest order
resolution bit and ¢(®) the lowest, will grant higher or lower bit protection, depending on
the ¢®) 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 al and an Nevertheless, it is possible to
decompose x(f) into G = log> (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(f) as

x(t) = i xg (1), (2.14)
g=1

N—

xg(t) = ¢ 2 (Hb r(t —nT +]‘[bQ t—nT—T)) (2.15)

n=—Ng \m=1 =1
Now, every x¢(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 Quadrature
z2(1) (1)
C\!In-phase > 4 > ] Ig—phase
Quadrature OQPSK >
z1(1) xo(t)
F '\ 16 - OQAM
In-ph -
NV "
OQPSK
G
z1(t)

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
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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 [CCO09]. Let us consider

y(t) =Y anp (t — nTy) (2.16)

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

1 t=20

P(f)Z{O = inT, n#0. (2.17)

Under this condition, the only symbol different than zero at the decision time t = nT;, will

be a,, 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 B. In the frequency

domain its mathematical description is

T, , f<yt
Py =% {1+cos % (IfI-52)]} » SE<r<%E. @
0 . f2
In time domain we may write
p(t) = sinc <t> COS(HTI?). (2.19)
Ts) 1 4[;2;2

Figure 2.10 illustrates these kind of pulses, for different roll-of factors. When a raised cosine
pulse with g = 1is 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 pulse! is defined as

r(t) = cos <27T]fs) rect <2th> , (2.20)

and has the following frequency spectrum

R(f) = Tesinc [2Ts ( f- 41Ts” + Tisinc [2T5 ( f+ 41Ts)] : 2.21)

Lr(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.

. h . f . | M
-6/Ts -4/Ts -2/Ts 0 2/Ts 4/Ts 6/Ts -Ts ~Ts/2 0 Ts/2 Ts
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.

OQPSK

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

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].

Transmitter:

— IFFT E—h CPI ——— To channel

Receiver:

From channel
<« FFT |&—

Detect |+— IFFT e

Invert
channel

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
N-1

x(t) = i anr (t —nTs), (2.22)
n=0

where r(t) represents the transmitted pulse, T is the symbol duration and 4, is a complex
coefficient representing the n" 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

N-1 4
X(f) = DFT {x (t)} = k;) AR (f) e 2fFT (2.23)

where R(f) represents the Fourier Transform (FT) of r(¢) and Ay the FT of a,. 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 # 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
DEFT [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 N, 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 NT;.

¥ ]

CP

Cyclic

. N data symbols block
Prefix 4

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),

N-1
x(t)=Y aur(t—nTy), (2.25)
n=—Ncp
but has N, more symbols to remove the IBL. The negatively indexed a,, values are given
by a_, = an_y. Therefore, at the transmitter node (Figure 2.16 and 2.17) will be necessary

to do the following simple procedures:
e add the CP,
e modulate the data symbols in the desired modulation,
e and multiply the remaining block with the transmitted impulse r().

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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Data Parallel converter) prefix N+N,, Serial converter)

S/P (Serial / > Insert cyclic P/S (Parallel / . j

Figure 2.16: SC-FDE Transmitter (Tx block is detailed in Figure 2.17).

» Re{} —»{ DAC |—»

» Im{} —»| DAC |—»|

DAC - Digital-to-Analog Converter
PA - Power Amplifier
IF/RF - Intermediate / Radio Frequency

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 (TDDEFE). Its complexity, in terms of complex multi-

plications, is equivalent to the sum of the number of feedforward (Nrr) and feedback taps
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(NrB), 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 + N, data symbols, implements the following steps:

Y- Rx | S/P Remove FFT Equalization IFFT Detect
cP
N+Nep N Data

Time domain Frequency domain Time domain

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

—>®—> Ref{}

»
!

?

Sample

%0° &Hold [ APC >

> IF/RF — 4

Im{.} "]

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

Figure 2.19: Rx Block.

e converts the received bits to parallel,

e removes the CP,

e changes the domain of the time block to frequency using FFT function,
e applies a different coefficient value to each discrete frequency (Fy),

e changes the system back to time domain

e and detects the received symbols.

22



2.7. EQUALIZATION METHODS

The coefficient F; 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 {Y; k =
0,1,...,N —1} which are the DFT from the time domain received block {y,;n =0,1,..., N —
1} can be written as

Yy = HAx + Ny, (2.26)

where Hy and Nj denote the channel frequency response and the noise term for the kth
frequency, respectively. {Ay;k =0,1,...,N —1} =DFT {a,;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
Ay = By, (2.27)

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

| H|?

F (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

H

_ , (2.29
|Hi|* + :

Fy
with « as the inverted SNR. Depending on «, 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
DEFE 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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Feedback
Equalization
Y. Rx [ S/P } Reg;"’e FFT Equalization IFFT P/S »é» Detect
Data
I | | | | |
Time domain Frequency domain Time domain

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
(DFFTs, one multiplication per each block of M symbols in the frequency domain and Nrp
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
HDEFE.

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 [SFO8]. Many parameters of this
method can be further improved by the use of soft decisions, instead of hard decisions
[TBO4], 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 (Nj). Figure 2.21 shows the receiver

structure of IB-DFE.
Feedback e
Equalization FFT + Delay
Y] Rx b S/P ppe| FEMOVE (g | i (| FECdTOMWard IFET | Detect
CP Equalization Data

Time domain Frequency domain Time domain

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.

2.74 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

A = v 0 2, e
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Structure | Complexity of Equalizer Structures
TDDFE Nrr + Nrp
HDFE
ELHDFE + log,P — & + Npp
HDFE-NP
BiDFE sulog,P — 3% 4+ 2Npp + 5
IBDFE NiPlog,P

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

Structure | Complexity of Parameter Design
TDDFE N3;
HDFE
ELHDFE N2, + Plog,P + £log,P
HDFE-NP
BiDFE P3
IBDFE 3P

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

where {F(i);k =0,1,..,N—1} and {B,Ei);k = 0,1,..,N — 1} denote the feedforward
and feedback equalizer coefficients, respectively. {Y;k = 0,1,..., N — 1} is the DFT of
the time-domain received block {y,;n = 0,1,..., N — 1}, {A,((i);k =0,1,..,N -1} is the
DEFT of the time-domain hard decision data symbols” block {?i,(f) ;n=0,1,..,N—1} and
{g,(:); k=0,1,.., N —1} is the DFT of the data symbols’ {a,;n = 0,1, ..., N — 1} estimation.
Fk(i) and Blgi), 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
2 = pWg, + 6290, (2.31)

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

n

= Eflwl] — Elad?] '1 -

! According to Parseval’s discrete power theorem.

E [a,&””a*} E [A,Ei*”A;}
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Using the DFT it is possible to rewrite (2.31), in the frequency domain, as
A = oD A, + A, (2.33)

where A,(f) denotes a zero-mean error term with the expected value

E[pﬁ

2 82
}z(l—ﬂ”)EhAﬂﬂ. (2.34)
Using (2.26) and (2.33), it is possible to rewrite (2.30) as

A = B (AcH + No = BY (00D A+ a0 ). (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

) LN o)
,Y(l) = Z F"Hy, (2.36)
k=0

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
AW = o0 Ay 410 (2.37)

where
Clearly,‘ eiq(i) have three noise components: inter symbol interference (Fk(i) Hy — 4 —
pli=1) B]EZ) ), interference from the inaccuracy of the data estimation that is fed back to the
i—l))

system (B,((i) A,(c and the usual noise component (F,fi) Ng).

The next objective is to maximize the SNIR, which can be obtained by the following

equation:
L2 "
E\boaf]  hof e f1a]
SNIR = Y = e (2.39)
eq1 eq(1
wlietf] el
The maximization of SNIRj can be achieved by the minimization of
512 ‘ , , 412
E{ﬁm ]:Eﬂﬁ%ﬂ—vm—PWD@w}2ﬁ+
(2.40)

+ B

2(1——(p“‘”)2>2a§+WFfwzza§,

conditioned to a given (), with ¢%; denoting the variance of the noise terms and ¢2, 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

21 o (L 0
}+A@ Nijﬂﬁ#—l (2.41)
k=0
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Solving the following equations leads to the optimum receiver coefficients.

oL 27 [ () i—1) p(i) v
el 402H; (Pk Hy—1-p=VBY + 2N )
k
+a0iEY =0, (2.42)
oL . ) . .
50 = — 4(7%,0( 1) (Pk(z)Hk —-1- p( 1)B,El)> +
k
+402 (1-p ") B =0 (2.43)
and Nt
oL 1=
A0 N k;) FeHi—1=0. (2.44)

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

) — k() Hy (2.45)
k Y 2’ :
o+ (1 —pl=Y ) | H|
and for the feedback coefficients
B =V (FH, - 1), (2.46)
where « as the inverse of the SNR defined as
2
a=N (2.47)
Ts
The normalization factor k() of (2.45) is defined as
=1 p(i—l)z AV . (2.48)
204N
From (2.44) and (2.45) we can obtain A (%) solving
N-1 (1—pl-1* — A | H|?
N — ( 204N ) (2.49)

= (1= D) |He* +

For the first iteration, the information about a,, is unavailable, which means p(*l) =0
and B,EO) = 0. Under these conditions, the values of F,fo) are easily obtained by a simple
substitution of p(~1) = 0, resulting in

(0) g
rO — "% (2.50)
|He|" +

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,

E,(f), instead of using hard decisions, ﬁ,(f). For a normalized QPSK constellation, i.e. a,ﬂ =

Re {a,} = 1 and a; = Im {a,} = %1, following [BT05] and [Ga+07] we may write

‘ I(i)
al) = tanh (Ag ) (2.51)

and o)
22" = tanh (A”Z ) ) (2.52)

where A,Iq(i) and AJ () are the Log-likelihood Ratios of the in-phase, al,, and quadrature,
ag, data bit estimation described as

(2.53)

and

(2.54)

respectively. The total variance of the channel and interference noise, 0%, is given by

1 i 1 N=1 . i
0} = 5Ellan — 3P~ 5o Y (@) - ay (2.55)
n=0

The feedforward coefficients, Fk(i) are still given by (2.45) and, since Z,((i) is equivalent
to p(i)ﬁl(f), the feedback coefficients are given by

BY — FH, —1. (2.56)
Finally, the estimated data symbols are obtained by

() 7Y, (2.57)

AY =y, — B!

From this point forward in this thesis the () superscript will be dropped to lower the

complexity of mathematic expressions.
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CHAPTER

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; THO1; Tiic+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 fluctuations!.

