N
N

N

HAL

open science

Power optimization strategies within a H.264 encoding
system-on-chip

Ngoc-Mai Nguyen

» To cite this version:

Ngoc-Mai Nguyen. Power optimization strategies within a H.264 encoding system-on-chip. Elec-
tronics. Université Grenoble Alpes; Trudng Dai hoc Quéc Gia Ha Noi, 2015. English.

2015GREAT049 . tel-01218637

HAL Id: tel-01218637
https://theses.hal.science/tel-01218637
Submitted on 21 Oct 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

NNT:


https://theses.hal.science/tel-01218637
https://hal.archives-ouvertes.fr

= UNIVERSITE
VNU'L GRENOBLE

Vietnam National University, Hanoi AL P E S
THESE

Pour obtenir le grade de
DOCTEUR DE L’UNIVERSITE GRENOBLE ALPES

préparée dans le cadre d’une cotutelle entre
I’Université Grenoble Alpes et I’Université Nationale
du Vietnam, Hanoi

Spécialité : Automatique - Productique

Arrété ministériel : le 6 janvier 2005 - 7 ao(t 2006

Présentée par

Ngoc-Mai NGUYEN

Thése dirigée par Xuan-Tu TRAN et Suzanne LESECQ
codirigée par Edith BEIGNE

préparée au sein des Laboratoire d’Electronique et des
Technologies de I'Information, CEA Grenoble et Laboratoire
SIS, VNU-UET, Hanoi

dans ’Ecole Doctorale d’Electronique, Electrotechnique,
Automatique et Traitement du Signal (EEATS) et 'UET du VNU

Stratégies d'optimisation de la
consommation pour un systéme
sur puce encodeur H.264

Thése soutenue publiquement le 29/06/2015,
devant le jury composé de :

M. Nicolas MARCHAND

Laboratoire GIPSA-Lab, Président

M. Alain MERIGOT

Université Paris XI, Rapporteur

Mme. Nadine AZEMARD

LIRMM, Rapporteur

M. Xuan-Tu TRAN

Université Nationale du Vietnam, Directeur de thése
M. Amara AMARA

ISEP, Membre

M. Huu-Duc NGUYEN

Université Nationale du )/ietnam, Membre
Mme. Edith BEIGNE

CEA, Invité

Mme. Suzanne LESECQ

CEA, Co-directeur de these, Invité







Contents

Contents i
List of Abbreviations v
List of Figures viii
List of Tables x1iii
Introduction 1
Context of video coding . . . . . . .. ... .. ... ... .. 1
Motivations and objectives . . . . . . .. ... 2
Contributions of the work . . . . . . . . . . ... ... ... ... 3

Explanation for the different CMOS technologies and operating
frequency in the results presented in the thesis . . . . . . . . )
Organization of the manuscript . . . . . .. .. .. .. ... ... 7

1 The H.264/AVC video coding standard and its implemen-
tations 9
1.1 H.264 video coding standard in the history of video coding

standards . . . ... oL 10
1.1.1  The video coding standards before the H.264/AVC . 10
1.1.2  The H.264 Advanced Video Coding standard . . . . . 12

1.1.3  Video coding standards from other organizations, H.265/HEVC
standard and the consideration of standard selection 13

1.2 Overview of H.264 video coding standard . . . . . . . . . .. 14
1.2.1  Video coding basic concepts . . . . . . .. .. .. .. 14
1.2.2 H.264/AVC basic concepts . . . . . . ... ... ... 17

1.3 H.264/AVC implementation solutions . . . . . . ... . ... 20



i

1.4

1.5

1.6

2 The
2.1

2.2

CONTENTS

1.3.1 Software implementations . . . . ... ... ... ..
1.3.2  Challenges in implementing the H.264/AVC and so-

lutions . . . . . ...
1.3.3 Trends in hardware implementation of the H.264/AVC

coding . . . . . ..o
Overview of H.264/AVC hardware encoder implementations
1.4.1 Basic pipelining design . . . . . . . ... .. .. ...
1.4.2 Design improvements for specific purposes . . . . . .
Power-oriented design for H.264/AVC hardware encoders . .
1.5.1 Low-power design techniques . . . . . . . ... .. ..
1.5.2  Low-power techniques for H.264/AVC encoder hard-

ware implementation . . . . . ... ... ... ...
1.5.3 Discussion . . . . . ... ... o

Conclusion . . . . . . . .

VENGME platform and its EC-NAL module
The VENGME platform . . ... ... ... ... ......
2.1.1 Introduction to the VENGME platform . . . . . . ..
2.1.2 Hardware architecture of the VENGME H.264/AVC
video encoder . . . .. . ...
2.1.3 Dataflow control . . . ... .. ... ..o
2.1.4  Verification and implementation results . . . . . . . .
2.1.5  Power simulation for VENGME platform . . . . . . .
Design of the entropy coder and bytestream NAL data packer
for H.264/AVC video encoder . . . . . ... ... ... ...
2.2.1 Specification for the entropy coding and data packing
in the H.264/AVC standard . . . .. ... ... ...
2.2.1.1 Byte stream encoded video . . .. .. ...
2.2.1.2  Zigzag scan and CAVLC . . . . . ... ...
2.2.1.3 Exp-Golomb coding . . ... ... ... ..
2.2.2  Analysis of previous works . . . . .. ... ... ...
2.2.2.1 Implementations related to processing speed
2.2.2.2  Implementations focusing on area cost

2.2.2.3 Implementations focusing on power consump-
tion . . ... ...

2.2.2.4  Lessons learned from the previous works . .

21

24
26
27
29
32
32

34
38
40

43
45
45

47
52
54
57

60

61
61
63
67
69
69
70

71
72



CONTENTS iii

2.3 The Entropy Coder and data packer (EC-NAL) module de-
sign for the VENGME platform . . . . ... ... ... ... 73
2.3.1 EC-NAL architecture and main engines . . . . . . . . 74
2.3.2 CAVLCencoder. . ... ... ... ... ....... 75
2.3.3 Exp-Golomb encoder . . . . . ... ... ... . ... 82
2.3.4 BSNAL data packer . . .. .. ... ... ...... 83
2.4 The VENGME EC-NAL module implementation results and
COMPATISOTNL .+« o o v v v e e e e e 85
2.4.1 Results for CAVLC encoder . . . . . . .. ... ... 85
2.4.2 Results for EC-NAL module . . . . . ... ... ... 88
2.5 Power simulation for the VENGME EC-NAL module . . . . 89
2.6 Conclusion . . . . . . .. ... ... 91
3 FIFO-level control power management method and its ap-
plication 95
3.1 Power management using the FIFO /buffer-level control: an
introduction . . . . . ... 97
3.1.1 Basicconcepts. . . . . ... ... ... ... ... 98
3.1.1.1 FIFO-based systems . . ... ... ..... 98
3.1.1.2  FIFO-level based DFS method . . . .. .. 99
3.1.1.3 Casestudy . ... ... .. ... ..., 99
3.1.2 Previous works . . . . ... ... ... 101
3.2 FIFO-level based DFS control . . . . . ... ... ... ... 108
3.2.1 FIFO link modeling . . . . . ... ... ... ..... 109
3.2.2 Controller design . . . ... ... ... .. ... .. 111
3.2.3 Implementation constraints and remarks . . . . . .. 113
3.2.4 Stability analysis . . . ... ..o o0 L 116
3.2.4.1 Nyquist stability criterion: summary . . . . 117
3.2.4.2  Application of the Nyquist criterion approach
toour system . . . . .. .. ... 122
3.2.4.3 Topological separation condition: summary 129
3.2.4.4  Application of the topological separation con-
dition to our system . . . .. ... ... .. 133
3.3 MATLAB simulation results . . . . ... ... ... ..... 138
3.4 Conclusion . . . . ... ... 140
4 Implementation and validation of the FIFO-level based

DFS method 141



iv CONTENTS
4.1 Hardware design and implementation . . . . . ... ... .. 142
4.1.1 CDC interface implementation in EC-NAL module . 143
4.1.1.1 Metastability and synchronization techniques 144
4.1.1.2 Implementation of the synchronizer . . . . . 147
4.1.1.3 Implementation of an asynchronous FIFO . 147
4.1.2 Implementation of a frequency divider . . . . . . .. 148
4.1.3 Implementation of the PI controller . . . . . . . . .. 149
4.1.3.1 Implementation of the PI controller . . . . . 149

4.1.3.2  Controller coefficients requirements and se-
lection . . . .. . ... oL 150
4.2  Verification of the FIFO-level-based DFS method . . . . . . 151
4.2.1 Verification methodology . . . . . . ... ... .. .. 152
4.2.2  Simulation demonstration . . . .. ... ... .. .. 153
4.3 Validation of the control of the FIFO occupancy level for DFS154
4.3.1 Validation methodology . . . . . .. ... ... ... 154
4.3.2 Power gain estimation at behavioural model level . . 154
4.3.3 Power gain estimation at gate level . . . . . .. . .. 156
4.3.3.1 Synthesis results . . . . .. ... ... ... 156
4.3.3.2 Post-synthesis simulation results . . . . .. 157
4.3.3.3 Power estimation results at gate level . . . . 159
4.3.4 Discussion . . . . . ... o 163
4.4 Conclusion . . . . . . ... 165
Conclusion 167

Bibliography 171



List of Abbreviations

Abbreviation Description

AHB Advanced High-performance Bus

AMBA Advanced Microcontroller Bus Architecture

APB Advanced Peripheral Bus

ASIC Application-Specific Integrated Circuit

AVS Audio Video coding Standard

ATSC Advanced Television Systems Committee

AVC Advanced Video Coding

BBC R&D British Broadcasting Corporation Research and Development

CABAC Context Adaptive Binary Arithmetic Coding

CAVLC Context Adaptive Variable Length Coding

CCITT Comité Consultatif International Téléphonique et Télégraphique
(International Telegraph and Telephone Consultative Committee),
renamed ITU-T in 1993

CD Compact Disc

CIF Common Intermediate Format

DCSS Dynamic Clock Supply Stop

DF De-blocking Filter

DFS Dynamic Frequency Scaling

DPM Dynamic Power Management

DVD Digital Video Disc

DVEFS Dynamic Frequency and Voltage Scaling

DVS Dynamic Voltage Scaling

Exp-Golomb Expotential Golomb (coding)

