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Synopsis:

From a signal processing for communications perspective, three fundamental transceiver
design components are the channel precoder, the channel estimator, and the channel equalizer.
The optimal design of these blocks is typically formulated as an optimization problem with a
certain objective function, and a given constraint set. However, besides the objective function
and the constraint set, their optimal design crucially depends upon the adopted system model and
the assumed system state. While, optimization under a perfect knowledge of these underlying
parameters (system model and state) is relatively straight forward and well explored, the
optimization under their imperfect (partial or uncertain) knowledge is more involved and cum-
bersome. Intuitively, the central question that arises here is: should we fully trust the available
imperfect knowledge of the underlying parameters, should we just ignore it, or should we go for
an “intermediate” approach?

In this dissertation, we explore the concept of minimax robustness, that falls under the generic
framework of deterministic optimization under uncertainty, for the aforementioned design prob-
lems under an imperfect knowledge of the underlying parameters. First, we present the design of
a minimax robust precoder under an uncertain knowledge of the transmission channel, pursued
via minimax optimization with a novel uncertainty class that aims to reduce the conservativeness
of the existing robust precoder designs. Second, we discuss the design of a channel equalizer
that is robust against uncertainty in the knowledge of the transmission channel as well as the
interference and noise correlations, and simultaneously is able to exploit the apriori information
about the unknown transmit symbols. Third, we investigate the problem of pilot assisted channel
estimation, and present the design of a novel minimax robust channel estimator, once only a
coarse knowledge about channel correlations is available.

Thus, this thesis deals with three crucial transceiver design problems from a signal processing
for communications perspective, and attempts to answer the fundamental question of how to
handle the presence of uncertainty about the design parameters in the respective optimization
problem formulations.





Acknowledgments

First and foremost, I would like to express my immense gratitude to my PhD supervisor Prof.
Wolfgang Utschick for all his support and guidance throughout this work. I have had several
interesting and insightful discussions with him that helped me to understand the intricacies of
robust optimization theory. I am especially thankful to him for his cooperation in the later part
of my work, when I moved to the university campus. This provided me the opportunity of a
greater interaction with the MSV group members, and undoubtedly had a positive impact on my
work. Besides others, I have hugely benefited from the experience of Dr. Frank Dietrich and Dr.
Michael Joham in the field of robust signal processing for communications.

I would like to take this opportunity to thank Dr. Thomas Hindelang who offered me a funded
PhD researcher position at Nokia Siemens Networks and brought me in collaboration with the
research group involved in the transceiver algorithm design and simulations. Besides him, I had
been working in close cooperation with Dr. Josef Forster and Hans Nottensteiner, and I would
like to thank them all for helping me to understand the challenges associated with the design of a
prototype 3rd Generation Long Term Evolution (3G-LTE) receiver under real world constraints,
which ultimately led me to the area of robust signal processing for communications.

I am also greatly grateful to all my friends in Munich and around, who made my life more
cheerful, thereby indirectly contributing to this work. Last, but not the least, I am immensely
thankful to my parents, my wife, and my sisters for all their support, encouragement, and love
throughout my stay in Munich. I dedicate this work to my parents.

Munich, March 2011,

Muhammad Danish Nisar.

3





Contents

1. Introduction 11
1.1 Overview and Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.2 Notations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2. Signal Processing for Communications 17
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.1 Baseband modeling of wireless communication systems . . . . . . . . . 18
2.2.2 Block based transmission over multipath channel . . . . . . . . . . . . . 20
2.2.3 OFDM based transmission over multipath channel . . . . . . . . . . . . 21
2.2.4 Generic system model and its interpretations . . . . . . . . . . . . . . . 23
2.2.5 Transmitter receiver block diagram . . . . . . . . . . . . . . . . . . . . 25

2.3 Channel Precoding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.3.1 Precoding under perfect CSI . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3.2 Precoding in absence of CSI . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3.3 Precoding under partial CSI . . . . . . . . . . . . . . . . . . . . . . . . 28

2.4 Channel Equalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.4.1 Detection without exploitation of the coding structure . . . . . . . . . . . 29
2.4.2 Detection with exploitation of the coding structure . . . . . . . . . . . . 31

2.5 Channel Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.5.1 Pilot-assisted channel estimation . . . . . . . . . . . . . . . . . . . . . . 32
2.5.2 Blind channel estimation . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.5.3 Adaptive channel estimation and tracking . . . . . . . . . . . . . . . . . 33

2.6 Robust Designs under Partial Knowledge . . . . . . . . . . . . . . . . . . . . . 34
2.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3. Robustness in Optimization under Uncertainty 37
3.1 Robustness – What it means? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Optimization under Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3 Frameworks for Optimization under Uncertainty . . . . . . . . . . . . . . . . . . 41