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

IThe 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 IQ], 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 {a,;n = 0,1, ..., N — 1}, where a,, = al, + ja,?
is the nth data symbol with a/ = 41 and a§ = +1 associated to the “in-phase" and
“quadrature" bits, respectively. For a QPSK scheme the transmitted signal is

s(t) = Re {x(t)eﬂ"fcf}, (3.1)

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

N-1
x(t) = ). apr(t—nTy), (3.2)

n=—Ncp

with 7(t) denoting the adopted pulse shape and N, the length of the cyclic prefix [Fal+02]
(it is assumed that the block {a,;n = 0,1,..., N — 1} is periodic with period N, i.e., a, =
Ap+N)-

Let us first assume that x(t) is the complex envelope of a QPSK scheme with pulse
shape r(t) and data symbols a,,n = 0,1,...,N — 1. If a given block is sampled with
rate J/Ts, i.e., with | samples per symbol, then the samples associated to the useful
part of the block (i.e., without cyclic prefix) are {x,(] ) ;n=20,1,...,JN — 1}, with xﬁl] )&
x(nTs/]) (it is assumed that the rate ]/ T; is large enough to avoid aliasing effects). Since
x(t) is cyclostationary? [Gar91], the frequency domain block associated to {x,(ll Jin =

0,1,...,JN—1}is {X";k=0,1,...,JN =1} = DFT {%,;n = 0,1,..., N — 1}, with
xN = ADRY), (3.3)

where {R/);k =0,1,...,JN =1} isthe DFT of {r\) £ r((n = N/2)Ts/]);n =0,1,...,]N —
1} (without loss of generality, we assume that r(t) is centered in 0 and {A,E] ) ;k=0,1,...,JN —
1} is the DFT of {a{);n = 0,1,..., JN — 1}, with

_ /
I (34)
0, otherwise
It can easily be shown that
1
AY — 76 (3.5)

where {A;;k=0,1,...,N — 1} denotes the DFT of {a,;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,g Jis
not restricted to N non-zero samples), since the frequency-domain sample Ay is repeated

o)

in several X’ samples (which are separated by multiples of N) as shown in Figure 3.1.
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N JN

Ay, Ay, Ay, Ay,
QPSK
A | AL | AL | A

A%0, |-AZO,| A%e, |-AY0,
OQPSK

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 |/ Ts, the cyclic prefix is removed and the
resulting blocks, {y,(] ) ;n=0,1,...,JN — 1}, are passed to the frequency domain, leading
to the blocks {Y(I ) ;k=0,1,...,JN — 1}. If the cyclic prefix is longer than the overall
channel impulse response length then

Yk(l) _ AIE])HIED +NY) (3.6)

where H ,E] ) is the overall channel impulse response for the kth subcarrier (which includes

the adopted pulse shape, the channel and the 1/] factor inherent to (3.5)) and NIEI ) is the
corresponding noise component.

For a linear FDE the output is
i N0 40
Ap = Z()Fk+qNYk+qN’ k=0,1,...,N—1, (3.7)
q:

where the FDE coefficients, optimized under the MMSE criterion (Minimum Mean Squared

Error), are given by

k=0,1,...,JN—1, (3.8)
J-1 | ) 2
&+ Y0 ‘ (kmod N)+gN

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

a = ENDP)/E[AV P (3.9)

denoting the inverse of the SNR.

2 E [x(t)x(t — T)] is periodic in t, with period Ts.
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For a given iteration of the IB-DFE, the FDE output is
Z k+qN k+qN - BkAk/ k = 0/ 1/ sy N - 1/ (310)

where {Ay;k=0,1,...,N — 1} is the DFT of {a,;n =0,1,...,N — 1}, with @, denoting
the average values of 4, 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 M?-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:

G 8 G 8
ay =Y 208 [T 00" +j Y 262 [T o™, (3.11)
g=1 m=1 g=1 m=1

with G = logx (M), b,ﬁ(m) = +1land b,?“”) = *£1. The log-likelihood ratio of the mth bit of
the nth transmitted symbol is given by

|n—al®
)y aed, (m) EXP (_ 20%
~ 2
Y Lexp (— 1A=l
acd™ p 20%,

where Cng) and CID(ﬁ) are the constellation’s subsets associated to the symbols with the

A = log

(3.12)

mth bit at 1 or —1, respectively and

o = T\, ; (&, — an|?). (3.13)

To obtain the average symbol values conditioned to the FDE output, a,,, we need the

(m)

average bit values conditioned to the FDE output, b,, '. They can be related as

—m (m) R
5" = tanh (Ag> plmpm, (3.14)

(m)

with IS,S’”) denoting the hard decisions’ estimate of b,, * and pﬁl’”) its reliability. From (3.11),

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

G g G 8 _
=Y 26 s[5 +j Y20 [T oo™, (3.15)
g=1 m=1 g=1 m=1
Having in mind the results of [Din+03] it can be shown that the IB-DFE coefficients are
given by
" H(] )*
I = S k=0,1,..., N1, (3.16)
a+(1-p%) Z kmodN)+qN
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and
By —Z LNH -1 k=01, ,N—1, (3.17)

respectively, where « is selected to ensure that

1IN1

Z F (3.18)

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

_ Efau] _ E[@a)

n
Ellaf]  E[@f] o
For general M?-QAM constellations we have
NS ‘4Gg]_[m 1pn)‘
PN n=0 g=1 46-¢ ' (520
where
o = tanh <’A(§1)’> . (3.21)
3.2.2 Multiplicity in OQPSK Signals
For an OQPSK scheme we still have
s(t) = Re {x(t)eﬂ”fcf} , (3.22)
but with the complex envelope given by
N-1 N-1
x(t) = Z aﬁr(t —nTy) 4] Z agr(t —nTs —T,), (3.23)

n=—N¢p n=—N¢p

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 1/2T;), and with an offset T, between them (which usually is T;/2).

Although, the in-phase and quadrature components of OQPSK signals are cyclosta-
tionary with period T;, the OQPSK signal is cyclostationary with period T;/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\/;n = 0,1,...,JN =1} = IFFT {X{) = AVRV;k =

1,...,JN — 1}, where R,(J) is previously defined and {A,((]);k =0,1,...,JN—1} =DFT
{a,g); n=20,1,...,JN —1}. However, contrary to (3.4), we have

al,, n=n']
a)) =38 a8, n=nj+]/2 (3.24)

0, otherwise
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Therefore, a,g ) = a,{l(] ) + a,?f]} 2 where a,ﬂ(] )

tively, as in (3.4). This means that A,((]) = A,i(]) + AkQ(])@k, with @y = jexp(—jmtk/N). Since
AII((D and A,?(]) are related to {Al;k = 0,1,...,N -1} = DFT {al;n = 0,1,...,N — 1}
and {A,?;k =0,1,...,N—1} =DFT {ag;n =0,1,...,N — 1}, respectively, there is an
implicit multiplicity in the frequency-domain block when the adopted pulse shape has

()

and a,? are related with afl and a,? , respec-

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 F, and By 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 1QI

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 FHy) to be real.
For this purpose, it is necessary to ensure that F,Hj is symmetrical with respect to the
central frequency of the spectrum? (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 (T,) 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 PIED as PIEI) = k(])H]E]),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,(p;n =0,1,...,JN —1} = IFFT {P(]);k =0,1,...,JN — 1}, which can be
regarded as the equivalent impulse response at the FDE output. Under zero ISI conditions,

p,(j]) = 0,n # 0, which is formally equivalent to impose the condition

J—1
Z%)Pk(i) N = constant. (3.25)
q:

3Since F « Hy, 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.* For
OQPSK schemes, there is an additional constraint to mitigate the IQI:

n
i {p{) e } =00 (3.26)

A possible way to achieve (3.25) and (3.26) is to have p,(j])/z = 0 for n # 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{pﬁl] )} = 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 IQIL

3.3.1 Method I

The objective of Method I is to ensure that pfj ) is real. Since Fk(] '« H ,SI ) *,

P,EJ ) is real and
non-negative. Therefore, this means that PISI ) should have even symmetry (see Fig. 3.2),
ie.,

PV =P . (3.27)

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

JN

Figure 3.2: Symmetry groups for method L.

an oversampling factor | high enough to ensure H](zj\? /5 = 0, neither will k = JN/2.
Consequently, the FDE design corresponds to the minimization of

Nyl nI? N U n o ?
E UP,S Y - A ] +E “F}N)kY}N)k - a4 } , (3.28)
conditioned to (3.27), which is equivalent to
Dy _ () (J
) =) =1, (3.29)

fork=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 Fk(]) are
n*
1—A)H
) = L2 A He k (3.30)
x+ ‘H,E])’
and )
g _ (M) Hpy (3.31)
JN—k — (]) 27 :
o+ ‘H]ka’
withk=1,2,...,JN/2 and
n|? 0 |? 0 |? 1>
T (e ) e (e )

|0 (oo )+ R (e )

Due to the absence of constraints for k = 0and k = [N /2, FOU Jand F ](I]\,) /o 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,E] ) because it forces pg ) to be real for any value of n, compromising the
performance. Instead, Method II only forces p,(j])/z tobereal (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 | > 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:

¥ = {k+2qN;q=0,1,..]/2—1},

‘Ifl((z) = {N—-k+2qN;q=0,1,....]/2 -1},
¥3) — (N+k+2qN;q=0,1,..,]/2—1},and

where k = 1,...,N/2. The symmetry groups are ‘I’]((l) U ‘P,(:l) and ‘F,EZ) U ‘I’]((S), and the

multiplicity groups are ‘I’S) U ‘F,(f) and ‘I’,(cz) U ‘I’,E4).
Therefore, the relations needed to mitigate the IQI are
Y P = ¥ FVHD, (3.33)
k/e‘I’,Ei> k’e‘l’,({s"'>
withi=1or2and k' =1,...,N/2. This problem leads to the minimization of

2 2

Y FYY — Ay (3.34)
Key? uyl?

E Y FEY) -4
rer! uyl®

+E
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Symmetry groups

k N-k N+k 2N -k
Multiplicity groups . Y S <. Multiplicity groups
\Y‘ \Y‘ \Y‘ \Y‘
k N-k N+k 2N-k 2N +k 3N-k 3N +k 4N - k
N
JN

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
Pk(] ) are

(1-A) )"

0)]
k’e‘Y]((l) U W,@ ‘H

., kel

a+y

)\ g™
1-0 ) Hy 2
(1-07)A, s Kew?

e u W](f)‘ K

a+y
(3.35)

K 5, k/ c 111]53)

L k’e‘i’,@,

with A,((a) and A,((b) given by
(124) [5(413)

@ _ P k
A= ) (3:36)
B+

and
213 324
Nk :
181(313) N lBl(c32 )

2
respectively, where ﬁ](cxyz) = G,Ex) ((x + G,Ey) + G,EZ)), and G,Ea) =Yg H,E] )‘ . Since this
k

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 # 0. Assuming that the FDE mitigates the ISI, it
thus becomes clear that is unnecessary to force Im{pg])} = 0 where the FDE guarantees
zero ISI (see also [LV02; Tu93]). Consequently, the only condition needed to assure an IQI
free system will be

m{ P} =0V, (3.38)

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

Note that the block {p%);n =0,...,N— 1} is the IFFT of the block {Z k+qN/k =0,...,N— 1}

andtheblock{p%m;n:o,...,N—1}istheIFFToftheblock{@kzqzo(—) k‘qu,k_o ,N—1

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

AlU) () 4Q0)
Z P k+qN AN T 1PN A gnOretan- (3.39)
q_
Clearly, we have Oy y = —Op and Oy _yN = —0y,. Therefore we may write
Ay = Al ZP +jA%e, Z pV) (3.40)
k k+gN J . k+qN :
q=
To ensure that p%) +7/2 Is real (and, consequently, to guarantee an IQI free system), P,ff )
has to verify
s 0 = o)
2 (=17 Pk+qN o E (= 1)qPN k+qN" (3.41)
q=0 q=0

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

ZP, N ZF, 0= ZF, k,+ZF, n, (3.42)

k’G‘Y k’e‘lf k’E‘F k’E‘F

which is equivalent to

J I) U
y fPHY = v EVH) (3.43)
ve(y ue?) ve(¥d uy?)

. 1) w2 ) M) 4o g . .
with the groups ¥/, ¥;”/, ¥,”” and ¥, defined in a similar way as in method II (see Fig.
3.4).