FIFO First In, First Out

FME Fractional Motion Estimation

FPGA Field-Programmable Gate Array




vi LIST OF ABBREVIATIONS
Abbreviation Description
fps frame per second
HD High Definition
HDL Hardware Description Language
HEVC High Efficiency Video Coding
HTML HyperText Markup Language
IC Integrated Circuit
IEC International Electrotechnical Commission
IME Integer Motion Estimation
1P Intellectual Property
ISDN Integrated Services for Digital Network
ISO International Organization for Standardization
ITU International Telecommunication Union
ITU-T ITU Telecommunication Standardization Sector
JVT Joint Video Team
kbps kilobits per second
LUT Look-Up Table
MAU Memory Access Unit
Mbps Mega-bits per second
MC Motion Compensation
ME Motion Estimation
MPEG Moving Picture Experts Group
NCC Normalized Cross Correlation
NTSC National Television System Committee
P2p Point-to-Point
PAL Phase Alternating Line
PMRME Parallel Multi-Resolution Motion Estimation
PSNR Peak Signal-to-Noise Ratio
QCIF Quarter Common Intermediate Format
QoS Quality of Service
RAM Random-Access Memory
ROM Read-Only Memory
RTL Register Transfer Level
SAD Sum of Absolute Differences
SATD Absolute Transformed Differences
SD Standard Definition
SHD Sum of Hamming Distances
SMPTE Society of Motion Picture and Television Engineers
SoC System-on-Chip




vil

Abbreviation Description

SSD Sum of Squared Differences

SW Search Window

TV Television

UHDT Ultra High Definition Television

VCD Video Compact Disc

VCEG Video Coding Experts Group
VENGME Video Encoder for the Next Generation Multimedia Equipment
VHDL VHSIC Hardware Description Language
VHSIC Very High Speed Integrated Circuit
VLC Variable Length Coding

VLSI Very-Large-Scale Integration




List of Figures

1.1 Fundamentals of video coding, modified from [Rich10T]. . . . . 16
1.2 Functional diagram of the H.264/AVC encoder [Nguyl4A]. .. 19
1.3 Intra prediciton, mode 4 pixels, for pixels a — p of a block using

the samples A — @ from the neighbour blocks [Khan08T]. . . . 22
1.4 An example of pipelining solution for video encoding. . . . . . . 24

1.5 Program method for fine-grained Asynchronous Array of simple

Processors (AsAP) system [XiaollA|. . . ... ... ... ... 25
1.6 H.264 encoder mapped onto a AsAP chip [LeO7A]. . . ... .. 25
1.7 A conventional four-stage pipelining architecture for H.264 hard-

ware encoder. . . ... ... 27
1.8  An pipelining architecture of H.264/AVC hardware encoder closed

to the clasical pipeline [MochO7A]. . . .. ... ... ... ... 28
1.9 A 3-stage pipelining architecture of H.264/AVC hardware en-

coder proposed in [Chen09A]. . . . . . .. ... .. ... 29
1.10 High speed pipelining architecture for H.264 hardware encoder,

proposed in [Iwat09A]. . . . . .. ... ... L 31
1.11 Two-stage frame pipelining H.264 encoder architecture, adapted

from [ChenO8A]. . . . . . . ... ... .. 32
1.12 Power estimation and optimization based on abstraction levels,

modified from [LecNENTSI]. . ... ... ... ... ... ... 33
1.13 DCSS and fine-grained clock gating exploit schedule of H.264

encoder. . . ... 35

1.14 Low-power H.264/AVC hardware encoder architecture proposed
in [LinO8AL]. . . . . . . . 36

1.15 Parameterized H.264/AVC video encoder, modified from [Chen09A]. 37

viil



LIST OF FIGURES

2.1 The VENGME H.264/AVC video encoder architecture. . . . . .
2.2 Dataflow of the Intra prediction module. . . . . . . ... .. ..
2.3 The architecture of Inter prediction module [Tranl3BJ. . . . ..
2.4 Architecture of the Transformation and Quantization module

[Tranl3B|. . . . . . oo
2.5 The architecture of De-blocking filter module [Tranl3BJ]. . . . .
2.6 VENGME pipelining schedule. . . . . . . .. ... ... ... ..
2.7 The VENGME verification method [Tranl3B]. . ... ... ..
2.8 Video frames in the original and the VENGME encoded video

streams. . ... oL Lo Lo
2.9 System-on-Chip for VENGME validation [Tranl3B]. . . .. ..
2.10 Power consumption composition of VENGME system. . . . ..
2.11 Encoded video data structure. . . . . . . .. ... L
2.12 Block scanning order in one MB [RichO3H]. . . . ... ... ..
2.13 Zigzag scan order in one block [Nguyl2A]. . . . ... ... ...
2.14 Architecture of a low-power Entropy Coder [Tsai06L]. . . . . .
2.15 Entropy coder and data packer architecture overview. . . . . . .
2.16 Finite state machine of the the entropy coder. . . . . . . . . ..

2.17 Three-stage pipeline architecture of the VENGME CAVLC en-
coder. . ...

2.18 Trailing one signs (T1s) extraction during buffer copy. . . . . .

2.19 Coeff_token and T1 signs encoded into one codeword. . . . . .

1X

25

63

78

2.20 Position and architecture of the zero information packer (Zer_info_pkg)

in the zero information encoder. . . . . . . . ... ... ... ..
2.21 Architecture of the level encoder. . . . . . . .. ... ... ...
2.22 Code — number arithmetic expression with optimization. . . . .
2.23 Architecture of the Exp-Golomb and Fixed-length coder (EGF).
2.24 Proposed syntax of BSNALU. . . .. ... ... ... ... ...
2.25 Architecture of the NAL packing engine. . . . . . . .. ... ..
2.26 Power consumption and area at targeted frequencies of CAVLC

implementation. . . . . . ... ... oL
2.27 Verification method for EC. . . . . .. . ... ... ... .. ..

3.1 General figure of multi-computing architecture, modified from
[BeigObAJ. . . . . . o

3.2 FIFO communication between producer and consumer modules.

79



3.3

3.4

3.5

3.6
3.7
3.8

3.9
3.10

3.11
3.12

3.13
3.14

3.15
3.16

3.17

3.18
3.19
3.20
3.21
3.22
3.23
3.24

3.25

3.26

LIST OF FIGURES

The VENGME H.264/AVC encoder platform with FIFO links

between modules. . . . . . ... oo 100
EC module and its FIFO link between entropy coder and NAL
sub-modules. . . ... 101
The VENGME H.264/AVC encoder platform with 2 power do-
MAINS. . . . o o o e e e e e e e e e e e 102
Stall state on producer side [Chou09P]. . . . ... .. ... .. 104

Hardware implementation of the method presented in [Chou09P].104

Voltage and/or frequency scaling method on a multimedia de-

code and display system [LuO3R].. . ... ... ... ... ... 106
Queue-Domain model [WuO5V]. . .. ... ... ... .. ... 106
Finite State Machine (FSM) implementation for each queue sig-

nal [WuO5V]. . . . . ... 107
Closed-loop system with non-linearities in [Wu05V]. . . .. .. 107
Entropy coder - Bytestream NAL data packer (EC-NAL) mod-

ule where power management method based on FIFO-occupancy

level is applied. . . . . . . . . .. ... 109
FIFO model. . . . . . . . ... 109
Information recorded. It contains the consumer stall (Cwait)

signal and the Q2 value. . . . . . . ... ... ... L. 111
Closed-loop control scheme of the FIFO level. . . . . . . .. .. 112
Step response of the linear closed-loop system. The poles in

closed-loop are equal to 0.75and 0.5 . . . . . .. ... .. ... 114
Closed-loop control scheme of the FIFO level with non-linearity

(NL)added. . . . . . .. . . 114
Input and output of a saturation block. . . . . . . . ... .. .. 114
Input and output of a relay block. . . . . . . ... ... ... .. 115
Input and output of a quantizer block. . . . . .. ... ... .. 115
Anti-windup scheme in the controller using a saturation. . . . . 116

Closed-loop system with the open-loop transfer function G(s). . 118
Closed-loop system with a proportional gain K. . . . . .. . .. 118
Closed-loop stability criteria using the open loop transfer func-
tion G(s) and the critical point —1/K. . . . . . ... ... ... 119
An example of mapping the Nyquist plot when the open-loop
system has poles on the imaginary axis [lpsal. . . . . ... ... 119

Closed-loop with a non-linearity N. . . . . . .. ... ... ... 121



LIST OF FIGURES xi

3.27

3.28
3.29
3.30
3.31

3.32
3.33
3.34

3.35
3.36

3.37

3.38
3.39
3.40

3.41

4.1

4.2

4.3
4.4
4.5
4.6
4.7
4.8
4.9

4.10

Closed-loop system with the controller, the system and a non-

uniform quantizer. . . . . . ... ... 122
General odd quantizer. . . . . . . ... ... L. 123
Admissible applied frequencies. . . . . . . ... ... ... ... 124
Describing function for Equation (3.19). . . .. ... ... ... 125
Nyquist stability criterion considering the describing function

(3.19). . . 126
Nyquist plot of L(s) = W for the detour s = pef®. . . . . .. 127
Open-loop system when the calculated fo < 6.25. . . . . .. .. 128
The closed-loop system contains a LTI plant G(jw) and a nega-

tive feedback D(e). . . . . . ... 129
The closed-loop system with loop shifting. . . . . ... .. ... 130

System to which the topological separation stability condition is
applied. . . ... 133
Input fo and output f,.4 of the non-linear block which is a

quantizer. . . . ... 135
Nyquist plot with the semiplane separation. . . . . . .. . ... 135
Nyquist plot with the circle separation. . . . . . . . .. ... .. 137
Simulation results for closed-loop poles z10 = 0.5 £ 0.2 (left:

clock frequency fo, right: FIFO level). . . . . ... ... .. .. 138
Simulation results for closed-loop poles z;2 = 0.9 (left: clock

frequency fc, right: FIFO level). . . . . .. ... .. ... ... 139

Architecture of the original and modified EC-NAL modules to

apply the FIFO-level-based DFS method. . . . . . . . ... ... 143
Metastable state of CDC signal and the propagation of the signal

in the design [CummO8C]. . . . . . .. ... ... ... ... .. 144
Conventional synchronizer with two flip-flops [Jainl4S]. . . . . . 145
Toggle synchronizer for pulse synchronization [Jainl4S]. . . . . 145
Gray encoding used for multi-bit signals [Jainl4S]. . . . . . .. 146
Architecture of an asynchronous FIFO [CummO02S].. . . . . .. 147
A four-bit binary counter used as frequency divider [HyPh]. . . 148
Calculating circuit to be implemented. . . . . . . ... ... .. 150

The controller with z; = 0.75 and 2z, = 0.5 is integrated into the
EC-NAL module. . . . . . . ... ... ... ... . ... . 151
Integration of the DFS controller in the H.264 encoder. . . . . . 152



xii LIST OF FIGURES

4.11 Waveform of the selected PI controller applied on the EC-NAL
module. . . ... 153

4.12 Validation flow of the DF'S control based on FIFO occupancy level.155

4.13 DFS control method: estimated power reduction from post-
synthesis simulation results. . . . . . . . ... ... ... .... 158



List of Tables

0.2

1.1
1.2

2.1
2.2

2.3

24
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12

2.13

4.1

4.2

Different CMOS technologies used during the thesis . . . . . . .

