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Je tiens aussi à remercier les membres de mon jury pour leurs critiques
constructives et leur contribution à l’amélioration de ce texte.
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Abstract

The low-voltage power distribution network is considered today as a se-
rious candidate to provide residential customers with a high-speed access
to communication services such as Internet. Outdoor Power-Line Com-
munications (PLC) systems represent an alternative to the other classi-
cal ’last-mile solutions’ such as ADSL, cable modems, or wireless access
systems. The outdoor powerline channel is made of the interconnexion
of various buried or aerial multiconductor cables, providing connectivity
between the central PLC modem (installed at the medium-voltage/low-
voltage transformer) and a number of remote PLC modems (installed at
customer premises).

We developed an accurate powerline channel simulation tool based on the
Multiconductor Transmission Line theory. This tool is able to predict the
end-to-end channel responses on the basis of the multiconductor cable struc-
ture and the network topology. The obtained channel responses are strongly
frequency-selective due to the cable losses and to the various reflections at
cable derivations and unmatched terminations.

Then the issue of optimal resource allocation in a multiuser environment
was addressed in the light of the Multiuser Information Theory. Simultane-
ously active users are in competition for the limited resources that are the
power (constrained by electro-magnetic compatibility restrictions) and the
bandwidth (in the range of 1 to 10 MHz for outdoor PLC). The concept
of multiuser balanced capacity was introduced to characterize the optimal
resource allocation providing the maximum data rates with fairness con-
straints among the subscribers.

The optimal PLC system was shown to require the shaping of the signal
spectrum in the transmitters, and successive decoding in the receiver. A
generic multiple access scheme based on Filter Banks (FB) was proposed,
which offers the required spectral shaping with limited degrees of freedom.
Classical multiple-access techniques (TDMA, CDMA, OFDMA) can be ob-
tained by selecting the appropriate FB. The Minimum-Mean-Square-Error
Decision-Feedback Joint Detector was shown to approach the performance
of the optimal successive decoding receiver. Practical implementations were
discussed and compared, with a special concern about complexity issues.

Finally, the robustness of the proposed system against channel estimation
and timing synchronization errors was addressed. The problem of multiuser



iv

timing synchronization was introduced, and practical multiuser timing error
detectors were proposed.



Contents

Table of contents v

List of figures xi

List of tables xiv

1 Introduction 1
1.1 Powerline communications . . . . . . . . . . . . . . . . . . . 1

1.1.1 The power distribution grid . . . . . . . . . . . . . . 2
1.1.2 The powerline channel . . . . . . . . . . . . . . . . . 3
1.1.3 Electromagnetic compatibility, standards and regu-

lations . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.1.4 Coding and modulation . . . . . . . . . . . . . . . . 8
1.1.5 The HomePlug standard . . . . . . . . . . . . . . . . 10
1.1.6 PLC systems in the access segment . . . . . . . . . . 11

1.2 Outline of the thesis and contributions . . . . . . . . . . . . 12

2 Channel model 19
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 Primary parameters . . . . . . . . . . . . . . . . . . . . . . 20

2.2.1 EM fields in a multiconductor structure . . . . . . . 20
2.2.2 Capacitance and external inductance . . . . . . . . . 23
2.2.3 Dielectric losses . . . . . . . . . . . . . . . . . . . . . 25
2.2.4 Conductor losses . . . . . . . . . . . . . . . . . . . . 25

2.3 Secondary parameters . . . . . . . . . . . . . . . . . . . . . 27
2.3.1 Multiconductor line equations . . . . . . . . . . . . . 27
2.3.2 Normalization . . . . . . . . . . . . . . . . . . . . . . 28
2.3.3 Progressive and regressive waves . . . . . . . . . . . 29
2.3.4 Line voltages . . . . . . . . . . . . . . . . . . . . . . 30
2.3.5 Application to powerline cables . . . . . . . . . . . . 31



vi CONTENTS

2.3.6 Examples . . . . . . . . . . . . . . . . . . . . . . . . 35
2.3.6.1 Symmetric 4-conductor cables . . . . . . . 35
2.3.6.2 Symmetric 3-conductor cables . . . . . . . 36
2.3.6.3 Asymmetric 3-conductor cable . . . . . . . 37
2.3.6.4 Computational results . . . . . . . . . . . . 38