To optimize the values of Fk(,] it is needed to minimize
2 2
E Y EvD-a | +E Y EDYD —av] |, G4
re(r ue) ve(y? ue?)
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Symmetry group
k N-k
///// \\\\\ . . .
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Figure 3.4: Symmetry and multiplicity groups for method III.

withk =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

(-A)H” /gD
3 ‘ O ket
1% (\F,(Cl) u ‘f,(f)) K
(1-A)HY ) e g2
at+y k 1) : o Ke¥
() k’e(\yl(f) u ‘Pff)) ¥
Fk’ - 0n* . (345)
(1+/\k)Hk/ k/ c \1/(3)
4y ‘ [ k
k’e(‘PIE]) U ‘Pff)) K
(1A HY RS-
e k ‘H =z k' e ‘Ijk
k’e(\f’,(f) U ‘F<4)) K
To obtain A; we need to solve the following equation:
(1-A)E H(”‘z—(umz [
k k’e‘{’,((l) k! k k’e‘I’f) K o
x4y, ‘H | -
ve(y ) [T
(1= 2 Sy [HO[ = 0420 Sy [HE[
B k'eY, k KeY, K (3.46)
HO|? o
CtYie (v ue?) ‘ K
where the solution is
(1) (2) (3) (4) (3) (4) (1) (2)
) (2" =27) (a+20 +2) + (27 - 2) (a + 2V + 27) .
k= .

(2" +27) (a+27 +20) + (27 + 2 (a+ 2 + 27)

2
with Z(" = ¥, H|"

K e‘l’,(f)
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For k = 0 we have

R = 5, (3.48)

&+ Ypey, H(()])

leading to A9 = 0. For k = N /2, it is necessary to guarantee

J-1
Im {@N/z Y (~1)f p}j}MN} =0. (3.49)
q=0

Since O /2 = On_n/2 = —J, the previous condition can be simplified to

J-1

J
Z;) (=1)" ) oy = 0. (3.50)
q:

Therefore, the groups ‘FS% and ‘Fﬁ}z will be the same as ‘I’S% and ‘I’%}Z, respectively.

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

minimization of

2
E Y EY —ann |, (351)
Ke(¥i)2 U Yi))
conditioned to
Y F)HI = Y EVHY). (3.52)
k’e‘lfﬁ}z k’e‘YS)/z
Applying the Lagrange multiplier’s method will result
RN
() kle(‘yz(\//z v TN/Z)
E) = 4 (3.53)
k (1+/\N/2)H;E/]) K eyd® ’
27 6 N/Z

)
a+y 1 3 H;,
k/e(wwz u ‘1'5\]}2> ) K

with A/, as the solution of

2 2
(1= Any2) Byl ‘H(']) (14 An/2) ycy® ‘H(,j)
. 7 = =2 5. (3.54)
Y, H avx, D
Zk S (‘I’S}z U ‘FS)/Z) Zk c (\Pﬁ}z U ‘1’53}2) k

whichis Ay /2 = (Cny2 — Dny2)/(Cny2 + Dny2)-

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 102 (in the conventional FDE) to 10~*
for E,/Np = 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 Ay 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
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multipliers Ay by
; A , | Ax] < Adip
AP { ¢ A (3.55)

k Ak i cli
A Adiy | Ag] > Al

which means that we are limiting the effort of the Ay factor on Fj. In fact, we can improve
the performance by limiting the effect of A 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 AP, let us analyze the SIR from both ISI and IQL
Considering P’ = Z k + qN as the equivalent equalized channel for a signal with N
samples, the effective power of this signal can be written as

NZ1
Y IR (3.56)
k=0

Its residual ISI, in the frequency domain, will be defined as I = ZN ! Peq There-

fore, being the residual ISI power proportional to

N-1

Y Kl (3.57)

k=0

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

N—1 | peq|2
o — Do 1

Zk=0 [Tk | (3.58)
YA Il

To obtain the residual IQI, let us look at condition (3.41). From (3.41), PQ 1 = Z ( 1)1 pY)

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 F, in linear equalization,
this symmetry is lost and we can define PkQ’eq as

PQ eq PQ even + pQ odd (3.59)

where P]?even = (PkQ’eq + Pﬁ’_gq )/2, and PQ odd (PQ 1 Pﬁ_e',i) /2 (without clipping the
value of Ay, P2 = 0 and PP* = PkQ “1). The residual IQI is associated with P2&*"",

and its power is proportional to

N-1 2
Y ‘PkQ’eve“ (3.60)
k=0
Therefore, the signal to IQI ratio can be defined as
N-1|ped |2
P
SIRqr = Lico |’ 5 (3.61)
N—1 ‘ pQeven
=0 k
Finally, the total SIR can be written as
N-1 | peq |?
P
SIR = Lio ‘ | . (3.62)
o [ 4 o P
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Figure 3.6 shows the values of SIR;gj, SIRjqr and total SIR versus AP To be able to
obtain reliable results, it was assumed a noise-free system. Figure 3.7 shows the obtained
BER versus A7, for the same system with different E; / Ny values. From Figure 3.6 and
3.7 we can perceive that the optimum value of A°*? is 0.5. In the next sections the adopted

value of AP will be always the optimum value: A% = 0.5.
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Figure 3.6: SIRyg], SIR|qr and total SIR versus AP,

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

46



3.5. ITERATIVE FDE WITH 1QI CANCELLATION

0dB
107 E J2dB

144B

164B

8dB

110dB
412dB
414dB

l16aB

118dB
{20dB

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

clip
)‘k

Figure 3.7: A'' 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
& o) (EEvell) 0 0
Ap = E)MWNOEW—YHw>—&ww%wﬂ (3.63)
q:
and
70 SR () I Y g0 70
Ay = Zg&ﬂm(ﬁwN_YHw>—BHWAHm} (3.64)
q:

where {k =0,...,2N — 1}. For the in-phase block, {AL;k = 0,...,2N — 1} = DFT{al;n =
0,...,2N — 1} only the even data bits are relevant, whereas for the quadrature block
{g,?;k =0,...,2N -1} = DFT{E,?;H =0,...,2N — 1} the odd data bits are relevant for
detection®. Note as well that the feedback data bits are, in this case, from soft bit decisions,

and therefore more precise (roughly Ay ~ 0Ay).

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 p = 0
and a; is unknown, we can use any of the presented linear F; 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 Yi(]) and
Quadrature ?,?U ) signal, that cancel the IQI over the successive iterations are given by

and
Yo = g a2). (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

48



3.6. PERFORMANCE RESULTS WITH MULTIPLE UNBALANCED NONLINEAR
AMPLIFIERS

10" r T T T

[ x- - Conventional FDE
— © — Method llI 1
Method Il with clipping | |

BER

| | | | |
0 2 4 6 8 10 12 14 16 18 20
E,/Ny (dB)

10

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 {a,;n =
0,1,..,N —1}, wherea, = a,lq + ja,? is the nth data symbol. For a MZ2-OQAM constellation,
al and a$, take the values +1, +3, ..., and +M — 1. The complex envelope of these

transmitted signals are

x(t) = NZ:l alr(t —nTy) + NZ:I alr(t—nT, —T,), (3.67)
n=—Ng n=—Ng
where r(t) is the adopted pulse shape, T, is the time offset between both I and Q com-
ponents (usually Ts/2) and N, is the length of the cyclic prefix required for an efficient
FDE implementation [Fal+02]. The block {a,;n = 0,1, ..., N — 1} is periodic with period
N, therefore, a_,, = an_,.
It is clear that the complex envelope, x(t), has envelope fluctuations due to the dif-

ferent values of a! and a$. 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 = log, (M) different components
that have constant or quasi-constant envelope, depending on the adopted pulse shape®. To
decompose x(t) lets consider that the constellation symbols for M?-QAM can be expressed
as a function of the corresponding bits as follows [Din+10a]:

G §
al =Y o® TT 6™, (3.68)
g=1 m=1
and
S g Qm)
af =Y o® TT 62™. (3.69)
g=1 m=1

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

G
x(t) =Y xg(h), (3.70)
g=1

For a MSK support pulse the signals will have constant envelope.
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_ @ N [T & )
xo(t) =@ ) by "r(t—nT) + [ br r(t—nTs —T,) | . (3.71)
m=1 m=1

n:*Ncpa

Now, every x,(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 G; (fig. 2.9) has a phase deviation (Af)), and when
it has a gain deviation (AG,). Mathematically these deviations can be expressed as

x(£)100MM — AG,e/™ x; (1) + x5 (1), (3.72)

with x;(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 4ps. 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 E;/Np: 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 E,/Nj for three different values of Af: 0
(perfectly balanced amplifiers), 0.1 and 0.2 rad, and Figure 3.16 shows the BER versus
Ey/ Ny for three different values of AG,: 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 2]N log, (JN), plus [N multiplications by
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Figure 3.13: BER performance versus A6 for the four iteration with an E, /Ny of 14 and
18dB.

the Fy coefficients and N additions of | 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 Fy is O(JN)

3.7.2 Iterative method

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

For each iteration, the complexity required to obtain the F; and By 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 AG, for the four iteration with an E; / Ny 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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CHAPTER

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 [MGY99], 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 N, samples appended to the beginning of each block. The
data block to be transmitted is {a,;n = 0,1, ..., N — 1}, where a,, = al, + jag, is the nth data
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symbol, a}, for the in-phase component and a,? 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,

LY o® T )
gy =Y ¥ 0™, 4.1)
g=1 m=1
for the in-phase component and
G 8
al =) @ 6™, (42)
g=1 m=1

for the quadrature component, where b,i(m) — 41 and b{ (") — +1 are the m’s in-phase

and quadrature sent data bits [Din+10a; Din+10c],
G =log,(M), (4.3)

and {¢®); g =1,..., G} is the resolution block (¢(!) is the highest order resolution bit and
¢'©) the lowest). For uniform constellations, &) = 268, This implies that the values
associated to al and ag 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) = Nzl u,ﬂ r(t —nTy) + jag r(t —nTs —T,), (4.4)
n=—Ngp
where r(t) is the adopted pulse shape, T; is the sampling time, T, = Ts¢ is the time
offset between both I and Q components, usually with ¢ = 0.5, and N, 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 N, data symbols of the data block, a_, = an_.

At the receiver side, if the received block is sampled at T; /] rate, with | € IN samples
per symbol, the samples associated to the useful part of the block, without cyclic prefix,
will be {x,g);n =0,1,...,JN — 1}, with )2 x(nTs/])!. Since x(t) is cyclostationary
[Gar91], E [x(t)x(t — T)] is periodic in t, with period T; for non-offset modulations, and
Ts /2 for offset modulations.

The frequency-domain block associated to {x,ﬁf ),' n=0,1,...,JN — 1}, can be defined
as {X;k=0,1,...,]N —1},and

xN = ADRY), (4.5)
where

{R,g);k -0,1,...,]JN - 1} — DFT {r,(]) 2 v(nT/])in = 0,1,...,]1\]—1}, (4.6)

17 is assumed to be large enough to avoid aliasing effects.
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and
{A,ﬂ”;k —0,1,...,JN — 1} DFT {a,g Jon = 0,1,...,]N—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 (¢ = 0), the relation of the oversampled data

symbols to the regular data symbol block, as we can see in Fig. 4.1, is

— /

. 7
0 , otherwise

withn =0,1,...,JN —land n’ =0,1,..., N — 1. In the frequency domain, the correspon-

dent oversampled data symbol block is

A = Atmoan, (49)

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

Non-offset modulation
‘A 4

‘,g--o-o--&- -Mo o- -0 - K-o- -e - 0>
A 4 S ﬂ
MQ [ S Y AR Y
ﬁ : ﬁ% Offset modulation
: I . Q b
' Qn an, a’n ' ]

R e

N =4
J =41

T 1
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

J—1
{an;n = 0,1,...,N—1} :IDFT{ZA,QQqN;k - 0,1,...,N—1} (4.10)
q=0
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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 band? [Oba+09]. Therefore,
the frequency-domain sample Ay, can be repeated in several X,EI ) samples, separated by

multiples of N, as shown in Figure 4.2.