Chronology of video coding formats and standards . . . . . . .

A survey of H.264 hardware video encoders. . . . . . . . .. ..

Targeted features and parameters of the VENGME design . . .
VENGME implementation results for the 130nm CMOS tech-
nology . . . ...
Power composition of the VENGME H.264 encoder, obtained
using SpyGlass, with 32nm CMOS technology . . . . . . .. ..
Syntax of a byte stream NAL unit . . . ... ... .. .....
Thresholds to increase the VLC number . . . . . . ... .. ..
Examples of Exp-Golomb coding . . . . .. .. ... ... ...
Comparison of EC designs from the state-of-the-art . . . . . . .
An example of a 8-bit word in VLC tables . . . ... ... ...
Hardware cost comparison . . . . . . . ... ... ... .....
Comparison of CAVLC results . . . . . . . ... ... ... ...
Implemantation results of the EC module . . . ... ... ...
Power composition of the EC-NAL module using synchronous
FIFO with technology CMOS 32nm, at 50MHz and voltage 1V
Power composition of the EC-NAL module using asynchronous
FIFO with technology CMOS 32nm . . . . . . . . .. ... ...

Synthesis results of the original NAL submodule and of the syn-
chronous FIFO . . . . . . . ... ... ... ... ...
Synthesis results of the modified NAL submodule and the asyn-
chronous FIFO . . . . . . . .. ... ... ... . ...



Xiv

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

LIST OF TABLES

Frequency for the NAL submodule during simulation time og
VENGME test video . . . . . .. .. ... ... ... ......
Power results of the synchronous FIFO and of the origininal NAL
submodules . . . . . ...
Power results of the controller, frequency divider, asynchronous
FIFO and modified NAL submodules . . . . . . ... ... ...
Power results of the modified version when the NAL frequency
isequal to 100MHz . . . . . . .. . ... ..
Power results of the modified version when the NAL frequency
isequal to 50MHz . . . . . . ..
Power results of the modified version when the NAL frequency
isequal to 20 MHz . . . . . . ...
Power results of the modified version when the NAL frequency
isequal to 12.5MHz . . . . . . . ...
Power results of the modified version when the NAL frequency

isequal to OHz . . . . . . ..o



Acknowledgements

I would like to express my deepest gratitude to my PhD supervisors, Dr. Suzanne
Lesecq, senior scientist at CEA-LETI and Dr. Xuan-Tu Tran, professor, Head
of the Department of Science, Technology and International Relations, Deputy
Head of the UET-Key Laboratory for Smart Integrated Systems, at Vietnam Na-
tional University, Hanoi for their excellent guidance, caring, patiently correcting
my writing and helping me to improve my French.

I am also grateful to my adviser, Mrs. Edith Beigne, senior scientist at
CEA-LETI, for sharing expertise, and sincere and valuable guidance and en-
couragement to me.

| would like to thank Prof. Nicolas Marchand, Head of Control Systems
Department, Deputy director of GIPSA-lab, Directeur de Recherche CNRS, for
doing me great honour by presiding the jury.

I would like to thank Prof. Alain Merigot, professor at University Paris Xl
and Dr. Nadine Azemard, professor at LIRMM, for accepting to be reporters.

| would also like to thank Prof. Huu-Duc Nguyen, Deputy Director of the
Vietnam National University, Hanoi and Prof. Amara Amara, Deputy Managing
Director Research and International Cooperation at ISEP, for their participation
in the jury.

This PhD work was conducted in the collaboration between the Vietnam
National University, Hanoi and CEA-LETI. | would like to thank both organiza-
tions, many thank to Mr. Hervé Fanet, for the supports that permit me to do
this thesis.

| take this opportunity to express gratitude to Mr. Fabien Clermidy and Mr.
Vincent Olive for their welcome and for providing me excellent atmosphere for
doing research.

Special thanks goes to my colleagues, Van-Huan Tran, Duy-Hieu Bui, Nam-

XV



xXVvi LIST OF TABLES

Khanh Dang, Pascal Vivet, David Coriat, Sebatien Thuries, Warody Lombardy
and Mikhailo Zarudniev, who shared to me their advices and supports during
my PhD work. | also place on record, my sense of gratitude to all the dear col-
leagues, students in the three laboratories, the UET-Key Laboratory for Smart
Integrated Systems (SIS), at Vietnam National University, Hanoi, the Labora-
tory of Silicon Integration and Digital Architecture (LISAN) and the Laboratory
of Infrastructure and Software Tools for Chip (LIALP) at CEA-LETI, France,
for warm and friendly working environment.

| would never have been able to finish my PhD thesis without the help from
friends, and support from my family. Many thanks go to my friends who always
support me and encourage me with their best wishes. | also thank my parents
and my elder sister for the unceasing encouragement, support and attention. |
would like to thank my husband. He is always there cheering me up and stood
by me through the good times and bad. Finally, a special thank to my little
son, Trung-Kien, Tony Vu, for coming into my life in September 2014.

Grenoble, June 2015.

Bonne lecture !



List of publications

This is the list of my publications during my thesis:

N.-M. Nguyen, E. Beigne, D.-H. Bui, N.-K. Dang, S. Lesecq, P. Vivet and X.-
T. Tran. An Overview of H.264 Hardware Encoder Architectures including Low-
Power Features. In REV Journal on Electronics and Communications (JEC),
pp- 817, Vol. 4, No. 1-2, January - June, 2014, ISSN: 1859 — 387X.

N.-M. Nguyen, E. Beigne, S. Lesecq, D.-H. Bui, N.-K. Dang and X.-T. Tran.
H.264/AVC Hardware Encoders and Low-Power Features. In Proceeding of the
IEEFE Asia Pacific Conference on Circuits And Systems, APCCAS 2014, pp. 77-
80, Okinawa, Japan, November 2014.

N.-M. Nguyen, W. Lombardi, E. Beigne, S. Lesecq, and X.-T. Tran. FIFO-level-
based Power Management and its Application to a H.264 Encoder. In Proceeding
of the IEEE Industrial Electronics Conference , IECON14, pp. 158-163, Dallas,
TX, USA, October 2014.(Best Presentation Award)

N.-M. Nguyen, E. Beigne, S. Lesecq, P. Vivet, D.-H. Bui, and X.-T. Tran.
Hardware implementation for entropy coding and byte stream packing engine
in H.264/AVC. In Proceeding of the International Conference on Advanced Tech-
nologies for Communications, ATC 2013, pp. 360-365, Ho Chi Minh city, Viet-
nam, October 2013.

N.-M. Nguyen, X.-T. Tran, P. Vivet, and S. Lesecq. An efficient Context Adaptive
Variable Length coding architecture for H.264/AVC video encoders. In Proceed-
ing of the International Conference on Advanced Technologies for Communica-
tions, ATC 2012, pp. 158-164, Hanoi, Vietnam, October 2012. (Best Student

XVvil



xviii LIST OF PUBLICATIONS

Paper Award)



Introduction

Context of video encoding

Video codec (compression-decompression) chips have been recently used in
various applications, for instance video conferencing, security and monitor-
ing systems, entertaining applications. To meet the need of mobile appli-
cations, video codec is preferred to be implemented in hardware than in
software, due to better power efficiency and real-time capacities. One of
the latest and most efficient standards for video applications is the H.264
Advanced Video Coding (H.264/AVC) [H.264] which provides better video
quality at a lower bit-rate than the previous ones [Joch02P]. It has been
specified in the co-operation between the ITU-T Video Coding Experts
Group and the ISO/IEC Moving Picture Experts Group. The H.264/AVC
specification adopts many advanced methods and algorithms for video com-
pressing and also improves them. This makes the standard more efficient
but requires more complex hardware implementation and consumes a huge
amount of power.

Recently, the H.264 successor, namely the H.265/High Effciency Video
Coding (HEVC) has been released. The H.265/HEVC recommendation [H.265]
has been formally published in 2013, two years after this PhD thesis was
started. It was jointly developed by the ITU-T and ISO/TEC organizations.
It is promisingly bandwidth saving with 40-52% of bit rate reduction in com-
parison to the H.264/AVC [Rodr13P]. This enables Ultra High Definition
Television (UHTV). However, this new standard also exhibits high comput-
ing complexity, much more intensive than the H.264 standard, which leads
to shortened battery lifespan and higher power consumption. With these
higher costs, the switch to the new standard has to be carefully thought
and the H.264/AVC video codecs are still under use.

1
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The “Video Encoder for the Next Generation Multimedia Equipments”
(VENGME) project, a research project granted by Vietnam National Uni-
versity, Hanoi (VNU), aims at designing and implementing a hardware
H.264/AVC encoder targeting mobile platforms. The current design is opti-
mized for CIF video. However, the VENGME architecture can be extended
for larger resolutions by enlarging the reference memory and the search
window.

To bring the H.264/AVC standard into commercial products, especially
for hand-held devices, designers need to apply low-power techniques when
designing the video codec. Targeting mobile applications, the VENGME
platform was designed using low-power design features. Some blocks in the
platform present nice power figures and performances, similar to state-of-
the-art designs. However, the whole platform power results are not out-
standing in comparison to state-of-the-art hardware video encoders. To im-
prove the platform power results, its imbalance workload can be exploited
via different power control techniques. This includes applying Dynamic
Power Management (DPM) methods, for instance, Dynamic Voltage and
Frequency Scaling (DVFS) approaches [Yadal2A].