2.3.7 Practical PLC cables . . . . . . . . . . . . . . . . . . 41
2.4 Impulse response associated with a cable segment . . . . . . 41
2.5 Powerline access networks . . . . . . . . . . . . . . . . . . . 48
2.6 Network analysis based on the scattering matrix . . . . . . 51

2.6.1 The scattering matrix . . . . . . . . . . . . . . . . . 51
2.6.2 Reference basis and matrix base change . . . . . . . 51
2.6.3 Cable segments . . . . . . . . . . . . . . . . . . . . . 53
2.6.4 Cable derivations . . . . . . . . . . . . . . . . . . . . 54
2.6.5 Line terminations . . . . . . . . . . . . . . . . . . . . 56
2.6.6 Network analysis . . . . . . . . . . . . . . . . . . . . 57

2.7 Multipath channel model . . . . . . . . . . . . . . . . . . . 57
2.8 PLC channel responses . . . . . . . . . . . . . . . . . . . . . 64
2.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3 Balanced capacity of wireline multiuser channels 73
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.2 Wireline multiaccess channels . . . . . . . . . . . . . . . . . 76
3.3 Multiuser capacity region and balanced capacity . . . . . . 77
3.4 Memoryless channel . . . . . . . . . . . . . . . . . . . . . . 80

3.4.1 Maximum aggregate rate for a given power allocation 80
3.4.1.1 MA channel . . . . . . . . . . . . . . . . . 80
3.4.1.2 BC channel . . . . . . . . . . . . . . . . . . 81
3.4.1.3 Formulation of the optimal power allocation

problem . . . . . . . . . . . . . . . . . . . . 83
3.4.2 Optimal power allocation for the BC memoryless chan-

nel . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.4.3 Optimal power allocation for the MA memoryless

channel . . . . . . . . . . . . . . . . . . . . . . . . . 88
3.4.4 Maximum balanced rates . . . . . . . . . . . . . . . 91

3.5 Frequency-selective channel . . . . . . . . . . . . . . . . . . 94
3.5.1 Types of constraints . . . . . . . . . . . . . . . . . . 95
3.5.2 Multiuser diversity . . . . . . . . . . . . . . . . . . . 98
3.5.3 Maximum aggregate rate for a given power allocation 99
3.5.4 Optimal power allocation . . . . . . . . . . . . . . . 100

3.5.4.1 PSD-sum constraint . . . . . . . . . . . . . 100



CONTENTS vii

3.5.4.2 Power-sum constraint . . . . . . . . . . . . 101

3.5.4.3 Individual power constraint (MA channel
only) . . . . . . . . . . . . . . . . . . . . . 101

3.5.5 Maximum balanced rates . . . . . . . . . . . . . . . 105

3.5.5.1 PSD-sum constraint . . . . . . . . . . . . . 105

3.5.5.2 Power-sum constraint . . . . . . . . . . . . 105

3.5.5.3 Individual power constraint (MA channel
only) . . . . . . . . . . . . . . . . . . . . . 106

3.6 FDM(A) capacity . . . . . . . . . . . . . . . . . . . . . . . . 111

3.6.1 PSD-sum constraint . . . . . . . . . . . . . . . . . . 111

3.6.2 Power-sum constraint . . . . . . . . . . . . . . . . . 118

3.6.3 Individual power constraint . . . . . . . . . . . . . . 119

3.7 Applications to the powerline channel . . . . . . . . . . . . 119

3.7.1 Regular-pattern network with matched terminations 119

3.7.2 Complex network with open terminations . . . . . . 124

3.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4 Multiple Access and Modulation Techniques 129

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.2 The multiple access model . . . . . . . . . . . . . . . . . . . 130