Non-offset modulation

A | A | A | A&

A AT AY AT

Q Offset modulation
A | AL | AL | A

N
AY0, |-AY0, AZe, |-AY0,

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 ¢ = 0.5 or T, = T;/2) the relation
of the oversampled data symbols to the regular data symbol block is

o =]
ag): ja,?, , n=Jn"+]¢p, (4.11)

0 , otherwise

a

where the symbol from in-phase component appears separated from the quadrature
component, as depicted in Fig. 4.1. Furthermore, the oversampling procedure needs | as a

multiple of 1/¢ and can be represented in the frequency domain as

Al(cl) = AI£ mod N + Akaod N®k’ (412)
where
{A,{;kzo,1,...,N—1} :DFT{afl;nzo,l,...,N—l} (4.13)
and
{A,?;k:O,l,...,N—l} :DFT{a,?,-nzo,l,...,N—l}. (4.14)

2Ry 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

O = jexp (—]27;;”‘> . (4.15)

In regular offset modulations, where ¢ = 0.5, there is a key difference when compared
with non-offset modulation: @y, 5y = —Oy. 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,

1 J—1 A(])

1= (J) k+qN
A=ty L] , 416
b P VSRR D Py (410

followed by the usual Inverse Discrete Fourier Transform (IDFT)

{an;nzo,l,...,N—l} :IDFT{Ak;kZO,l,...,N—l}. (4.17)

4.3 Linear FDE Design for OQAM

In FDE, the received signal is sampled at |/ T; rate (oversampling the signal at rate ]), the
cyclic prefix is removed and the resulting block {yg in=01,...,JN— 1} is transformed
into the frequency domain, leading to the block {YU ) ;k=0,1,...,JN — 1}. If the cyclic
prefix is longer than the overall channel impulse response length then

Y = ADHD 4 N, (4.18)

where N,EI ) is the corresponding noise component and
H = ARV (4.19)

is the overall channel impulse response associated to the kth subcarrier, which includes

the adopted pulse shape R,({] ) and the channel impulse response H 0

, as shown in Fig. 4.3.

From Fig. 4.4 it is clear that the inherent time offset T, 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 receiver®

p(t) = r(t) xh(t) = £(2), (420)

3h(t) is the channel impulse response, f(t) the corresponding feedforward equalization filter and *
denotes the convolution operator.
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“.\\ h‘ ‘ / \\ ‘“\‘ ‘“H

u\ s
W\\ \‘M “\\H \h

Wind T \v' 0k “M \
VY ‘ X

N
0 N 2N 3N 4N 5N 6N 7N 8N 0 N 2N 3N 4IL\I 5N 6N 7N 8N 0 N 2N 3N 4|2| 5N 6N‘7N 8N
k

Figure 4.3: Overall channel impulse response (H ) channel impulse response (H )and
adopted pulse shape (Rk )for N =64and ] = 8.

complex-valued, where the received symbols after the feedforward filter become
Y alp(t—nTs)+jY alp(t —nTs — To). (4.21)
n n

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

AV — Dy, (4.22)

where {F () ;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 4, it is necessary to remove
the oversampling and the offset from A (4 16), and apply the IDFT to the resulting A,
(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]:

0 " H(I) :
F = 5 (4.23)
‘H'Z ‘HkmodN)Jqu
with a denoting the inverse of the SNR and « selected to ensure
1 JN-1
Z F! (4.24)
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MSK - J=2
107 ¢ ‘

+ MFB [
——QPSK ]
—-©-0QPSK|]

10 12 14 16 18 20
E /N, (dB)

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

( K 1_)\5”P H(l)* 1
( < ) - ’ (,)‘2 7 ke‘}I]((/)
a4y H
(1) ®3) k
(k mod N)€<Tl]§, U(‘;’)k;)
A key®
nE 7 k
a+y, 1 3\ [He
F(]) . (k mod N)e(‘*’,((,) v “’,E/)) ’ ‘ (4.25)
= cli * 7 *
k x(1-757)HY) ke y®
nPE 7 K
H,
+):(kmodl\l)€<‘l’](j) uwi‘,‘))‘ k ‘
x(Ay") H ey®
) 2 7 k!
H,
DH_):(k mod N)e(?l(f) U ‘I’i‘,”) ‘ k ‘

withk’ =0,1,...,N —1and

(4.26)

Aclip { Ay ;M| <05

k' A 7
3505, |Ap|>05
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where
Ay:(ifa)(“*i%@)*(if@)(“*ié@)l w27
(Z62) (e + 250) +(Z50) (e +Z02)
with
> |A ‘ Z ‘H , (4.28)
ke‘i’
Z‘H ]+ ZWH , (4.29)
ke‘Y ke‘Y
and
¥ = (K +q2N;g=0,1,..,]/2—1}, (4.30)
¥ = (N-K +q2N;q=0,1,..,]/2 -1}, (4.31)
¥® — IN4K +q2N;g=0,1,..,]/2 -1}, (4.32)
¥ = (2N K +q2N;0=0,1,..,]/2 — 1} . (4.33)

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

~ ~ ~ A~

J) (J)

v A A a 5

‘k Feedforward [k . k n . n
Equalization Undersampling IFFT Detection

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 (®) that has the highest
power at the transmitter (see Fig. 4.7) [Luz+12a]. Mathematically, this operation can be
expressed as

(4.34)

g _ (B ke
k 0 , otherwise
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Tsf — g S

s —12Ts) (;JE UaTs)  1Ts 0 5 15 20

10
EI:/NO (dB)

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

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

(MB)(])) *
ED = K<H’<)2 (4.35)
[P0

but take into account the filtered channel response , instead of the overall channel

H,EMB)U )
impulse response H,EI ), 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

£ e f

- ~ —1.5dB, (4.36)
argicy
with

%)
(MB)(J) _ {Rk , ked (4.37)

Ry .
0 , otherwise

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,((] ) and the support pulse R](J ). 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 0, Hy (MB (up) and R](c R (MB D (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 ) ‘R,(j ) ’2 since the time-domain samples associated to ‘R,({] ) ‘2 are, in fact, real.
The same would remain true if a ZF equalizer (i.e., Fx = 1/Hj) was to be employed at the
receiver before the equivalent matched filter operation?. 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

P = xVRUY, (4.38)
with
m_ A
a+ |Hy ‘
as the MMSE equalizer.

In this way, for a high enough SNR (a — 0), when Ej is applied to H, ), the result will
be

1S ) 50
N kz(;) E/H' ~ 1. (4.40)

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

samples (i.e. the samples associated to the oversampled received) by R;;
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9

Therefore, when the values for the feedforward coefficients Fk(] ) are applied to H,'’,

Oy _ [ 20"\ (FORDY ~ [RD?
I H! _(H ;;”)ZR" )(Hk R) ~ R, (4.41)
and
2
B ~ a4l [RD), (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 4ys 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 MFEB for a 16-OQAM constellation. The MFB can be defined as

0|
BY 2 (o 1y | el B T|H|
P (30) = e (- m) 2| BT N SN

where E;, denotes the average bit energy and Nj 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 E; / Ny values below 10 dB
(mainly due to the specific 1.5 dB power loss of the method). Nevertheless, for E, /Ny > 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 E, /Ny 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
1QI-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.

68



4.5. ITERATIVE FDE DESIGN
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Figure 4.8: BER performance versus E,/ Ny 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

o e () ) Q! () IV
Ak - Z;l) Fk+qN Yk+qN - Yk-i—qN - Bk+qNAk+qN (4.44)
q:

for the in-phase component and

7/2-1
70 _ (J) (J) 1V (N QU
A = Z;J [PkﬂlN <Yk+qN —Yign | — BiiignAregn (4.45)
q:

for the quadrature component, with {B,EI ); k=0,1,...,JN — 1} as the feedback equaliza-
tion coefficients and where {k = 0,...,2N — 1}. For the in-phase block,

Alk=0,...,2N—1} =DFT{al;n=0,...,2N — 1 (4.46)
{ }=prr{a, }
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Figure 4.9: BER performance versus E,/ Ny for a 64-OQAM constellation.

only the even data bits are relevant, whereas for the quadrature block
{A,?;k:o,...,ZN—1} DFT{an, zo,...,zN—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 Ay are non
existent and p = 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:

(D
H|
F)) = K 5, (4.48)
a+(1—p?) 2 k mod N)+qN
BV = FVH) 1, (4.49)

with the feedback data reliability, p, defined by (4.62). The overall average received

frequency values for the in-phase and quadrature that cancel IQI through the successive
iterations are

v\ =zl (4.50)
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Figure 4.10: Regular Iterative Receiver Structure.

for the in-phase component and
Y2 = HVe a2V (4.51)

for the quadrature component, where Z,I(U ) and Z,?(] ) 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

AV = DY _ g2l (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 a,,. The values of B,EI ) are given by (4.49) and Fk(] )
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

*

()" o)
aD'R
AL, S S 4.53)

a+(1-p2) ||
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Figure 4.11: Proposed Iterative Receiver Structure.

4.5.3 Feedback Data Symbols

Considering the general M?-QAM mapping in (4.1) and (4.2), and assuming uncorrelated
bits due to the usage of a suitable interleaver, we can obtain {Z,i(]) ;k=0,...,JN—-1}
and {ZkQU ) ;k=0,...,JN — 1} (for the Iterative FDE design of section 4.5.1) from {a’; k =
0,...,JN—1}and {ak =0,...,]N — 1}, by using (4.8) and applying the DFT. To obtain
{Z,((] ) ;k=0,...,JN — 1} we apply (4.8) and the DFT in the same way, but with

@, =ak+jas, (4.54)
where
. £ Fiom)
a=Y o910, (4.55)
g=1 m=1
and
& 8 —Q(m)
ag =Y @b, ". (4.56)
g=1 m=1

To obtain a,, the average symbol values conditioned to the FDE output [Din+10a; Din+10c],

. o .7l
we need to compute the average bit values conditioned to the FDE output, i.e. bn(m) and

E,? ™) The mth bit of the nth transmitted symbol component can be obtained by

5™ — tanh (A’gm ) (4.57)
for the in-phase component and

52" — tanh (A’i(m ) (4.58)
for the quadrature component. The log-likelihood ratio of the mth bit of the nth transmitted

") for the in-phase component and A,?(’”)

symbol component, Al for the quadrature

component, are given by

o'l
Za’ €<I>§m) exp 20%
y oxp [ — [#=a'l’
aleﬂb(ﬁ) p 20%,
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and

-]
ZaQ e@gm) exp | — 2(772\,

s
Ly col”) P <_ 202,

where CDY") and CID(_"? are the constellation’s subsets associated to the symbols with the

= log (4.60)

mth bit at 1 or —1, respectively [Din+10a]. The estimated data bits values 7} and iy are
obtained by (4.52), after applying the undersample and IFFT operations characterized by
(4.16) and (4.17). 0%, 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

2= LN Elf - ] ~ e Yl — a2, (4.61)
2N n=0 2N n=0

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

Ela,a;
p = [72] ~ (4.62)
E e’
(8) I(m
L RSP e)]
- 2N n=0 g=1 zq,(g)
() m
L P ()]
2 n=0 g=1 ij(g) '
with pi(m) and an(m) as the reliability of the estimated in-phase and quadrature data given
by
oh™ = tanh (‘ 2 ‘) (4.63)
and Q(m)
p%" = tanh ('A”z |> . (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 E; /Ny for 16-OQAM constellation for 4 iterations.

both the conventional and interference minimization methods reach a BER floor of 1072
and 1073, 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
MEFB, 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) 42(3) = 4, Medium Protected Bits (MPBs) (p(z) = 1and Low
Protected Bitss (LPBs) (p(l) = 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.
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Figure 4.13: BER performance versus E;/ Ny 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 2] N log,(JN), plus JN multiplications
by the F coefficients and N additions of | 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 F; 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 E; /Ny for Non-uniform 64-OQAM constellation
(4,1,1/4) for linear and iterative (4 iterations) equalization.