Motivations and objectives

Many research efforts have been made to produce electronic circuits and
systems that can perform more tasks with limited resources while consuming
less energy. Technology evolution has increased significantly the operating
speed and integration density. Meantime, energy and power consumption
have become a tremendous problem because of their effects on the system
reliability, cooling cost, and battery lifetime, especially for mobile devices,
along with environmental considerations. Therefore, power consumption
reduction is strongly required when designing complex system-on-chips.
Static and dynamic techniques have been proposed in order to decrease
the power consumption. Static techniques are applied at design time while
dynamic ones adapt the circuit functioning during the operating time [Lu01C].
For System-on-Chips, power consumption is influenced by four main
factors, namely the supply voltage, the switching activity in the circuit,
the switching capacity load, and the clock frequency. Techniques to reduce
the power consumption are based on the fact that the chip never works

at its maximum power capacity and that there are always some idle or
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lower speed operating parts of the chip during the operating time. There
are numerous existing low-power optimization mechanisms ranging from
circuit level (power gating [ChioO6T], clock gating [Khan99A], etc.) up
to system (DVFS [SylvO7TA, MalOE, Vivel0O]) and software level (idle
mode programming, automatic wake up, etc.) [Deva95A]. Recent study,
[Choi05F, Qu07P, SulaO8U, Herb12E, Yadal2D, Stanl3E, Zhurl3S] pro-
vide new solutions and improvements for these techniques.

The objective of this PhD thesis is firstly to design the EC-NAL module
of the VENGME video encoder. Secondly, the VENGME architecture is
analyzed to extract the power properties. Thirdly, we propose new mech-
anisms to control power consumption for a fully hardware H.264 encoder
system-on-chip, the VENGME platform. Then, a low-level hardware con-
trol solution is proposed to reduce the power consumption of the system.
Finally, hardware implementation and validation are realized to prove nice
features and performances of the hardware control solution and evaluate

the proposed mechanism.

Contributions of the work

To answer the objectives, this thesis proposes the following three contribu-
tions for both module and platform levels:

e Design of the entropy coder and data packer (EC-NAL) mod-
ule

This contribution requires a full understanding of the H.264 encoder
techniques. The H.264 implementations are reviewed and the available

implementations on hardware are classified and analyzed.

The entropy coder and data packer (EC-NAL) is the final module
in the encoding path of a video encoder. Its role is to eliminate the
static redundancy in the video data. It receives data from most of
the modules in the platform (all modules in the encoding path) and
compresses this data using some entropy coding techniques. There
are three main entropy coding techniques possible for H.264, namely,
Exp-Golomb, CAVLC and CABAC [H.264]. In our entropy coder,
the techniques applied are Exp-Golomb and CAVLC, equivalent to
the Baseline or the Main profile of the H.264 standard.
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To understand the H.264 encoding process and the operation of the
VENGME H.264 video encoder, we have proposed, designed and im-
plemented the EC-NAL module in the VENGME H.264 video coding
platform. The module has been integrated and validated into the
complete platform.

This contribution has been published in:

— “An efficient Context Adaptive Variable Length coding archi-
tecture for H.264/AVC video encoders” [Nguyl2A] presents the
CAVLC encoder, one of the main engines of the Entropy Coder
(EC);

— “Hardware implementation for entropy coding and byte stream
packing engine in H.264/AVC” [Nguyl3A] presents the design
and implementation of the whole VENGME EC-NAL module.

Power estimation at RTL level for the VENGME H.264 en-
coder platform

An early power estimation is performed on the full VENGME platform
to obtain a first evaluation of the power composition and the needs
for applying power management methods (e.g. is there any chance to

decrease the power consumption).

This power estimation result are presented in the publication: “H.264/AVC
Hardware Encoders and Low-Power Features” [Nguyl14H].

Propose a method to the reduce the power consumption
based on the FIFO occupancy level

Methods to manage and optimize power consumption aim at changing
some of the four factor influencing the power consumption of digital
CMOS circuits, given a means to monitor the workload status of the
circuit. Some techniques based on controlling the status of a memory
buffer were studied and analyzed.

The method proposed in our work is based on automatics control
theory. The control decision is made according to the FIFO occupancy
level in the communication link between two calculating submodules.
The method was modeled and verified using Matlab. The controlled
system is also proved to be stable.
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The proposed method is modeled, implemented, validated and applied
onto the FIFO embeded in the EC-NAL module of the VENGME
platform.

The controller was then modeled in VHDL, implemented in hardware.
Its operation is verified via the integration into the EC-NAL module
of the VENGME platform. The method was also validated with power
estimation before and after applying it.

This work is presented in the publication “FIFO-levelbased Power
Management and its Application to a H.264 Encoder” [Nguyl4F].

Explanation for the different CMOS technologies
and operating frequencies in the results presented
in the thesis

This thesis work is conducted in three laboratories, namely the Smart In-
tegrated Systems (SIS) laboratory in Vietnam National University, Hanoi
(VNU), Vietnam, the Laboratory of Silicon Integration and Digital Archi-
tecture (LISAN) and the Laboratory of Infrastructure and Software Tools
for Chip (LIALP) in CEA-LETI, France. The VENGME platform archi-
tecture is designed in the SIS laboratory. Low-power techniques, e.g. DFS
techniques, are acquired from the LISAN laboratory. The automatic control
is studied with the LIALP laboratory.

As a consequence, the author had the opportunity to work with large-
node technologies and with more advanced ones. Table 0.2 shows the dif-
ferent CMOS technologies and operating frequencies used during the thesis.
As can be seen, many technology changes have been done. These changes
are imposed by the tools available in the laboratories at the time the devel-
opments have been done.

In the beginning phase of the thesis, the Entropy Coder and Network Ab-
straction Layer data packer (EC-NAL) module was designed. The CAVLC
encoder, an important engine in the Entropy Coder (EC) submodule, was
designed firstly, in 2012, in Vietnam. The engine was then synthesized in
CEA-LETI, France, on the 65nm CMOS technology from STM. At the mo-
ment, to explore the operating capability of the design, the CAVLC encoder
was synthesized with a wide range of frequencies, from 400MHz to 7T15MHz.
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Table 0.2: Different CMOS technologies used during the thesis
. Frequency
Year Design Task Tool Place Technology
(MHz)
CAVLC . Design Compiler | CEA-LETI CMOS 65nm
2012 synthesis 400-715
encoder from Synopsys France from STM
EC-NAL . Design Compiler VNU CMOS 180nm
2013 synthesis 100
module from Synopsys Vietnam from AMS
Power
VENGME . . SpyGlass CEA-LETI CMOS 32nm
2013 simulation 50
platform from Atrenta France from STM
@ RTL level
Power
EC-NAL . . SpyGlass CEA-LETI CMOS 32nm
2013 simulation 50
module from Atrenta France from STM
@ RTL level
CMOS 130nm
VENGME . Design Compiler VNU from
2014 synthesis 100
platform from Synopsys Vietnam Global
Foundary
Synthesis, RC from
2014 EC-NAL Power Cadence CEA-LETI FDSOI 28nm 50 & 100
module estimation PrimeTime France from STM
@ gate level from Synopsys

Then, the EC-NAL module was designed in France and was sent to
VNU, Vietnam, at RTL level, to be integrated in the platform. Thus, the
module synthesis was performed, in Vietnam, in 2013, using the technology
at hand, which is the 180nm CMOS technology from AMS. The operating
frequency was decided to be 100MHz according to the VENGME project
specification.

Simultaneously, the VENGME platform, at RTL level, was sent to
France, for the low-power strategy sake. In this platform, the defined op-
erating frequency was H50MHz During this phase of the thesis, the power
simulation at RTL level using SpyGlass from Atrenta was performed in
CEA-LETI, with the 32nm CMOS technology from STM. The power simu-
lation results at platform level allow to analyze the power distribution over
the various modules of the platform and to seek for extra power optimiza-

tion.

The FIFO/buffer-level-based DFS method was, then, proposed and the
EC-NAL module was selected for the method to be firstly implemented in.
To enable DFS, the FIFO within the EC-NAL module was modified from
a synchronous FIFO to an asynchronous one. Power simulations, for the
EC-NAL module, at RTL level using SpyGlass were performed with the
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same technology and operating frequency. The power results shows that
the modification of the FIFO in the EC-NAL module increases the module
power consumption. However, this increase seems to be small enough in

comparison to the expected power gain from applying the DFS method.

In 2014, the whole VENGME platform was synthesized on the 130nm
CMOS technology from Global Foundary, with the operating frequency of
100MHz. All the synthesis and power simulation at RTL level results will
be presented in Chapter 2.

The proposed DFS method proposed was modeled in VHDL and im-
plemented in hardware. To evaluate the power gain, synthesis and gate
level power estimation were performed in CEA-LETI, on the 28nm FDSOI
technology from STM. The main operating frequency is 50 MHz and for the
DFS part, the maximum frequency is 100MHz. The power estimation at
gate level and DFS method evaluation will be presented in Chapter 4.

This explains the different CMOS technologies and frequencies that have
been used during this PhD thesis.

Organization of the manuscript

Apart from this introduction, the document contains four chapters and a
conclusion. The first chapter introduces the H.264 video coding standard
in relation with other video coding standards in use. Some basic concepts
of video coding in general and of H.264 video coding in particular are also
presented. Moreover, at the end of the chapter, a state-of-art of H.264 en-
coding hardware implementations is provided and analyzed. This contents
firstly shows some issues in implementing the H.264 video coding standards
and lastly review the available hardware implementations of H.264 video

encoder.

The second chapter introduces the VENGME platform. This is a hard-
ware of H.264/AVC video encoder targeting mobile applications. The VENGME
platform has been designed by the research group in Vietnam in the frame-
work of the VENGME project. The architecture, modeling and validation
of the EC-NAL module, one of the main contributions, is also presented
in this chapter. The results of the power simulations at RTL level for the
whole VENGME platform and for the EC-NAL module help in seeking a
power optimization solution for the VENGME platform.
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In the third chapter, FIFO-based power management and optimization
methods are reviewed and analyzed. Then, a FIFO-level-based method
to control the power consumption is proposed and applied to the FIFO
embedded in the EC-NAL module. All the steps from system modeling,
control design, stability analysis and MATLAB simulation results are in
turn presented.

The fourth chapter presents the hardware implementation of the FIFO-
level-based method proposed in the previous chapter. Simulation and power
estimation results enable verifying the control operation and validating the
method.

Finally, the conclusion summarizes the works performed during this the-
sis and it also draws some future works perspectives.



Chapter 1

The H.264 /AVC video coding
standard and its implementations

Thanks to technology evolution, video application, even for basic applica-
tions such as television, has become one of the most used technology appli-
cations nowadays. It is more and more popular in daylife applications, for
instance, in television broadcast over cable or satellite; in many storage me-
dias as DVD, Blu-ray disc, in video on internet, video chat, video telephone,
video conferencing, etc. High video quality, large video size are increasingly
required for these applications. Moreover, storage space and bandwidth are
limited and expensive. Thus, video compression technology that reduces the
video data size is obviously essential. To allow international video exchange
and make video data formats world-wide-accepted leading to video codecs
(compressing and decompressing) cheaper, international standardization is

mandatory.