3.3.1 Stochastic framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.3.2 Deterministic framework . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3.3 Links between the stochastic and deterministic frameworks . . . . . . . . 45

3.4 Comparison of the Stochastic and Deterministic Frameworks . . . . . . . . . . . 46
3.4.1 Design philosophy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.4.2 Knowledge about uncertainty . . . . . . . . . . . . . . . . . . . . . . . 47
3.4.3 Performance guarantee . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5



6 Contents

3.4.4 Conservativeness of minimax solutions . . . . . . . . . . . . . . . . . . 48
3.4.5 Computational complexity . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.5 Deterministic Framework – Minimax Optimization . . . . . . . . . . . . . . . . 49
3.5.1 Preliminaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.5.2 Minimax inequality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.5.3 Minimax theorem, Saddle point theorem . . . . . . . . . . . . . . . . . . 53
3.5.4 Implications of minimax equality on minimax robustness . . . . . . . . . 54

3.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4. Minimax Robust Precoder Design under Imperfect CSI 57
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.2 Precoder Design under Imperfect CSI . . . . . . . . . . . . . . . . . . . . . . . 58

4.2.1 Related work and our contributions . . . . . . . . . . . . . . . . . . . . 59
4.2.2 System model and objective function . . . . . . . . . . . . . . . . . . . 60

4.3 Maximin Robust Power Allocation (MRPA) . . . . . . . . . . . . . . . . . . . . 62
4.3.1 Problem formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.3.2 Proposed MRPA – Optimization with unbiasedness constraint . . . . . . 64
4.3.3 Conventional MRPA – Optimization without unbiasedness constraint . . 67

4.4 Discussion and Insights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.4.1 Worst-case unbiased uncertainty for a given power allocation . . . . . . . 68
4.4.2 An intuitive analysis of the problem at hand . . . . . . . . . . . . . . . . 69
4.4.3 Uncertainty threshold and its relationship with probabilistic guarantees . 70
4.4.4 Evolution of robust power allocation as a function of uncertainty level . . 71

4.5 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.5.1 Worst-case SNR performance . . . . . . . . . . . . . . . . . . . . . . . 72
4.5.2 Coded BER performance . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5. Minimax Robust Equalizer Design under Imperfect CSI 79
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.2 Conventional Equalizer Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.2.1 System model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.2.2 Linear a-priori information aware equalizer . . . . . . . . . . . . . . . . 82
5.2.3 Design requirements – Motivation for robust designs . . . . . . . . . . . 83

5.3 Minimax Robust A-priori Information Aware Equalizer Design . . . . . . . . . . 83
5.3.1 Related work and our contributions . . . . . . . . . . . . . . . . . . . . 84
5.3.2 Problem formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.3.3 Robust equalizer design for KL divergence based uncertainty class . . . . 87
5.3.4 Robust equalizer design for norm based uncertainty class . . . . . . . . . 94

5.4 Discussion, Insights, and Extensions . . . . . . . . . . . . . . . . . . . . . . . . 97
5.4.1 Comparison between the uncertainty classes and associated designs . . . 97
5.4.2 Worst-case uncertainty for an arbitrary equalizer . . . . . . . . . . . . . 98
5.4.3 Uncertainty threshold and its relationship with probabilistic guarantees . 99



Contents 7

5.4.4 Minimax robust turbo equalization . . . . . . . . . . . . . . . . . . . . . 101
5.4.5 Evolution of robust equalizer as a function of uncertainty level . . . . . . 103

5.5 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.5.1 Analysis as a standalone entity . . . . . . . . . . . . . . . . . . . . . . . 105
5.5.2 Analysis in iterative detection setup . . . . . . . . . . . . . . . . . . . . 108

5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6. Minimax Robust Channel Estimator Design under Partial Corr. Knowledge 113
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
6.2 Pilot-Assisted MMSE Channel Estimator . . . . . . . . . . . . . . . . . . . . . 114

6.2.1 System model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6.2.2 Problem formulation and solution . . . . . . . . . . . . . . . . . . . . . 117
6.2.3 Design requirements – Knowledge of channel correlation function . . . . 119

6.3 Conventional Estimator Design under Partial Correlation Knowledge . . . . . . . 121
6.4 Proposed Estimator Design under Partial Correlation Knowledge . . . . . . . . . 123

6.4.1 Design approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.4.2 Characterizing the uncertainty class of correlation spectrum . . . . . . . 124
6.4.3 Minimax problem formulation and solution . . . . . . . . . . . . . . . . 127