2JNlog,(JN), plus 2] N multiplications (JN for the F; and JN for the By), for each iteration.
If the receiver has [ iterations, the overall receiver complexity is O(IJN log(JN)) and
the complexity per detected symbol is O(I] log(JN)). For each iteration, the complexity
required to obtain the Fy and By is also O(]N).

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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CHAPTER

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)!. To avoid ACI the
channel separation has to become several times the symbol rate?, 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

Hn 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, ACl 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 f,,, u = 1,2, ...U. It is also assumed equally
spaced frequency channels: f, — f,—1 = Af 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

N-1 N-1
xu(t)= ) al r(t—nTs) +j ) a,%,r(t —nT; —T5/2), (5.1)

n=—Ncp n=—N¢p

where 2], = +1 and a,%u = +£1 are, respectively, the nth in-phase and quadrature data

symbol of the uth frequency channel. T; denotes the symbol duration, 7(t) is the transmit-

ted pulse shape and N, denotes the number of samples at the cyclic prefix (longer than the

overall channel impulse response length) appended to each block where agn,u = a]%—n,u
and ﬂI—n,u = af\,ﬂw.
A PSD :
Af<<B
>
f ‘\)]‘;C . { (
hoh bl S s T f

Figure 5.1: System with strong ACI levels

It is assumed that the bandwidth B of x,(t), i.e., the bandwidth associated to r(t), is
larger than the symbol rate 1/T;!. Clearly, ACI will be present whenever Af < B.

The frequency separation between channels is Af. Given Af, 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 | /Ts >> 1/T;, 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 | multiplicity blocks

Y, = Hi A + Ny, (5.2)

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

Ny = [Nk Nin - o Nigp-1 N} . 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 |

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

Hy Hiu
Hiyng o0 Higenu
Hk:[Hk,O oo Hpy oo Hk,u}: : : : (5.3)
Herg-yng - Hieeg-vnu

The frequency domain data symbols, Ay = [Axo Akq - -- Aklu]T, are also a J-sized vector
where

Agu = At + AL Oy (5.4)

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

{AlI{’u,k: 0,1,,N—1} :DFT{uﬁ,u/n :0/1/-~-/N_1}/ (55)
and
{Algu/k: 0,1,...,N -1} :DFT{anQ,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.

MSK - J=2
10 F T

T e |
—-QPSK ]
~o-0QPSK |

10
E/N,(dB)

Figure 5.2: BER performance for QPSK and OQPSK with raised cosine (B = 1) support
pulse and conventional FDE.
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5.2.2 Parallel FDE Design with ACI and IQI Cancellation

Frequency domain Time domain

P A S L STioop |

Feedback ]
o FFT Delay
Equalization

Feedforward .

Equalization F Undersampling Detect
Feedback Ak

| Equalization @ FFT
: 1Ql loop —1

| Feedback k

| Equalization @ FFT

Detect

Feedforward Undersamplin
Equalization piing

Feedback Ak f
R FFT Delay :
Equalization :
ISl loop

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 [ and Q are

described by the relations
~I(i i <Q(i—1 )—=I(i—1

and
A = e (v -y ) - B A, 58)
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(*l), 7,9(71)
Z,I((l) and ZkQ(_l) are null vectors. The parallel feedforward coefficient matrix that mitigates

ISI and AClI is obtained by

7

rp@)  p() (i) 7
Fei Feing Fk+(]71)N1
‘ _ . -1
Pl(c’) =1 : : : = K(Z)H,Ij [ocI] + H} o1y H! (5.9)
(i) p() (i)
Four Flnu Pk:—(]—l)N,U_

with « as the inverse of the SNR,
‘ 42 42 2
00 = diag (1 —o 1= 1=l ) , (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 pg) given by

ol = m ~ % ig (Re {a,ﬂEf}} +Re {a%ﬁj)}) . (5.11)

K is a normalization factor that will be deduced in the next subsection. The U-by-U

feedback coefficient matrix, given by

(i) (i)
) Bk,l 1 Bk,U,l )
(i) (i)
Bk,l u Bk,u u

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 ,(Cl) and B,((l) are the same for both I and Q

components and @ is a diagonal matrix defined as

O = diag (Oc; -+ ; Opr(n ), (5.13)

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

i —1(i) —1(i —1()1T

Ak() _ [Ak,(l) Ak,(Z) Ak,(Lﬂ ) (5.14)
and T

A0 = [220 220 227" 519

denote the soft decision frequency block vector taken from

(A k=0,1,...,N -1} = DFT {@imn=01,.,N-1} (5.16)

and
(A29 k=0,1,...,N —1} = DFT @l n=01,. ,N-1}, (5.17)
where Efz(i) and E,%(f) are the soft decisions values obtained from a,ﬂ@ and ﬁ%,(j), associated

7

to the previous iteration. They can be obtained by

. (i)
@) = tanh (Re{gz}) , (5.18)
UN,u
and
4 ~(i)
azl = tanh Im{g;” , (5.19)
UN,u
where
2 1 N7 1 N-1 N7 Nz
0—1(\;?14 = EEHﬂn,u - 61511,)14’2] NN A\, — as,)u|2. (5.20)
n=0
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Finally, the overall averaged received frequency values for in-phase and quadrature
(i)

L . . —I
components that cancel the IQI over the successive iterations can be obtained from A, ,

and ngli) and are defined as
Yy = mal® (5.21)
Yo = geal’. (5.22)

k(?, and Hy ,.Ay, for U = 3, a noise-free flat-fading

channel and a raised cosine support p/ulse with roll-off = 1.

Figure 5.4: Frequency spectrum of F

Figure 5.4 shows the obtained values of F,EZ for B=2/T;,U = 3, ] = 4and a flat fading
channel. For the first user (u = 1), the value of Fk(’il) is positive over the first two N blocks,
where the desired signal, Ay 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 (Fk(22N,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

B |40 - A

2
] , (5.23)
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where g}% are the frequency domain estimated data symbols for the ith iteration of the
uth user and Ay, the data symbols in the frequency domain. These data symbols can be

regarded to those of (5.2) in the following way
At =T Ay, (5.24)

where
rg>:[0 N A (5.25)

is the operation that shapes Ay in a single u user format.

For the sake of computation simplicity for this particular situation, we will use hard
decisions A,(j) instead of the soft decisions Z,(j) 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

&) =)y, -BYAY, (5.26)
or in a single u user format
AN =Fv - BO AT, (5.27)

where F,((lzl = FS) F,(f) and B,(clzl = rﬁf) B,((i).

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

be assumed to be divided into two components

A = pa,+ Al (5.28)

where
p) = diag (pgz) P p(LlI)) , (5.29)

represents the correlation coefficient that provides a block wise reliability measure of the

estimates used in the feedback loop and

. , . ~ 1T
o= oy o a] 53

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

2 N2 .
] ~ (1_py> )E [\Aggl

Similarly, the estimated data bits can be written as

E UA,(;L

2
] . (5.31)
A =1ha,+ A (5.32)

with e,(ci) as the estimation error,
10 = diag (11" 245 -5 ), (5.33)
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and
1 IN-1

(i) _
’Yuz ]N Z Fku Hku (5.34)
After some straightforward manipulation of (5.27) we can obtain
AD =1 A+ (K~ Bl — 1) A - BOAY + BN (539)
At this point we can say that I"E,i)Ak is the useful signal and everything else is either noise

or interference. Using the Lagrangian multipliers method we get
~(; N2 , ,
L=E UA,(;,{ -1 4y } + Al (W) -1), (5.36)
where /\,(f) is the Lagrangian multiplier for an optimization carried out under 'y,(f) = 1. The
optimum feedforward coefficients are obtained by solving the following set of equations:

V.oL=0 & F HRsHf - B pl"VRsH[! - T\ RsH} +

ku

Ay

N

o st
(i)

+F{) Ry

=0

+aFy) 2o b =0 (5.37)
. o N
VB,((QIL =0 < BI(CZ,L (RSP(Z 1) +R(Al)) — Fl(czt kRSP( 1 _ rEll)RSP(l 1),
(5.38)
and
V=07 =1 (5.39)
with
Rs=E [A;; Ak} = 2021y, (5.40)
Ry =E [N,’g N,{] = 2031, (5.41)
and

. % NT . .
RV =g [A,(j) A ] = 202 diag (1 e A | —p{}*”Z) = 202007V, (5.42)

As expected, (5.39) is the condition under which the optimization is carried out.
Rewriting (5.38) by noting that p(i*1)2R5 + R(AZ) = Rg, the optimum feedback vector is
given by
By, = (FH—Ti) p 0. (5.43)

By replacing (5.43) in (5.37) we obtain the feedforward coefficients
. . , -1
F, = K{' B! [a1) + H; OV H]| (5.44)
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where Kg) represents a constant normalization vector given by

. . e A
KI(AI) = [0 Kl(ll) 0} = QEZ Ul

— 5.45
V-5 (5.45)

with
a=lo AP o (5.46)
being the Lagrangian multipliers vector associated to the u" user and since ')/Ef) =1,
I"Ef) = [0 el 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{' = KOH{ [a1) + H; "V H]| . (5.48)

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

K0 _ gty _ A (5.49)
203N
AD = diag (A5 -5 Al ) (5.50)
and
B,(j) _ (F,EZ) H, — Iu) pli=1), (5.51)

Since we are using soft bit decisions, the vector p{~1) is no longer needed® and the
feedback coefficients remain only

B = FH, — 1. (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 0.09T;. 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 4ys. 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
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I 3
— — -Raised Cosine =1 |4
Gaussian MSK
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f

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 ,(ci) for a power delay profile type C for HIPERLAN/2

channel [ETS98] are presented. As expected, the F ,((l)

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 0.09T;. 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.

31n fact, Z,({i) ~ p(i)/i,(j).
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MSK with Gaussian filtering with 0.097, standard deviation

Raised Cosine =1
10 - T I ]

1 f2 3

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

88



5.3. RECEIVER DESIGN FOR STRONG CCI LEVELS

User 1

=
| I MﬂNMA I Amwu
f1 f2 3
User 2
T
g M
l ! l
1 f2 3
User 3
T
<

A ! Amﬂuth ! J ! ul

Figure 5.7: Frequency spectrum of Pk(ib)l 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 IQ], 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

N-1 N-1
suM) = Y ab r(t—nT)+j Y al,r(t—nT, — T,/2), (5.53)

n=—Ncp n=—Ncp

withn = 0,1,...,N — 1, and where a,{l,u = #+1 and a,%, = =j are, respectively, the nth
in-phase and quadrature data symbol of the uth frequency channel. T; denotes the symbol
duration, r(t) is the transmitted pulse shape and N, denotes the number of samples at
the cyclic prefix (longer than the overall channel impulse response length) appended to
gnlu = u%_n,u andal ,, = all\,_n,u. Naturally, the regular data symbols

Will be an’u - a;{l,u + ja%u-

each block where a
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Figure 5.8: BER performance RC1
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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/T; rate, resulting in an oversampling factor of J.