The objectives of this chapter are to firstly review video coding formats
and standards from the past to present, and their application range. Then,
the basic concepts of video coding techniques and the H.264 Advanced Video
Coding (H.264/AVC) standard will be presented. Lastly, the main difficul-
ties and trends in implementing the H.264/AVC will be discussed with an

overview and analysis of different implementations.

9
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1.1 H.264 video coding standard in the history
of video coding standards

This section provides a brief review of video coding standards and their
applications. The details on coding techniques are not in the scope of
the present document. The reader interested in such details can consult
[Scha95D, Joch02P, JacoOTA]. Table 1.1 presents a chronology of some
popular video coding formats and standards. As can be seen, the first stan-
dard considered, H.120, has been standardized in the 1980s while the latest
evolution of the H.264, named H.265, has been published in 2013, after the
beginning of the present work.

1.1.1 The video coding standards before the H.264 /AVC

The first digital video coding standard is the H.120 recommendation [H.120],
standardized by the ITU-T! in 1984. Its target was to transmit video over
dedicated point-to-point (P2P) data communication lines, NTSC (National
Television System Committee) at 1544kbps, or PAL (Phase Alternating
Line) at 2048kbps [JacoO7TA]. The H.120 was superseded [itu] and it is
essentially not in use today.

In 1988, the H.261 recommendation [H.261] was approved by the ITU-T
Video Coding Experts Group (VCEG). It was the first successful practical
digital video coding standard, operating at 64 — 2048kbps [Sull050]. The
recommendation H.261 designed the coding algorithm to support the trans-
mission of colour video over Integrated Services for Digital Network (ISDN)
at p x 64kbps with low delay, where p is between 1 and 30. The targeting
resolutions were Common Intermediate Format (CIF) 352 x 288 pixels and
Quarter CIF (QCIF) 176 x 144 pixels [Scha95D].

The International Electrotechnical Commission of the International Or-
ganization for Standardization [iso] (ISO/IEC) [iec] also developed a video
coding standard for the coding of moving pictures and associated audio at
up to about 1.5Mbps (the MPEG-1) [mpeg-1]. The MPEG-1 was in use
more frequently than the H.261, especially in Video CD (VCD) in Asia
[Sull050]. However, the lack of interlaced features [JacoOTA] has limited
its applications.

IThe Telecommunication Standardization Sector of the International Telecommuni-
cation Union
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Table 1.1: Chronology of video coding formats and standards

ITU-T & ISO/IEC

Video coding Developed/ L
Year Application range
formats/standards Standardized by
Video t issi NTSC or PAL
1984 H.120 CCITT (ITU-T now) ideo transmission ( or PAL)
over P2P data communication lines
Video t issi
1988 H.261 CCITT (ITU-T now) 1e0 Transimssion
over ISDN lines
Digital satellit ble TV;
1993 MPEG-1 1SO/IEC igital satellite/cable TV;
Video CD; ...
. DVD players;
(joint) ]
1994 H.262/MPEG-2 camcorders; video recorders;
ITU-T & ISO/IEC e
distribution networks
Video conferencing; cellphone codec;
1995 H.263 ITU-T
World Wide Web-distributed video
DVD; mobile multimedia;
1998 MPEG-4 Visual ISO/IEC internet multimedia; broadcast TV;
videophone; ... [MP4Apps|
leased i h i
2000 VP3 On2 Tech. Released into the open source community
in 2001 by On2 Tech.
2001 VP4 On2 Tech.
2002 VP5 On2 Tech.
HD video like Blu-ray Disc;
2003 | H.264/MPEG-4 AVC (joint) HDTYV broadcast over terrestrial, cable
ITU-T & ISO/IEC and satellite; video streaming
(Vimeo, YouTube, iTunes Store, ...); ...
Adobe’s Flash video; YouTube video;
2003 VP6 On2 Tech. video conference over IP;
satellite broadcasts
2005 VP7 On2 Tech. Adobe’s Flash video; video streaming; ...
The government of
2005 AVS the People’s Republic within mainland China
of China
2006 | SMPTE 421M/VC-1 Microsoft - SMPTE Blu-ray Disc; Window media; HD DVD; ...
Adobe’s Flash video; YouTub
2008 VPS8 On2 Tech. - Google obes Hlash video; Youtube
video; ... (open source by Google)
Ultra HDT'V; d by BBC
2010 Dirac/VC-2 BBC Research - SMPTE e  used by
to transmit HDTV
2013 VP9 Google HTML5 video; some smart TVs;
YouTube for 4K resolution; ...
joint Ultra HDTV;
2013 H.265/HEVC (joint) e ’

used by ATSC, DVB & Blu-ray disc
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The H.262/MPEG?2 video coding standard [H.262] was developed jointly
by the ITU-T VCEG and the ISO/IEC Moving Picture Experts Group
(MPEG) in 1994 as the successor of the MPEG-1 (in 1993). It is compatible
with the MPEG-1 standard and widely used. It was designed for a bit rate
from 3 to 10Mbps and supports both standard-definition (SD, 720 x 480/576
pixels) and high-definition (HD, 1920 x 1080 pixels) [JacoOTA].

In 1995, the ITU-T provided the H.263 video coding standard [H.263].
The H.263 successfully dominated video conferencing and cell phone video
applications. Then, different versions (H.263+, H.263++, ...) and several
annexes were published.

The ISO/IEC MPEG has developed the MPEG-4 Visual video com-
pression format, the second part of the MPEG-4 standard [mpeg-4]. The
standard was finalized in 1998. It is applied in several means of video stor-
age and video transmission, such as mobile multimedia, Digital Video Disc
(DVD), video streaming on internet, broadcasting, digital television (TV)
box,... [MP4Apps]. During its enhancement, many functionalities have
been added. For instance, interactive graphics, object and shape coding,
face modeling, scalable coding, 3D graphics,...are the novel coding con-
cepts added to the MPEG-4 standard. However, few of these techniques
have been successfully used in commercial applications due to their com-
plexities [JacoOTA].

1.1.2 The H.264 Advanced Video Coding standard

The H.264/AVC video coding standard [H.264], the successor of the H.263,
is one of the most widely used video compression standard. It was recom-
mended by the Joint Video Team (JVT), that was formed by the ITU-T
VCEG and the ISO/IEC MPEG groups in 2001. Using block-based coding,
it was a step “back to basics” in comparison to MPEG-4 Visual coding
techniques [JacoOTA]. Its primary technical objectives are to improve sig-
nificantly the coding efficiency; to have high loss/error robustness; to exhibit
low latency capability and to enable “network friendliness” i.e. flexibility
for user over various systems and networks [Wieg030]. The first recom-
mendation was finalized in 2003.

The H.264/AVC contains a wide set of video coding tools to support
a variety of applications ranging from mobile services, video conferencing,
digital broadcast for IPTV, HDTV and digital storage media. Compared
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to previous standards such as MPEG-4, H.263, MPEG-2, the H.264/AVC
standard achieves respectively 39%, 49%, and 64% of bit-rate reduction
[Joch02P]. The H.264/AVC standard will be discussed in more details in
Section 1.2.

1.1.3 Video coding standards from other organizations,
H.265/HEVC standard and the consideration of stan-
dard selection

After the H.264/AVC standard was introduced, video coding standards have
not been given by a unique standardization group, e.g. ITU-T or ISO/IEC.
Several companies and/or organizations have developed their own video
compression formats [JacoOTA]. For instance:

e the Audio Video coding Standard (AVS) was developed in 2005 by
the government of the People’s Republic of China to avoid paying
royalties for the patents on international standards. Some semicon-

ductor companies support the standard, but it is mainly used within
mainland China [JacoOTA];

e the TrueMotion video codec series, known as VP3 to VP7, were de-
veloped by the On2 Technologies company [Jaco07A]. In 2001, On2
has released the VP3 codec implementation as open-source. The VP6
was applied in the Adobe Flash video codec. With the acquisition of
On2 Technologies in 2010, the Google Inc. [Goog] has obtained the
rights on the VP8 video codec. It has been announced as a royalty-free
alternative to the H.264/AVC video codec. Several tests have been
performed to compare both codecs [Felll1T|. They have shown that,
up to a compression ratio of six, the H.264/AVC (the reference soft-
ware implementations z26/ and JM) shows better quality than the
VP8 codec by means of Peak Signal-To-Noise ratio (PSNR). Then, at
a higher compression ratio, the quality of both codecs is comparable.
Moreover, the 2264 codec encoding speed is 350% higher than the
VP8 one [Felll1T];

e the Windows Media Video video codec version 9 was developed by
Microsoft [Micr]. This video format was then standardized by the So-
ciety of Motion Picture and Television Engineers (SMPTE) [smpte]
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as the SMPTE 421M (or VC-1) video coding standard. The standard
does not provide cost-saving by avoiding the use of patented tech-
nologies from third parties. Moreover, it compresses less well than
the H.264 [Jaco0TA]. The Dirac video compression format was devel-
oped by the BBC Research and Developement (BBC R&D) [bberd].
Its I-frame-only subset, Dirac Pro, was standardized by the SMPTE
and known as VC-2.

Recently, the H.264 successor, H.265/High Efficiency Video Coding (HEVC),

and its royalty-free alternative VP9 by Google, have been released. The
H.265/HEVC recommendation [H.265] has been formally published in 2013.
It was jointly developed by the ITU-T and ISO/IEC organizations. It is
promisingly bandwidth saving with 40-52% of bit rate reduction in com-
parison to the H.264/AVC [Rodr13P]. This enables Ultra High Definition
Television (UHTV). However, this new standard also requires computing
complexity much more intensive than the H.264 standard, which leads to
shortened battery lifespan and higher power consumption. With these
higher costs, the switch to the new standard has to be carefully
thought.

1.2 Overview of H.264 video coding standard

This section provides readers with some basic concepts of video coding
techniques in general. It also summarizes advanced techniques used in the
H.264 video coding standard.

1.2.1 Video coding basic concepts

Video coding techniques are applied during the encoding process to compress
an original video data to a lower bit rate one. The reduced data is then
stored or transmitted via a communication channel. To display the video,
the decoding process is performed to decompress the video data into the
original format, see Figure 1.1. As in other data compression techniques,
lossy video coding techniques can be used: the decoded and the original
videos are different. For lossless video coding techniques, the decoding
process produces the same video as the original one (i.e. without loss).