6.5 Discussion, Insights, and Extensions . . . . . . . . . . . . . . . . . . . . . . . . 130
6.5.1 Novel aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
6.5.2 Computational complexity . . . . . . . . . . . . . . . . . . . . . . . . . 131
6.5.3 Optimization criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
6.5.4 Edge effects in finite dimensional pilot grids . . . . . . . . . . . . . . . 131
6.5.5 Arbitrary pilot grid structures . . . . . . . . . . . . . . . . . . . . . . . 133
6.5.6 Shape of the least favorable correlation spectrum . . . . . . . . . . . . . 134

6.6 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
6.6.1 MSE results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
6.6.2 BER results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
6.6.3 Staggered grid BER results . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

7. Conclusion 147

A. Complex Differentiation 153
A.1 Complex derivatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
A.2 Wirtinger calculus and its differentiation rules . . . . . . . . . . . . . . . . . . . 154
A.3 Gateaux derivatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

B. Optimization Fundamentals 157
B.1 Lagrangian duality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

C. List of Acronyms 159

Bibliography 163





List of Figures

2.1 Baseband modeling of wireless multipath transmission. . . . . . . . . . . . . . . 18
2.2 Illustration of OFDM transmit and receive processing. . . . . . . . . . . . . . . 21
2.3 Effective OFDM system model with a cyclic prefix exceeding CIR length and the

channel being constant during the transmission of one OFDM block. . . . . . . . 23
2.4 Building blocks of a typical communication link – Physical layer perspective . . 25
2.5 Linear channel precoding illustrated in the context of the generic system model

in (2.11). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1 Optimization under uncertainty of an underlying scalar parameter. . . . . . . . . 41
3.2 Illustrations of convex and non-convex sets and functions. . . . . . . . . . . . . . 50
3.3 Illustration of minimax theorem and saddle point in relation to Example 3.6. Note

the presence of a “saddle-like” structure around the saddle point. . . . . . . . . . 54

4.1 Imperfectly known sub-channel gains to be employed for precoder design. . . . . 62
4.2 Sub-channel power assignments for the proposed scheme as a function of the

degree of uncertainty. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.3 Worst-Case SNR as a function of δ̃ at N = 8. . . . . . . . . . . . . . . . . . . . 73
4.4 Coded BER at worst-case uncertainties as a function of transmit power budget at

different degrees of transmitter CSI uncertainty. . . . . . . . . . . . . . . . . . . 75
4.5 Average Coded BER as a function of transmit power budget at different degrees

of transmitter CSI uncertainty. . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.1 Structure of the iterative receiver under consideration. . . . . . . . . . . . . . . . 101
5.2 Evolution of a� and g�(1) for two particular channel realizations. . . . . . . . . . 104
5.3 Performance comparison in terms of equalization MSE for worst-case channels

vs. SNR at different uncertainty levels. . . . . . . . . . . . . . . . . . . . . . . . 106
5.4 Performance comparison in terms of equalization MSE for worst-case channels

as a function of the quality of a-priori information. . . . . . . . . . . . . . . . . 107
5.5 Performance comparison in terms of coded BER for worst-case channels at dif-

ferent uncertainty levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.6 EXIT chart based performance comparison of the equalizers as part of an iterative

system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.1 Visualizing OFDM transmission as 2-D grid of symbols along time blocks and
frequency sub-channels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.2 Relationship between various representations of channel correlation function. . . 120
6.3 Example finite dimensional pilot grid with grid edges shown in gray. . . . . . . . 132

9



10 List of Figures

6.4 Staggered Pilot Grid. Time along horizontal and frequency along vertical direction.133
6.5 Effect of increasing KT, the number of observations along time direction on the

least favorable time correlation spectrum. . . . . . . . . . . . . . . . . . . . . . 135
6.6 Worst case channel estimation MSE of the heuristic and the proposed maximally

robust estimator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
6.7 Average channel estimation MSE of the the heuristic and the proposed maximally

robust estimator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
6.8 Performance comparison of the Heuristic and the Maximally Robust channel es-

timators against the performance with ideal channel estimation in terms of coded
BER for different transmission scenarios. . . . . . . . . . . . . . . . . . . . . . 142

6.9 Performance comparison of the Heuristic and the Maximally Robust channel es-
timators against the performance with ideal channel estimation in terms of coded
BER for different transmission scenarios. . . . . . . . . . . . . . . . . . . . . . 143

6.10 Performance comparison of different strategies for robust channel estimation in
case of staggered pilot grid. Coded BER at velocity 30 kmph . . . . . . . . . . . 145