(J)

The relation of the oversampled data symbols a,;; to the regular data symbol block

ay, in an offset modulation is

u o m=Jn
., o n=Jn"+]/2,
0 , otherwise

(5.54)

withn =0,1,...,JN — 1 where the symbol from the in-phase component appears sepa-

rated from the quadrature component. Furthermore, the oversampling procedure needs |

as a multiple of 2 and can be represented in the frequency domain as

J I
A](CL)I = Ak mod Nau T Akaod N,u®k’

where

{al k=01, ,N-1} =DFT{a} ;n=0,1,..

and

{48;k=0,1,...,N =1} =DFT {afin =0,1,..

90

(5.55)
.,N—1}, (5.56)
.,N—1}. (5.57)



5.3. RECEIVER DESIGN FOR STRONG CCI LEVELS

[| — * —lter 1 — High ACI
| —*— Iter 1 — Low ACI
_3|| — * —Iter 2 - High ACI
10 °H —— iter 2 - Low ACI
[| — * ~lter 3 - High ACI
t| —— Iter 3 — Low ACI
f| — - —lter 4 — High ACI
| — Iter 4 — Low ACI
MFB | | |
0 2 4 6 8 10 12 14 16 18 20
E,/Ny (dB)

10

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

. 27tk
Or = jexp (_]2N> . (5.58)

In offset modulations there is a key difference when compared with non-offset modulation:
Opn = —Oy. Therefore a sign shift occurs every N samples (see Figure 5.10).

Ay | A | A | A

A90, [-AY0,| AYe, |-AY0,

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,

_ 140
1]1 N 1]1Ak+Nu
Ara=-Y A +j- =z, (5.59)
M ]q;O k+qN,u ]]q;() ®k+qN
followed by the usual IDFT
{an,u;n =01,...,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-]N
DFT, the corresponding frequency-domain received block can represented as

YO = D AD 4 N, (5.61)

where k = 0,1,...,JN — 1, with N,EI ) 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 R1]< and the channel impulse response

H ,E] ) for the different frequency users in its U columns is defined as

y . y T
H =1 rR) = [5R) .. BR)] (5.62)
and the frequency domain data symbols
Al =[] Al (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.

‘A 4q

I [0
o L R

[ R o e S et s
J =4

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

Al — YD R - aV B\, (5.64)

The proposed receiver structure is shown in Figure 5.12.

Frequency domain Time domain

| Z(J) — [

I
Feedback Oversampling FFT LLR
Equalization
() ‘ ~(J) Y ~ ~
Y, A, Ay an an
-p Feedforward Undersampling IFFT Detection
Equalization

Oversampled signal Regular signal

Figure 5.12: Proposed receiver structure.

For the first iteration, there is no information about any detected symbols, therefore it
0))

is similar to a linear equalization where A;’’ is a null vector. The feedforward coefficient
matrix, derived from the pragmatic method presented in subsection 4.3.4 is obtained by

n '
E - (nH

= || = IH{’E) u=pe®)  por (5.65)
ro| B e B

with « 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

() ()
Bk,l,l U Bk,u,l
BV =| : ¢ |=FVHY 1, (5.66)
(J) (J)
Bk,l,u U Bk,u,u

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

p = diag <P1/ R ,pu> , (5.67)

and the fed back matrix denoting the soft decision frequency block vector
U =) =) ()
0 _ [ all oAl Ak,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 {Z,({Il)l k=
0,...,JN —1} by applying (5.59) and the DFT with

— =1 .—Q

Apu = Ay + ] Apu, (5.69)

where Efl/u and E,%u, the average symbol values conditioned to the FDE output [BT05] can

be obtained by
AI
a,, = tanh ( 2) (5.70)
for the in-phase component and
Q
2%, = tanh (A’ZW> (5.71)

for the quadrature component. The log-likelihood ratio of the nth transmitted symbol
component, Al , for the in-phase component and A,%, for the quadrature component, are

given by
2Re{a
Ay = 0{2 wt, (5.72)
N,u
and
2Im{7,
A, = “;‘g”””} (5.73)
N,u

The estimated data bits values 7, , and ﬁ%u are obtained by (5.64), after applying the
undersample and IFFT operations characterized by (5.59) and (5.60). 012\,,” 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

= N Bl — anal? & o S Elffn, — @] (5.74)
Nu — N : n,u n,u ~ N : n,u nu| |- .
n= n=

Finally, the reliability of the estimated average data symbols’ soft decision a,, to be

Q
tanh (’Az"”‘> u . (5.75)

used in the feedback loop are obtained by

|Ag ]
tanh ( >
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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[ette] — E [(Ak —a)" (A- 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
Ay = Y Fr — AyBy (5.77)

instead of (5.64), given that Ay ~ Ap' and put aside the oversampling symbol (/)
(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

A\k = Akp - Ak, (578)

with Ay = [Ak,l o Dy Ak,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

Ay = AH Fy + N Fy — ApBy — AyBy. (5.79)

Taking into account that the following expected values: E [Af'A¢], E [A{'Ai], E [NEAy],
E [AFNy], E [NfA(], and E [A{'Ni] are null, and that

E [A}?Ak} = Rs = 2021, (5.80)

E [N,?Nk} = Ry =202, (5.81)
with 07 as the real and imaginary variance of the data symbols, and
E[Af'A] = Ry = Rs — p™Rsp = 202 (1u — pp), (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} = FIHIRgHF — FPHRspBy (5.83)

—~FIHERs + FIRyF, — BHp" RsH, F;
+BHpH RspBy + Bl p" Rs + BI R, By

—RgHF; + RspBy + Rs.
Taking into account that
ox /!
—k —0 5.84
39X, (5.84)
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to obtain By we calculate
H _ _ H
Vi, {E |ee|} = 0 Be = o (HiFy — Iu). (5.85)
Since the total system feedback is
Awp" (H(Fy — 1), (5.86)

and given that the feedback data symbols are based on soft decisions Ay, which relate to
the hard decisions by A; ~ Ayp', the feedback coefficients equation is finally obtained
from

B, = H.F, — I;. (5.87)

To obtain Fj we calculate

H{! (Iu — pp")
Hf (Iy — pp") Hy + &

Vpk{E [eHeH — 0o F = (5.88)

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

~(DH H

o_ | | _  H (Iu—pp") o*

S N e TR >:5)
FJ) H' (Iu—pp")Hy' +u

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

()" 1— 2
KO — T L) R0 (5:90)
(-ed) || +a-ed)

[ o

5 (
k1

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 4ys. 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 CClI 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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Figure 5.14: BER results for a system with MSK support pulse and two co-channel users
u =2).
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CHAPTER

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 CClI, 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.

99






[Ada+09]

[Aul+81]

[BT02a]

[BT02b]

[BTO5]

[Ben+10]

[CC09]

[Cim85]

BIBLIOGRAPHY

E. Adachi, K. Takeda, T. Obara, T. Yamamoto, and H. Matsuda. “Recent
advances in single-carrier frequency-domain equalization and distributed
antenna network”. In: 7th IEEE International Conference on Information, Commu-
nications and Signal Processing. 2009. 1SBN: 978-1-4244-4656-8. DOI: 10.1109/
ICICS.2009.5397650.

T. Aulin, N. Rydbeck, and C.-E. Sundberg. “Continuous phase modulation
- Part II: partial response signaling”. In: IEEE Transactions on Communica-
tions 29.3 (1981), pp. 210-225. 1SSN: 0090-6778. DOI: 10.1109/TCOM.1981.
1094985.

N. Benvenuto and S. Tomasin. “Block iterative DFE for single carrier modula-
tion”. In: Electronics Letters 38.19 (2002), pp. 1144 —1145. 1SsN: 0013-5194. DOI:
10.1049/e1:20020767.

N. Benvenuto and S. Tomasin. “On the comparison between OFDM and
single carrier modulation with a DFE using a frequency-domain feedforward
filter”. In: IEEE Transactions on Communications 50.6 (2002), pp. 947-955. ISSN:
0090-6778. DOI: 10.1109/TCOMM.2002.1010614.

N. Benvenuto and S. Tomasin. “Iterative design and detection of a DFE in
the frequency domain”. In: IEEE Transactions on Communications 53.11 (2005),
pp- 1867 —1875.

N. Benvenuto, R. Dinis, D. Falconer, and S. Tomasin. “Single Carrier Modula-
tion With Nonlinear Frequency Domain Equalization: An Idea Whose Time
Has Come-Again”. In: Proceedings of the IEEE 98.1 (2010), pp. 69 —96. ISSN:
0018-9219. DOI: 10.1109/JPROC.2009.2031562.

A. Carlson and P. Crilly. Communication Systems. 5th edition. McGraw-Hill,
2009.

J. Cimini L. “Analysis and Simulation of a Digital Mobile Channel Using
Orthogonal Frequency Division Multiplexing”. In: IEEE Transactions on Com-
munications 33.7 (1985), pp. 665 —675. 1SSN: 0090-6778. DOI: 10.1109/TCOM.
1985.1096357.

101


http://dx.doi.org/10.1109/ICICS.2009.5397650
http://dx.doi.org/10.1109/ICICS.2009.5397650
http://dx.doi.org/10.1109/TCOM.1981.1094985
http://dx.doi.org/10.1109/TCOM.1981.1094985
http://dx.doi.org/10.1049/el:20020767
http://dx.doi.org/10.1109/TCOMM.2002.1010614
http://dx.doi.org/10.1109/JPROC.2009.2031562
http://dx.doi.org/10.1109/TCOM.1985.1096357
http://dx.doi.org/10.1109/TCOM.1985.1096357

BIBLIOGRAPHY

[CF07]

[DGa95]

[Din+03]

[Din+04]

[Din+05]

[Din+07]

[Din+08]

[Din+10a]

[Din+10b]

[Din+10c]

[ETS98]

D. Costello and G. Forney. “Channel Coding: The Road to Channel Capacity”.
In: Proceedings of the IEEE 95.6 (2007), pp. 1150-1177. 1SSN: 0018-9219. DOI:
10.1109/JPROC.2007.895188.

R. Dinis and A. Gusmao. “Adaptive serial OQAM-type receivers for mobile
broadband communications”. In: 45th IEEE Vehicular Technology Conference.
1995. DO1: 10.1109/VETEC.1995.504857.

R. Dinis, A. Gusmao, and N. Esteves. “On Broadband Block Transmission
over Strongly Frequency-Selective Fading Channels”. In: 15th International
Conference on Wireless Communications. 2003.

R. Dinis, R. Kalbasi, D. Falconer, and A. Banihashemi. “Iterative layered space-
time receivers for single-carrier transmission over severe time-dispersive
channels”. In: IEEE Communications Letters 8.9 (2004), pp. 579 -581.