A digital video signal is the result of sampling the natural visual scene

[Rich03H]. Thus the video signal contains a sequence of video frames, i.e.
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image samples at points in time. Temporal sampling is usually performed
at the intervals of 1/25 or 1/30 second. A frame might be composed of
two fields containing odd- and even- numbered lines of spatial sampling.
Progressive sampling samples the complete frame at once. Interlaced sam-
pling gives the interlaced fields which are sampled at two different temporal
points. Each spatial sample, i.e. a pizel, is a square picture element where
the image information is supposed identical. The size of the video frame in
pixels (width dimension x height dimension) is called the display resolu-
tion. During the encoding process, a frame may be divided into blocks of
m X n pixels, or into slices (i.e. specific groups of pixels).

If the video picture is monochrome, it requires only the brightness to rep-
resent image information. A colour video contains both luminance (luma),
i.e. brightness, and colour information. In RGB colour space, the image is
represented with three additive primary colours of light (Red, Green, and
Blue). A given colour is created by a particular combination of Red, Green
and Blue. Because the human visual system is less sensitive to colour than
to luminance, if we separate the colour information into luma and colour,
we can store the colour information with a lower resolution than the one
of the luma information. The YCbCr (or YUV) colour space is one of the
ways to represent a colour image in luma and colour separately. Y is the

luma component which is calculated as:
Y =kR+k,G+ kDB (1.1)

where k,, kg, ky are the weighting factors. The colour information is repre-

sented with colour differences, named chrominance (chroma):

Cr=R-Y
Cg=G-Y (1.2)
Cb=B-Y

Because Cr+C g+ Cb is a constant, it requires only two chroma compo-
nents to represent the colour information. Actually, the Red and Blue dif-
ferences are more significant than the Green one. Therefore, in the YChCr
colour space, the luma Y and red and blue chroma Cr, Cb are used. The
sampling format 4:4:4 means that three components, Y, Cb and Cr, have
the same resolution. In the sampling format 4:2:2 (YUV2), Cb and Cr
have the same vertical resolution as Y, but half its horizontal resolution.
The sampling format 4:2:0 (YV12) halves both the vertical and horizontal

resolutions of the chroma components in comparison to the luma resolution.
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Figure 1.1: Fundamentals of video coding, modified from [Rich10T].

The video encoding process is a dataflow process. Figure 1.1 describes
the main phases in the video encoding process, namely the prediction model,
the spatial model and the entropy encoder. The prediction model can be
intra or/and inter prediction from the stored coded data that generates a
residual frame. The spatial model can be a transformation, scaling and/or
quantization that produces (quantized) transformed coefficients. These

video coding techniques are now summarized.

The video coding techniques are based on the four dimensions of the
digital video signals [Watk04T]:

e the attributes of the pixel;
e the two spatial dimensions (horizontal and vertical);
e the time.

Rounding the binary representation of luma or chroma samples can reduce
data according to the first dimension, i.e. the attributes of the pixel.

In the spatial dimensions, since there is always high correlation between
neighbouring pixels, we can remove the spatial redundancy within a frame.
This is achieved by spatial prediction techniques, creating a predicted ver-
sion of the current block from the previously coded samples in the same
frame (intra prediction). Similarly, to remove temporal redundancy, the
inter prediction, based on high correlation between adjacent frames, gen-

erates the predicted version of the current block by using the previously
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coded frames (called reference frames). The inter predicted version of one
block can be the highest correlated block (with the current one) found in
the reference frames (P inter prediction). It can also be interpolated from
the highest correlated block(s) (with the current one) found in the reference
frames (B inter prediction). The process of searching for the “best match-
ing” block(s) in the reference frames with the current frame is called motion
estimation. Motion compensation then substracts the predicted block and
the current one to create residual data. Only the residual, i.e. the difference
between the predicted and the real versions of the current block, is then used
in the next steps of the encoding process. At the decoding side, the samples
are reproduced by adding the received residual to the previously decoded
samples.

Based on the fact that the human visual system is less sensitive to high
frequency image signals than to low frequency ones, we can also remove the
subjective redundancy parts. Transformation and quantization processes
are used for this purpose. The transformation converts the image or residual
data into another domain. Several transforms can be used, e.g. a Discrete
Cosine Transform (DCT), a Discrete Wavelet Transform (DWT or Wavelet),
etc. The selected transform should be decorrelated and compact, i.e. most
of the energy of the transformed data should be concentrated into a small
number of values, reversible, and easily applied. The quantization process
reduces the range of possible values for the data. It may be used to remove
the less important values in the transformed data. The quantization reduces
the precision of the image (or video) data. Hence, this coding technique is
lossy. Therefore, the reference samples used in the prediction must be the
reconstructed samples from a decoding path inside the encoder instead of
using directly the samples in the original video.

The final phase in the video encoding process is the entropy coding, used
to losslessly remove the stastical redundancy in data. The entropy coding

represents a series of data elements into a bitstream. It can be Variable
Length Coding (VLC) or Arithmetic Coding.

1.2.2 H.264/AVC basic concepts

The general architecture of the H.264/AVC encoders is depicted in Figure
1.2. In order to achieve high compression ratio while keeping the encoded
video quality, the H.264/AVC standard has adopted several advances in
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coding technology to remove spatial and temporal redundancies. These

prominent techniques are summarized hereafter:

e a new way to handle the quantized transform coefficients has been
proposed for trading-off between compression performance and video
quality to meet the applications requirements. For example, an effi-
cient method, i.e. Context-Adaptive Variable Length Coding (CAVLC)
is used to encode residual data. In this coding technique, Variable
Length Coding (VLC) tables are switched according to already trans-
mitted syntax elements. Since these VLC tables are specifically de-
signed to match the corresponding image statistics, the entropy coding
performance is impressively improved in comparison to schemes that
use only a single VLC table [Rich10T];

e the H.264/AVC adopts motion prediction with variable block size to
provide more flexibility. The intra prediction can be applied either on
4 x 4 blocks individually or on entire 16 x 16 macroblocks (MBs). Nine
different prediction modes exist for a 4 x 4 block while four modes are
defined for a 16 x 16 block. After comparing among the cost functions
of all possible modes, the mode having the lowest cost is selected. The
interprediction is based on a tree-structure where the motion vector
and prediction can adopt various block sizes and partitions ranging
from 16 x 16 MBs to 4 x 4 blocks. To identify these prediction modes,
motion vectors and partitions, the H.264/AVC specifies a complex al-
gorithm to derive them from their neighbors [H.264]. Motion compen-
sation is improved from the previous half-sample-accurate to quater-
sample-accurate motion compensation. Weight prediction weights the
predicted signal and its offset by amounts specified by the encoder to
improve the coding efficiency in specific situations, for instance fading
scenes [Rich10T];

e the forward transform and inverse transform also operate on blocks
of 4 x 4 pixels to match the smallest block size. The transform is a
Discrete Cosine Transform (DCT) with some fundamental differences
compared to those in previous standards. It requires only 16-bit arith-
metic for the transform computation instead of 32-bit as in previous
standards. It is also the first standard that achieves the same quality
of decoded video content from different decoders [Wieg030];
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e the in-loop deblocking filter in the H.264/AVC depends on the so-
called Boundary Strength parameters (BS) to determine whether the
current block edge should be filtered. The derivation of the BS is
highly adaptive because it relies on the modes and coding conditions
of the adjacent blocks. An adaptive deblocking filter can improve both
the objective and subjective video qualities.

For robustness to data errors and losses, several new aspects are also
defined for the H.264/AVC standard:

e the H.264/AVC parameter-set structure contains all significant header
information. This information is separated flexibly to reduce the risk

of losing a few bits within this information;

e the Network Abstraction Layer Unit (NALU) syntax structure allows
the customization of packing video data to match different specific

networks (“network friendliness” features);

e many other flexible features were added to the H.264/AVC to the
enhance robustness to data errors [Wieg030], for instance, the flexible
slice size, the flexible macroblock ordering, data partitioning, etc.
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Figure 1.2: Functional diagram of the H.264/AVC encoder [Nguyl4A].

The general architecture of the H.264/AVC encoder is built of different
functional blocks.
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The encoding path consists of the Intra prediction block, the Inter pre-
diction containing the Motion Estimation (ME) and the Motion Compen-
sation (MC) blocks, the Forward Transform and Quantization (FTQ), the
Re-ordering, and the Entropy encoder. The Intra prediction block predicts
the current macroblock (MB, a block of 16 x 16 pixels) based on the previ-
ously encoded pixels in the current frame, to remove spatial redundancies of
the video data. In order to remove temporal redundancies of video data, the
inter prediction block estimates the motions of the current MB based on the
previously encoded pixels in different frame(s). The residual data, i.e. the
differences between the original current MB and the predicted one, is then
transformed and quantized. The post-quantization coefficients are then re-
ordered and entropically encoded to lastly remove statistical redundancies.
The encoded video might be encapsulated into Network Abstraction Layer
(NAL) units. A decoding path that contains the Inverse Transform and
de-Quantization (ITQ) and the De-blocking filter is also built in the video
encoder to generate reference data for the prediction processes. The intra
prediction directly uses the data from the ITQ, while the inter prediction
refers to reconstructed frames from the de-blocking filter.

Each standard defines different profiles as sub-sets of coding tools or al-
gorithms that can be used. Levels that are the constraints on key parameters
of the bitstream are also defined. At its early stage, the H.264/AVC defined
three profiles, namely, the Baseline, Main and Extended ones [Wieg030].

1.3 H.264/AVC implementation solutions

This section presents typical solutions to implement the H.264/AVC specifi-
cation. The first sub-section will review some full software implementations
of the H.264/AVC standard. The two last sub-sections will present chal-
lenges in the implementation of the H.264/AVC standard and some trends

in its hardware implementation.

1.3.1 Software implementations

The Joint Model (JM) is a C software program developed by the JVT as
a reference implementation of the H.264/AVC standard. It is available on
the Internet and the current version is JM 18.6 [JM]. The JM program
contains an encoder and a decoder that can encode video files (raw YCbCr
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format) into the coded H.264 files and vice versa. It applies all the coding
techniques described in the specification. The coding parameters can be
fixed by the user. It also enables the user to trace the syntax elements during
the encoding and decoding processes. The JM codec runs very slowly. It is
usually used for testing and research purposes instead of practical real-time
applications.