4.2.1 Bits, symbols and signatures . . . . . . . . . . . . . 130

4.2.2 Filter bank modulation . . . . . . . . . . . . . . . . 130

4.2.3 Examples of filter banks . . . . . . . . . . . . . . . . 133

4.2.4 Transmitted signals . . . . . . . . . . . . . . . . . . 135

4.2.5 Multiuser channel and receiver front-end . . . . . . . 137

4.2.6 IIR observation model . . . . . . . . . . . . . . . . . 140

4.2.7 FIR observation model . . . . . . . . . . . . . . . . . 141

4.3 Bit rates computation . . . . . . . . . . . . . . . . . . . . . 143

4.4 CAP-FB transmission . . . . . . . . . . . . . . . . . . . . . 145

4.5 CAP-CDMA with long codes . . . . . . . . . . . . . . . . . 149

4.6 Cyclic-prefixed block transmission . . . . . . . . . . . . . . 154

4.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5 Joint Detection 157

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

5.2 The matched filter receiver . . . . . . . . . . . . . . . . . . 157

5.3 Capacity of FB-based multiple access . . . . . . . . . . . . . 160

5.3.1 Mutual information and capacity region . . . . . . . 160

5.3.2 Optimal signature allocation . . . . . . . . . . . . . 163

5.3.3 Maximum balanced rates . . . . . . . . . . . . . . . 165



viii CONTENTS

5.3.4 Influence of the FB . . . . . . . . . . . . . . . . . . . 168

5.3.5 Capacity vs. MFB . . . . . . . . . . . . . . . . . . . 169

5.4 IIR joint detectors . . . . . . . . . . . . . . . . . . . . . . . 172

5.4.1 MMSE linear joint detection . . . . . . . . . . . . . 172

5.4.2 MMSE decision-feedback joint detection . . . . . . . 174

5.4.3 Influence of the FB . . . . . . . . . . . . . . . . . . . 176

5.4.4 Multiuser capacity and DF joint detection . . . . . . 177

5.5 FIR joint detectors . . . . . . . . . . . . . . . . . . . . . . . 179

5.5.1 MMSE linear joint detection . . . . . . . . . . . . . 181

5.5.2 MMSE decision-feedback joint detection . . . . . . . 182

5.5.3 Complexity analysis . . . . . . . . . . . . . . . . . . 185

5.6 Joint detection for CAP-CDMA with long codes . . . . . . 190

5.6.1 MMSE linear joint detection . . . . . . . . . . . . . 191

5.6.2 MMSE decision-feedback joint detection . . . . . . . 195

5.6.3 Computational complexity . . . . . . . . . . . . . . . 198

5.7 ZF equalization for Cyclic-Prefixed transmission . . . . . . 201

5.8 Applications to the powerline channel . . . . . . . . . . . . 204

5.8.1 CAP-FB systems : OFDMA, CDMA and TDMA . . 206

5.8.2 CAP-CDMA with long codes . . . . . . . . . . . . . 211

5.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

6 Performance loss in non-ideal conditions 217

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

6.2 Excess MSE in non-ideal conditions . . . . . . . . . . . . . 218

6.2.1 Excess MSE due to channel estimation errors . . . . 219

6.2.2 Excess MSE due to timing synchronization errors . . 222

6.3 Sensitivity to timing offsets in a single-user system . . . . . 223

6.3.1 Baseband FB modulation . . . . . . . . . . . . . . . 224

6.3.1.1 Timing sensitivity . . . . . . . . . . . . . . 224

6.3.1.2 The matched filter receiver . . . . . . . . . 227

6.3.1.3 Baseband PAM and AWGN channel . . . . 230

6.3.1.4 DMT and Hadamard modulations . . . . . 231

6.3.1.5 MMSE receivers . . . . . . . . . . . . . . . 233

6.3.2 Extension to CAP FB modulation . . . . . . . . . . 235

6.3.2.1 The matched filter receiver . . . . . . . . . 235

6.3.2.2 Single CAP and AWGN channel . . . . . . 236

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 237



CONTENTS ix

7 Timing synchronization 239
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
7.2 Asynchronous FB-based multiple access . . . . . . . . . . . 240
7.3 ML-DD timing estimation and the Cramèr-Rao Lower Bound 243
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