R. Dinis, D. Falconer, and B. Ng. “Iterative frequency-domain equalizers
for adjacent channel interference suppression”. In: IEEE Global Telecommuni-
cations Conference. 2005. ISBN: 0780394143. DOI: 10.1109/GLOCOM. 2005 .
1578439.

R. Dinis, P. Silva, and A. Gusmao. “IB-DFE receivers with space diversity for
CP-assisted DS-CDMA and MC-CDMA systems”. In: European Transactions
on Telecommunications 18.791 - 802 (2007).

R. Dinis, C. Lam, and D. Falconer. “Joint Frequency-Domain Equalization
and Channel Estimation Using Superimposed Pilots”. In: IEEE Wireless Com-
munications and Networking Conference. 2008. ISBN: 978-1-4244-1997-5. DOI:
10.1109/WCNC.2008. 84.

R. Dinis, P. Montezuma, N. Souto, and ]J. Silva. “Iterative Frequency-Domain
Equalization for general constellations”. In: IEEE Sarnoff Symposium. 2010.
DOI: 10.1109/SARNOF.2010.5469792.

R. Dinis, M. Luzio, and P. Montezuma. “On the design of frequency-domain
equalizers for OQPSK modulations”. In: IEEE Sarnoff Symposium. 2010. DOI:
10.1109/SARNOF.2010.5469761.

R. Dinis, J. Silva, N. Souto, and P. Montezuma. “On the design of turbo
equalizers for SC-FDE Schemes with different error protections”. In: 72nd
IEEE Vehicular Technology Conference Fall. 2010. DOI: 10 . 1109 / VETECF .
2010.5594185.

ETSI. Channel Models for HIPERLAN/2 in Different Indoor Scenarios. ETSI EP
BRAN 3ERI085B. 1998.

102


http://dx.doi.org/10.1109/JPROC.2007.895188
http://dx.doi.org/10.1109/VETEC.1995.504857
http://dx.doi.org/10.1109/GLOCOM.2005.1578439
http://dx.doi.org/10.1109/GLOCOM.2005.1578439
http://dx.doi.org/10.1109/WCNC.2008.84
http://dx.doi.org/10.1109/SARNOF.2010.5469792
http://dx.doi.org/10.1109/SARNOF.2010.5469761
http://dx.doi.org/10.1109/VETECF.2010.5594185
http://dx.doi.org/10.1109/VETECF.2010.5594185

BIBLIOGRAPHY

[Fal+02]

[For72]

[FG98]

[Gar91]

[GM76]

[Ga+97]

[Ga+00]

[Ga+03]

[Ga+07]

[TEE09]

[IST06]

D. Falconer, S. Ariyavisitakul, A. Benyamin-Seeyar, and B. Eidson. “Fre-
quency domain equalization for single-carrier broadband wireless systems”.
In: IEEE Communications Magazine 40.4 (2002), pp. 58 —66. 1SSN: 0163-6804.
DOI: 10.1109/35.995852.

G. Forney. “Maximum-likelihood sequence estimation of digital sequences in
the presence of intersymbol interference”. In: IEEE Transactions on Information
Theory 18.3 (May 1972), pp. 363-378. 1SSN: 0018-9448. DOI: 10.1109/TIT.
1972.10548209.

G. Foschini and M. Gans. “On limits of wireless communications in a fading
environment when using multiple antennas”. In: Wireless personal communica-
tions 6.3 (1998), pp. 311-335. 1SSN: 0929-6212.

W. Gardner. “Exploitation of spectral redundancy in cyclostationary signals”.
In: IEEE Signal Processing Magazine 8.2 (1991), pp. 14 —=36. 1SSN: 1053-5888. DOI:
10.1109/79.81007.

S. Gronemeyer and A. McBride. “MSK and offset QPSK modulation”. In:
IEEE Transactions on Communications 24.8 (1976), pp. 809 —820. 1SSN: 0090-6778.
DOI: 10.1109/TCOM.1976.1093392.

A. Gusmao, V. Gongalves, and N. Esteves. “A novel approach to modeling of
OQPSK-type digital transmission over nonlinear radio channels”. In: IEEE
Journal on Selected Areas in Communications 15.4 (1997), pp. 647—-655. I1SSN:
0733-8716.DO1: 10.1109/49.585775.

A. Gusmao, R. Dinis, J. Conceigdo, and N. Esteves. “Comparison of two
modulation choices for broadband wireless communications”. In: 51st IEEE
Vehicular Technology Conference (2000).

A. Gusmao, R. Dinis, and N. Esteves. “On frequency-domain equalization
and diversity combining for broadband wireless communications”. In: IEEE
Transactions on Communications 51.7 (2003), pp. 1029-1033. 1SSN: 0090-6778.
DOIL: 10.1109/TCOMM.2003.814204.

A. Gusmao, P. Torres, R. Dinis, and N. Esteves. “A turbo FDE technique
for reduced-CP SC-based block transmission systems”. In: IEEE Transactions
on Communications 55.1 (2007), pp. 16 —20. 1SSN: 0090-6778. DOI: 10.1109/
TCOMM.2006.887482.

IEEE Standard Organization. IEEE Standard for local and metropolitan area
networks Part 16: Air Interface for Broadband Wireless Access Systems. Tech. rep.
2009. URL: http://standards. ieee.org/getieee802/download/
802.16-2009.pdf.

D. IST-4-027756 WINNER 1II. The WINNER II Air Interface: Refined Multiple
Access Concepts. Tech. rep. 2006.

103


http://dx.doi.org/10.1109/35.995852
http://dx.doi.org/10.1109/TIT.1972.1054829
http://dx.doi.org/10.1109/TIT.1972.1054829
http://dx.doi.org/10.1109/79.81007
http://dx.doi.org/10.1109/TCOM.1976.1093392
http://dx.doi.org/10.1109/49.585775
http://dx.doi.org/10.1109/TCOMM.2003.814204
http://dx.doi.org/10.1109/TCOMM.2006.887482
http://dx.doi.org/10.1109/TCOMM.2006.887482
http://standards.ieee.org/getieee802/download/802.16-2009.pdf
http://standards.ieee.org/getieee802/download/802.16-2009.pdf

BIBLIOGRAPHY

[Kim+03]

[Lam+07]

[Lau86]

[LHO09]

[LV02]

[Luz+09]

[Luz+10a]

[Luz+10b]

[Luz+11]

[Luz+12a]

Y. Kim, B. Jeong, J. Chung, C. Hwang, J. Ryu, K. Kim, and Y. Kim. “Beyond 3G:
vision, requirements, and enabling technologies”. In: IEEE Communications
Magazine 41.3 (2003), pp. 120-124. 1SSN: 0163-6804. DOI: 10 .1109/MCOM.
2003.1186555.

C.-T. Lam, G. Auer, F. Danilo-Lemoine, and D. Falconer. “Design of time
and frequency domain pilots for generalized multicarrier systems”. In: [IEEE
International Conference on Communications. 2007. 1ISBN: 1-4244-0353-7. DOI:
10.1109/1ICC.2007.671.

P. Laurent. “Exact and approximate construction of digital phase modula-
tions by superposition of amplitude modulated pulses (AMP)”. In: IEEE
Transactions on Communications 34.2 (1986), pp. 150 —160. 1SSN: 0090-6778. DOTI:
10.1109/TCOM.1986.1096504.

J. Lim and D. Hong. “Inter-carrier interference estimation in OFDM systems
with unknown noise distributions”. In: IEEE Signal Processing Letters 16.6
(2009), pp. 493—496. DOI: 10.1109/LSP.2009.2017571.

R. Lopez-Valcarce. “Channel equalization with staggered modulation for-
mats”. In: 14th International Conference on Digital Signal Processing (DSP). Vol. 2.
2002, pp. 769 ~772. DOI: 10.1109/ICDSP.2002.1028204.

M. Luzio, R. Dinis, and P. Montezuma. “Frequency-domain parallel multiuser
detection for quasi-constant envelope OQPSK schemes with high spectral
efficiency”. In: 3rd International Conference on Signal Processing and Communica-
tion Systems. 2009. ISBN: 978-1-4244-4473-1. DOI: 10.1109/ICSPCS.2009.
5306422.

M. Luzio, R. Dinis, and P. Montezuma. “On the design of iterative FDE
receivers for OQAM modulations”. In: IEEE Global Telecommunications Con-
ference Workshops. 2010. ISBN: 978-1-4244-8863-6. DOI: 10.1109/GLOCOMW .
2010.5700153.

M. Luzio, R. Dinis, and P. Montezuma. “On the design of linear receivers for
SC-FDE schemes employing OQPSK modulation”. In: 72nd IEEE Vehicular
Technology Conference Fall. 2010. DOI: 10.1109/VETECF.2010.5594203.

M. Luzio, R. Dinis, and P. Montezuma. “On the use of multiple grossly
nonlinear amplifiers for an efficient amplification of OQAM signals with FDE
receivers”. In: 74th IEEE Vehicular Technology Conference. 2011. DOI: 10.1109/
VETECF.2011.6092820.

M. Luzio, R. Dinis, and P. Montezuma. “A Pragmatic Design of Frequency-
Domain Equalizers for Offset Modulations”. In: 76th IEEE Vehicular Technology
Conference. 2012. DOI1: 10.1109/VTCFall.2012.6398933.

104


http://dx.doi.org/10.1109/MCOM.2003.1186555
http://dx.doi.org/10.1109/MCOM.2003.1186555
http://dx.doi.org/10.1109/ICC.2007.671
http://dx.doi.org/10.1109/TCOM.1986.1096504
http://dx.doi.org/10.1109/LSP.2009.2017571
http://dx.doi.org/10.1109/ICDSP.2002.1028204
http://dx.doi.org/10.1109/ICSPCS.2009.5306422
http://dx.doi.org/10.1109/ICSPCS.2009.5306422
http://dx.doi.org/10.1109/GLOCOMW.2010.5700153
http://dx.doi.org/10.1109/GLOCOMW.2010.5700153
http://dx.doi.org/10.1109/VETECF.2010.5594203
http://dx.doi.org/10.1109/VETECF.2011.6092820
http://dx.doi.org/10.1109/VETECF.2011.6092820
http://dx.doi.org/10.1109/VTCFall.2012.6398933

BIBLIOGRAPHY

[Luz+12b]

[Luz+13]

[Mol11]

[MonO06]

[MG99]

[Mon+09]

[Mon+11]

[MHS81]

[Myu+06]

[Nai+94]

[Nik+09]

[Oba+09]

M. Luzio, R. Dinis, and P. Montezuma. “SC-FDE for offset modulations: an
efficient transmission technique for broadband wireless systems”. In: IEEE
Transactions on Communications 60.7 (2012), pp. 1851-1861. 1SSN: 0090-6778.

M. Luzio, R. Dinis, and P. Montezuma. “Pragmatic Frequency Domain Equal-
ization for Single Carrier with Offset Modulations”. In: IEEE Transactions
on Wireless Communications 12.9 (2013), pp. 4496—4505. 1SSN: 1536-1276. DOI:
10.1109/TWC.2013.072513.121624.

A. Molisch. Wireless Communications. 1st ed. IEEE Wiley, 2011, p. 888. ISBN:
9781119992806.

P. Montezuma. “Highly efficient encoded OQPSK signals: emission and re-
ception design aspects”. In: IEEE Military Communications Conference. 2006.
DOI: 10.1109/MILCOM.2006.302089.

P. Montezuma and A. Gusmao. “Design of TC-OQAM schemes using a
generalised nonlinear OQPSK-type format”. In: Electronics Letters 35.11 (1999),
pp- 860 —861. 15SN: 0013-5194. DOT: 10.1049/e1:19990616.