The x264 is another free software library and application to encode
videos into H.264/AVC format. It has been developed by the x264 team
[x264]. It is released under the term of the GNU General Public License
(GNU GPL). Different from JM, x264 is used in many practical coding
applications such as television broadcast, Blu-ray low-latency video appli-
cations and web video. It performs well in terms of bitrate, video quality
and processing time. For example, it encodes at least four 1080p streams in
real-time on a single computer [x264]. It contains a large number of coding
features defined in the H.264/AVC standard. Psychovisual optimizations
are also applied to enhance the subjective video quality.

Many other software codecs containing the H.264/AVC have been devel-
oped by different companies. For instance, QuickTime Pro is developed by
Apple Inc. [QuTime], the Nero Multimedia Suit is from Nero AG [Nero],
etc. Due to proprietary issues, these codecs are not freely downloadable.

1.3.2 Challenges in implementing the H.264 /AVC and so-
lutions

The main challenges in implementing the H.264/AVC are the long coding
path and the data dependency. As presented in Section 1.2.2, the encoding
process consists of a variety of tasks from prediction (intra and/or inter),
transformation, quantization to entropy coding. One has also to implement
the fetching of the source video data at the entrance of the encoder, and the
data packing into syntax structure at the beginning and at the end of the
coding process. Moreover, the predictive features lead to coding efficiency
but they cause strong data dependencies.

Data dependency exists within a task and between tasks. The data de-
pendency between tasks is obvious: the output of the previous task is the
input of the next one because of the natural dataflow structure. The entropy
coding task even requires the information from all the prediction, transfor-

mation, quantization tasks for processing one macroblock. Regarding data
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dependency within a task, many blocks of the encoding process require pre-
viously processed data as inputs for the current data. For instance, the intra
prediction block needs the egde pixels of the left, left-top, top and right-top
neighbouring blocks when processing the current block in 4 x 4 prediction
mode, see Figure 1.3. The inter prediction block even requires the data in
the previously coded frames. In the entropy coding block, e.g. the CAVLC
block, the previously coded data elements are required to select the “best”
VLC table to encode the current data element. The deblocking filter uses
also the left and the top or the top, the bottom, the left and the right
neighbouring blocks when processing the current block. Note that data de-
pendency restricts parallel computing capacity and requires high memory

access.
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Figure 1.3: Intra prediciton, mode 4 pixels, for pixels a — p of a block using
the samples A — @ from the neighbour blocks [Khan08T].

The coding efficiency of the H.264/AVC standard leads to its use in chal-
lenging applications, e.g. HD video and/or real-time ones. Note that a HD
video source increases the amount of input data for the encoder while real-
time applications require high processing speed. These challenging features
are driven by emerging demands in video applications nowadays.

Actually, the advanced coding techniques such as many prediction modes,
various block sizes, quater-pixel-accurate motion compensation, weight pre-
diction, CAVLC, etc. improve the coding efficiency. However, they exhibit
high computational complexity. Along with long coding path, data de-
pendency and real-time HD applications make the implementation of the
H.264/AVC very difficult, especially in the context of low power platform.

Even if the data dependency restricts the parallel computing capability,
the implementation in parallel of tasks is possible to increase the encoding

speed. Long coding path and data dependency lead to pipelining process as
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the most appropriate solution. The pipelining solution naturally uses the
dataflow character of the video coding process. It maps each video data unit,
e.g. macroblock (MB), slide, or frame, to one stage of the video coding pro-
cess. For instance, Figure 1.4 illustrates an example of a pipelining solution
for video encoding. In this pipeline, after one MB, e.g. MB_0, is processed in
the Integer Motion Estimation (IME) stage, it moves on to be processed in
the next stage, i.e. Fractional Motion Estimation (FME), leaving the IME
engine to the next MB, MB_1. When the FME for the MB_0 is done, the
third stage processes MB_0, the FME stage processes MB_1 and the IME
starts processing MB_2, and so on. The pipeline solution does not reduce
the time to process each MB. However, it increases the system throughput,
meaning that more MBs can be processed in a certain time interval. Sev-
eral H.264/AVC encoders are implemented in parallel DSPs, multi threads
processors [Zrid09H, Chanl1S], stream processors [Wenl1D], multicore
systems [Le07A, XiaollA] and in dedicated Very-Large-Scale Integration
(VLSI) hardware architectures [Huan05A1, Chen06AA, Liu07A, Moch07A,
Chen08A, Lin08A1, Chan09A, Chen09A, Iwat09A, Kim11P, Zuol2A].

Zrida et al. [Zrid09H] did not implement a H.264/AVC encoder in a real
multiprocessor system but they proposed a parallelization methodology for
a multiprocessor implementation. They used parallel programming models
of computation that work on a general-purpose processor platform. They
use the JM 10.2 with its main profile at level 4 as reference software.

Both Le [Le07A] and Xiao [XiaollA] implemented their H.264/AVC
encoders on an Asynchronous Array of Simple Processors (AsAP) platform.
The platform provides a new method of programming over a large number
of simple processors, see Figure 1.5. The encoder in [Le07A], in baseline
profile, was mapped on 167 cores which are highly flexible and parallelizable,
see Figure 1.6. It supports both QCIF and CIF video formats. The encoder
in [XiaollA] was mapped on an array of 25 small processors.

To overcome data dependency, Chang et al. [ChanllS] implemented
concurrent encoding of multiple independent slices, parallel luminance/
chrominance residual coding and reconstruction, and motion vector search
for multiple reference frames. Wen et al. [WenllD] and Chen et al.
[Chen06AA] proposed a modified motion vector prediction in the inter pre-
diction block to be less dependent on the previously coded data. The re-
quired motion vectors from the left macroblock, which is late available, are
replaced by the top-left ones. Then, in the intra prediction block, Wen et
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Figure 1.4: An example of pipelining solution for video encoding.

al.  [WenllD] processed all independent blocks in parallel. In CAVLC,
they implemented a parallel bitstream generating method to process a row
of macroblocks of a frame parallely. In [Iwat09A], a parallel pipelining
architecture where two pipelines operate at the same time to encode the
odd and even lines of macroblocks in a frame was proposed. Mochizuki et
al.  [MochO7A] and Chang et al. [Chan09A] proposed new rate control
schemes while Chen et al. [Chen09A] and Lin et al. [Lin08A1] placed the
reconstruction task across the last two piplining stages to solve inter-task

data dependency.

1.3.3 Trends in hardware implementation of the H.264 /AVC
coding
With coding techniques of high computational complexity and long coding

path, hardware implementation is better than other solutions in terms of

speed, area and power for its flexibility, parallelization and optimization
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capabilities. Moreover, some coding tools are even more efficiently imple-
mented in hardware than in software. For instance, in the DCT process,
most of the calculating operations are add and shift ones, which are highly

efficient when being implemented in hardware.

Currently, reducing the power consumption is mandatory in electronic
systems design, not only because of limited battery lifespan for mobile de-
vices but also for cooling cost and environmental issues. Several H.264/AVC
hardware implementations have focused on power consumption reduction
[Moch07A, Lin08A1, Baker08P, Chan09A, Chen09A, Kim11P]. This has
proved again the efficiency of hardware solutions. For example, the design
in [Wang03A] used a 130MHz ARM966 processor. However, it is only ca-
pable of QCIF decoding at 7.5fps. Even if some software designs can achieve
QCIF at 30fps the power consumption is relatively large and may be not
suitable for mobile applications. Using hardware implementation solutions,
we can also overcome high memory access rate during the coding process.
Usually, an off-chip memory is used for reference frames to reduce the total
area and energy cost. Then some on-chip buffers are implemented to re-
duce the external bandwidth requirements, thus reducing timing cost and
power consumption. It is proved that an embedded local search window
buffer can reduce the external bandwidth from 5570TB/s in the software
implementation to 700MB/s in a hardware one [Wenl1D].

Because our work is in the encoding process, the next section will re-
view some state-of-the-art hardware implementations of the H.264/AVC

encoders.

1.4 Overview of H.264/AVC hardware encoder

implementations

The specification recommended by ITU-T and ISO/IEC only provides the
H.264/AVC encoded data syntax and how to decode the video. Here some
H.264/AVC hardware encoders found in the literature are analyzed. These
encoders range from basic pipelining architectures to several innovative im-

provements.
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1.4.1 Basic pipelining design

Due to the long encoding path of the H.264 standard, pipelining architec-
tures at MB level are usually implemented. Figure 1.7 shows the major
modules of a four-stage H.264 encoder [Huan05A1]. The Motion Estima-
tion (ME) block, operating with the Motion Compensation (MC) one to
perform inter prediction, is a potential coding tool but with a huge com-
putational complexity. The ME module with full search may spend more
than 90% of the overall computation [Chen09A]. Hence, in pipelining ar-
chitectures, the ME task is separated in two sub-tasks (integer (IME) and
fractional (FME)). To achieve a balanced schedule, the intra prediction (In-
traP) is placed in the third stage. The Intra mode decision requires the
Forward Transform and Quantization/de-Quantization and Inverse Trans-
form (FTQ/ITQ) and the reconstruction results of the current MB in the
same stage as IntraP. The last stage contains two independent modules,
Entropy Coder (EC) and De-blocking Filter (DF). In order to reduce the
size of the buffer between stages, the pipeline is usually scheduled to operate
at the MB level rather than at the frame level. The four-stage pipelining
architecture cuts the coding path in a balanced manner which eases the task

scheduling but it also increases the overall encoder latency.
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Figure 1.7: A conventional four-stage pipelining architecture for H.264 hard-
ware encoder.

Many works have implemented H.264 encoders based on this basic four-
stage pipelining architecture, e.g. [Chen06AA, Moch07A, Chen08A, Chan09A].
The pipeline implemented by S. Mochizuki et al. [Moch07A] is a 6-stage



CHAPTER 1. THE H.264/AVC VIDEO CODING STANDARD AND ITS

28 IMPLEMENTATIONS
one.
DMA | L} Coarse | |} Fme of Intra Pred./ [ ol 1 ¢
Read ME ME Tranform
o Quant
Inverse
Intra Quant
Mode Inverse De-block DMA
Decision Transform Filter Write

*1 : Fine ME block reconstructs reference pictures when decoding

Figure 1.8: An pipelining architecture of H.264/AVC hardware encoder
closed to the clasical pipeline [MochOTA].