P. Montezuma, R. Dinis, and M. Luzio. “Analytical characterization of nonlin-
early distorted TC-OQAM signals”. In: 3rd IEEE International Conference on
Signal Processing and Communication Systems. 2009. ISBN: 978-1-4244-4473-1.
DOI: 10.1109/ICSPCS.2009.5306370.

P. Montezuma, R. Dinis, and M. Luzio. “Power efficient coded 16-OQAM
schemes over nonlinear transmitters”. In: 34th IEEE Sarnoff Symposium. 2011.
DOI: 10.1109/SARNOF.2011.5876451.

K. Murota and K. Hirade. “GMSK modulation for digital mobile radio tele-
phony”. In: IEEE Transactions on Communications 29.7 (1981), pp. 1044 —1050.
ISSN: 0090-6778. DOI: 10.1109/TCOM.1981.1095089.

H. Myung, J. Lim, and D. Goodman. “Single carrier FDMA for uplink wireless
transmission”. In: IEEE Vehicular Technology Magazine 1.3 (2006), pp. 30-38.
ISSN: 1556-6072. DOI: 10.1109/MVT.2006.307304.

A. Naik, K. Regan, and D. Sivakumar. Quasilinear time complexity theory.
Vol. 775. Springer Berlin / Heidelberg, 1994, pp. 97-108. ISBN: 978-3-540-
57785-0.

K. Nikitopoulos, S. Stefanatos, and A. Katsaggelos. “Decision-aided com-
pensation of severe phase-impairment-induced inter-carrier interference in
frequency-selective OFDM”. In: IEEE Transactions on Wireless Communications
8.4 (2009), pp. 1614-1619. DOI: 10.1109/TWC.2009.071029.

T. Obara, H. Tomeba, K. Takeda, and F. Adachi. “Oversampling Frequency-
domain Equalization for Single-carrier Transmission in the Presence of Timing
Offset”. In: 6th IEEE VTS Asia Pacific Wireless Communications Symposium. 2009.

105


http://dx.doi.org/10.1109/TWC.2013.072513.121624
http://dx.doi.org/10.1109/MILCOM.2006.302089
http://dx.doi.org/10.1049/el:19990616
http://dx.doi.org/10.1109/ICSPCS.2009.5306370
http://dx.doi.org/10.1109/SARNOF.2011.5876451
http://dx.doi.org/10.1109/TCOM.1981.1095089
http://dx.doi.org/10.1109/MVT.2006.307304
http://dx.doi.org/10.1109/TWC.2009.071029

BIBLIOGRAPHY

[PS02]

[RCI8]

[SF08]

[SF09]

[Sal81]

[SS00]

[Sar+94a]

[Sar+94b]

[Sun95]

[TomO05]

[TBO4]

J. Pearsall and C. Soanes. The Concise Oxford English Dictionary. Oxford Uni-
versity Press, 2002.

G. Raleigh and J. Cioffi. “Spatio-temporal coding for wireless communica-
tion”. In: IEEE Transactions on Communications 46.3 (1998), pp. 357-366. ISSN:
0090-6778. DOI: 10.1109/26.662641.

M. Sabbaghian and D. Falconer. “Joint Turbo Frequency Domain Equalization
and Carrier Synchronization”. In: IEEE Transactions on Wireless Communica-
tions 7.1 (2008), pp. 204-212. 1SSN: 1536-1276. DOI: 10.1109/TWC.2008.
060451.

M. Sabbaghian and D. Falconer. “An Analytical Approach for Finite Block
Length Performance Analysis of Turbo Frequency-Domain Equalization”. In:
IEEE Transactions on Vehicular Technology 58.3 (2009), pp. 1292 —1301. ISSN:
0018-9545. DOI: 10.1109/TVT.2008.928000.

A. Saleh. “Frequency-independent and frequency-dependent nonlinear mod-
els of TWT amplifiers”. In: IEEE Transactions on Communications 29.11 (1981),
pp- 1715-1720. 1SSN: 0096-2244. DOI: 10.1109/TCOM.1981.1094911.

F. Sanzi and J. Speidel. “An adaptive two-dimensional channel estimator for
wireless OFDM with application to mobile DVB-T”. In: IEEE Transactions on
Broadcasting 46.2 (2000), pp. 128-133. 1SSN: 0018-9316. DOI: 10.1109/11 .
868928.

H. Sari, G. Karam, and I. Jeanclaude. “An analysis of orthogonal frequency-
division multiplexing for mobile radio applications”. In: 44th IEEE Vehicular
Technology Conference. 1994. DO1: 10.1109/VETEC.1994.345373.

H. Sari, G. Karam, and I. Jeanclaud. “Frequency-domain equalization of
mobile radio and terrestrial broadcast channels”. In: IEEE Global Telecommuni-
cations Conference. 1994. 1ISBN: 0-7803-1820-X. DOI1: 10.1109/GLOCOM. 1994 .
513297.

L. Sundstrom. “Automatic adjustment of gain and phase imbalances in LINC
transmitters”. In: Electronics Letters 31.3 (1995), pp. 155-156. 1SSN: 0013-5194.
DOI: 10.1049/e1:19950142.

S. Tomasin. “Overlap and save frequency domain DFE for throughput effi-
cient single carrier transmission”. In: 16th IEEE International Symposium on
Personal, Indoor and Mobile Radio Communications. 2005. ISBN: 978-3-8007-29.
DOL: 10.1109/PIMRC.2005.1651631.

S. Tomasin and N. Benvenuto. “A reduced complexity block iterative DFE for
dispersive wireless applications”. In: 59th IEEE Vehicular Technology Conference.
2004. 1SBN: 0-7803-8521-7. DOI: 10.1109/VETECF.2004.1400323.

106


http://dx.doi.org/10.1109/26.662641
http://dx.doi.org/10.1109/TWC.2008.060451
http://dx.doi.org/10.1109/TWC.2008.060451
http://dx.doi.org/10.1109/TVT.2008.928000
http://dx.doi.org/10.1109/TCOM.1981.1094911
http://dx.doi.org/10.1109/11.868928
http://dx.doi.org/10.1109/11.868928
http://dx.doi.org/10.1109/VETEC.1994.345373
http://dx.doi.org/10.1109/GLOCOM.1994.513297
http://dx.doi.org/10.1109/GLOCOM.1994.513297
http://dx.doi.org/10.1049/el:19950142
http://dx.doi.org/10.1109/PIMRC.2005.1651631
http://dx.doi.org/10.1109/VETECF.2004.1400323

BIBLIOGRAPHY

[Tra+07]

[Tu93]

[THO0]

[THO1]

[Tiic+02]

[WE71]

W. Tranter, D. Taylor, and R. Ziemer. The best of the best: fifty years of commu-
nications and networking research. 1st ed. Wiley-IEEE Press, 2007, p. 692. ISBN:
9780470546543.

J. Tu. “Optimum MMSE equalization for staggered modulation”. In: 27th
Asilomar Conference on Signals, Systems and Computers. 1993. DOI: 10.1109/
ACSSC.1993.342310.

M. Tiichler and J. Hagenauer. "Turbo equalization” using frequency domain
equalizers. 2000. DOI: 10.1.1.32.6144.

M. Tiichler and J. Hagenauer. “Linear time and frequency domain turbo
equalization”. In: 53rd IEEE VTS Vehicular Technology Conference. 2001. DOI:
10.1109/VETECS.2001.944627.

M. Tiichler, R. Koetter, and A. Singer. “Turbo equalization: principles and
new results”. In: IEEE Transactions on Communications 50.5 (2002), pp. 754 -767.
I1SSN: 0090-6778. DOI: 10.1109/TCOMM.2002.1006557.

S. Weinstein and P. Ebert. “Data transmission by frequency-division multi-
plexing using the discrete Fourier transform”. In: IEEE Transactions on Com-
munication Technology 19.5 (1971), pp. 628-634. URL: http://ieeexplore.
ieee.org/xpls/abs\_all.jsp?arnumber=1090705.

107


http://dx.doi.org/10.1109/ACSSC.1993.342310
http://dx.doi.org/10.1109/ACSSC.1993.342310
http://dx.doi.org/10.1.1.32.6144
http://dx.doi.org/10.1109/VETECS.2001.944627
http://dx.doi.org/10.1109/TCOMM.2002.1006557
http://ieeexplore.ieee.org/xpls/abs\_all.jsp?arnumber=1090705
http://ieeexplore.ieee.org/xpls/abs\_all.jsp?arnumber=1090705




Swa)SAG SSA[IIA pueqpeolyq 10§ sanbruyday uorsstusuer], AOuanyy YSIH

orzn PNSIA

¥10¢







	Contents
	List of Figures
	List of Tables
	List of Acronyms
	List of Symbols
	Introduction
	Research Question, Hypothesis and Approach
	Outline
	Major Contributions

	Literature Review
	Introduction
	Interference Types
	Bit Modulation
	Binary Phase Shift Keying
	Quaternary Phase Shift Keying
	Offset Quaternary Phase Shift Keying
	M-ary Phase Shift Keying
	Multi-level Constellations 
	Hierarchic Constellations 
	Decomposition of M2-OQAM into several OQPSK components

	Support Pulses
	Raised Cosine Pulses 
	Minimum Shift Keying Pulses (half sinusoid) 

	Envelope Fluctuations and Dynamic Range
	Block Transmission Techniques
	Single Carrier with Frequency Domain Equalization

	Equalization Methods 
	Linear Frequency Domain Equalization
	Hybrid Time-Frequency Decision Feedback Equalization
	Iterative Block Decision Feedback Equalizer
	Comparison between methods

	The Iterative Block Decision Feedback Equalizer
	Definition
	Computation of the Receiver Parameters for IB-DFE
	IB-DFE with soft decisions 


	FDE Receiver designs for offset modulations
	Introduction
	Linear and Iterative FDE Designs with Oversampling
	FDE for QPSK Schemes 
	Multiplicity in OQPSK Signals

	Linear FDE without IQI 
	Method I
	Method II
	Method III
	Performance Results

	Linear FDE with Reduced Overall Residual Interference 
	Iterative FDE with IQI Cancellation 
	Performance Results with Multiple Unbalanced Nonlinear Amplifiers
	Unbalanced system description
	Performance Results

	Computational Complexity
	Linear method
	Iterative method

	Conclusions and Final Remarks

	Pragmatic Receiver Designs for Offset Modulations
	Introduction
	Offset QAM Signals 
	Non-offset Modulations
	Offset Modulations

	Linear FDE Design for OQAM
	Conventional FDE 
	Interference minimization FDE 
	Minimum-band FDE 
	Full-band FDE 

	Performance Results for Linear Equalization 
	Iterative FDE design 
	Iterative FDE with IQI cancellation 
	Proposed Iterative Receiver
	Feedback Data Symbols 

	Performance Results for Iterative Equalization
	Computational Complexity 
	Conclusions 

	Multiple User Receiver Designs For Offset Modulations
	Introduction
	Receiver design for strong ACI levels 
	System Description 
	Parallel FDE Design with ACI and IQI Cancellation
	Computation of Receiver Parameters
	Performance Results
	Conclusions 

	Receiver design for strong CCI levels 
	System Description 
	Low Complexity Parallel FDE Design
	Feedback Data Symbols
	Computation of Receiver Parameters
	Performance Results
	Conclusions 


	Conclusions
	Synthesis and Final Remarks
	Future Work

	Bibliography