However, the main encoding tasks are performed in the four middle
stages in a way close to the classical pipeline. As can be seen in Fig-
ure 1.8, the ME operates in the two earlier stages. The Intra and the
transform-quantization occupy the next stage. Then, the entropy coder
(VLC: Variable-Length Coder) and the DF are placed in the fifth stage.
The first and last stages are for Direct Memory Access (DMA) reading
and writing, respectively. Moreover, the intra-prediction is modified to en-
able high picture quality. As specified in the H.264 standard, the “best”
mode can only be selected after all predictive blocks in an MB are pro-
cessed through Intra, FTQ, ITQ then reconstruction (Rec.). In this 6-stage
pipeline encoder, the mode decision part is performed before the other intra-
prediction tasks, in the previous stage. The best mode is decided from the
original image but not from the locally decoded image as in the classical
intra-prediction engines. With a reduction of more than 300K logic gates
and of the processing time in comparison to a classical intra prediction block,
this solution avoids limiting the number of mode candidates while keeping
high picture quality. With a faster Intra stage, the design in [Moch07A] is
slightly less balanced than the one in [Chen06AA]. Most of its improve-
ments are provided by dedicated techniques, such as prediction from original
image in the intra prediction block, active skip prediction algorithm in the
inter prediction block, etc. but not by the architecture.

Sometimes, the implementation of only three stages [Chen08A, Lin08A1,
Chen09A] makes sense. For instance, FME and IntraP are grouped into one
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stage to share the current block and pipeline buffers [Lin08A1]. This al-
lows decreasing the latency on the entire pipeline [Chen08A]. Moreover,
reducing the number of stages also decreases the power consumption for
the data pipelining [Chen09A]. However, this scheme obviously leads to an
unbalanced schedule. When IntraP and FME operate in parallel, too many
tasks are put into the second stage. To avoid this throughput bottleneck,
[Chen09A] has retimed the IntraP and Rec. blocks to distribute them into
the last two stages, see Figure 1.9. The luminance data is first processed
in the second stage, and then the chrominance one is treated in the third
one. The FME engine is also shared for the first two stages [Chen09A].
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Figure 1.9: A 3-stage pipelining architecture of H.264/AVC hardware en-
coder proposed in [Chen09A].

To summarize, the basic pipelining architecture is naturally designed
from the coding path of the H.264 standard. Some modifications can im-
prove particular features for a given design. Different architectures that
highly improve the coding speed or scalability are presented in the next
sub-section.

1.4.2 Design improvements for specific purposes

H.264 hardware encoders can be split in 3 sets, namely scalability-oriented,

speed-oriented and power-oriented ones. Hereafter, we will introduce the
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two first groups, then power-oriented H.264 hardware video encoders will
be presented in details in Section 1.5.

e Scalability-oriented design for H.264 hardware encoder

An H.264 encoder for high profile, which “firstly supported Scalable
Video Coding” (SVC), was proposed in [Chen08A]. Figure 1.11 illustrates
its 2-stage frame pipelining architecture and its B-frame parallel scheme.

The first stage contains a four-stage pipelining encoder as discussed in
subsection 1.4.1. The Fine-Grain-Scalability (FGS) arithmetic coder was
integrated in the second pipelining stage at frame level to enable the scalable
quality feature. The proposed encoder also supports spatial scalability via
inter-layer prediction and temporal scalability by using Hierarchical B-frame
(HB).

In [Chen08A], many schemes were adopted to reduce external memory
bandwidth and internal memory access. Two consecutive B-frames can be
independently encoded and the encoder processes both frames in parallel to
use the common reference data. This method reduces the external memory
bandwidth of the loading searching window for Group Of Pictures (GOP)
IBBP by 50%, and it reduces the external memory bandwidth for the HB by
25%, see Figure 1.11. In the next stages, the Intra, Rec. and EC blocks are
duplicated to process two MBs concurrently. Then, the data reuse scheme
in the ME engine enables both inter-layer prediction and HB while saving
70% of the external memory bandwidth and 50% of the internal memory
access. Lastly, the FGS engine also integrates other techniques to reduce the
memory bandwidth. From all these modifications and improvements, the
high profile-SVC encoder, even with computation four times more complex
than a baseline profile encoder, achieves comparable power consumption,
i.e. only 306mW in high profile and 411mW with SVC for HDTV1080p
video [Chen08A], see Table 1.2 on 39. The area cost of this design can
be guessed quite large when compared to the basic pipelining architecture
because of the complexity of the additional features.

e Speed-oriented design for H.264 hardware encoder

A high speed codec in high profile is proposed in [Iwat09A], see Figure
1.10. It makes use of a two-stage pipeline encoder at frame level. The

second stage operating in the stream-rate domain contains only the VLC.
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Figure 1.10: High speed pipelining architecture for H.264 hardware encoder,
proposed in [Iwat09A].

All other tasks are performed in the first stage in the pixel-rate domain,
which contains two parallel MB-pipeline processing modules named Codec
Element (CE). This method increases the processing performance but it
also increases the area cost and the power consumption, see Table 1.2.
To support video-size scalability, on-chip connections among sub-modules
are done via a shift-register-based bus network. This bus structure enables
the scalability for the encoder in case more CEs are required for video-
size scalability. The power consumption caused by the duplicated CE and
the high computational complexity in high profile is decreased by the im-
plementation of a Dynamic Clock-Supply-Stopping (DCSS) scheme. This
low-power method will be discussed hereafter. The architecture with two
parallel MB-pipelines doubles the coding throughput.

As can be seen from this short review, modified architectures can pro-
vide interesting improvements with respect to the scalability and the com-
putational speed, at the price of higher power consumption and/or larger
silicon area, leading for designers to a trade-off between various conflicting
objectives. Power-oriented architectures that embed additional techniques
to reduce the power consumption or to enable power-aware functioning are

now discussed.
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Figure 1.11: Two-stage frame pipelining H.264 encoder architecture,
adapted from [Chen08A].

1.5 Power-oriented design for H.264 /AVC hard-

ware encoders

This section presents power-oriented designs for H.264/AVC hardware en-
coders. Subsection 1.5.1 introduces the fundamentals of low-power tech-
niques in electronic circuits and systems design. Then power-oriented H.264

hardware video encoders will be surveyed.

1.5.1 Low-power design techniques

The power consumption in digital CMOS circuits can be modeled as follows
[Chand92L, Weng03A]:

Ptotal - K-CL-Vdd"/swing'f + Isc'vdd + Ileakage-‘/dd = Psw + Psc + Pl (13)

The main part is the dynamic power Py, that contains the switching
P,, and short-circuit P,. powers. The leakage power P, depends on the
technology at hand. In most cases, the voltage swing Viuing is equal to
the supply voltage Vi [Chand92L]. Hence, Py, can be expressed as the
product of the node transition activity factor K, the load capacitance Cp,
the square of supply voltage Vyy and the clock frequency f. Thus, K, C7,
f and Vy influence the power consumption.
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Figure 1.12: Power estimation and optimization based on abstraction levels,
modified from [LecNENTSI].

Acting on V, is usually preferred because of the quadratic dependency
on P,, and its linear dependency on P,. and P,. Lowering the frequency
f also scales down the power consumption. For idle components, it is also
possible to stop the clock or enter a power-off mode. However, even in
active states, components do not always need to work at their maximum
performance level (i.e. clock speed). Therefore, f and Vj; can vary (i.e.
scale down) to operate at lower power states [BeniOOA].

Some techniques for power reduction can be summarized as follows:

e some power reduction approaches tried to reduce the switching ac-
tivity K by re-encoding data, reconstructing the calculation circuits,
modify the communication links, memory and hierarchy [Weng03A].
These architectural strategies are applied during the design phase;

e Dynamic Voltage Scaling (DVS) scales down the supply voltage Vi
to reduce the power consumption. This method is efficient because it
scales approximately by V2 the power consumption. It also reduces

the total energy of the consumption system;

e Dynamic Frequency Scaling (DFS) acts on the operating frequency f.

DFS offers power reduction but no energy reduction;

e Dynamic Voltage and Frequency Scaling (DVFS) techniques imple-
ment the scaling of both factors;
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e The Adaptive Body Bias (ABB) method is applied to the body voltage
of both nMOS and pMOS transistors in CMOS technology. By this
way, we can modify the effective threshold voltage and vary the leakage

power F;. This is applied at transistor circuit level.

As our H.264/AVC hardware encoder, namely the VENGME platform, was
availabe at RTL level at the time the power reduction techniques were
developed, DFS and/or DVS (DVFS) seem to be the most appropriate
methods.

Indeed, power estimation and optimization can be realized at different
levels, from transistor circuit level to hardware/software system level. Note
that power management solutions have been investigated for the last few
decades [Chand92L]. Figure 1.12 shows the dependency of power estima-
tion accuracy and power optimization effectiveness on the various levels of
abstraction, namely at system, behavioral, Register Transfer (RT), circuit
and technology levels. At lower levels, with more physical information avail-
able, power estimation can be more accurate. Note that power optimiza-
tion methods at lower levels are more generic, i.e. application independent.
However, they are less efficient than the methods applied at higher levels
[LecNENTS1].

1.5.2 Low-power techniques for H.264 /AVC encoder hard-
ware implementation

Low-power H.264 encoders also implement the pipelining architecture with
additional low-power techniques. Among these techniques, Dynamic Clock
Supply Stop (DCSS) [Moch07A] and fine-grained clock-gating [Chen09A],
exploit the inactive state of sub-modules to reduce their idle power consump-
tion. Figure 1.13 shows the schedule of the modules in a H.264 encoder
example and the time slots when power can be saved [Nguyl4A]. The
different blocks correspond to the encoder architecture presented in Figure
1.7. Actually, an unbalanced schedule will offer more opportunities to re-
duce power thanks to the integration of power reduction techniques during
the inactivity phases. While DCSS cuts off the supply clock signal per stage
when all modules in this stage are not operating, clock-gating pauses the
clock signal entering unused modules. DCSS was estimated to reduce up
to 16% the power consumption [MochO7A] and fine-grain clock gating in
[Chen09A] can save around 20% the power consumption. Thus, this later
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seems to provide more power reduction but its control is more costly as it
requires a control engine of the clock per block.
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Figure 1.13: DCSS and fine-grained clock gating exploit schedule of H.264
encoder.

Memory access also consumes a lot of power. For instance, a cache mem-
ory can be implemented [Zuol2A] to pre-fetch reference images for the MC
module in HD applications, leading to 75%-86% of MC external bandwidth
reduction. The encoder in [Kim11P] applies three solutions: frame memory
compression, early skip mode decision and reduced FME search range to
save up to 49.9% bus and external memory power consumption.

The H.264 encoder proposed in [Lin08A1], see Figure 1.14, does not
implement the above specific low-power techniques. However, many ef-
forts have been done in order to reduce the memory access. Firstly, In-
tra and FME are both placed in the second stage to use common current
block and pipeline buffers. Secondly, it implements eight-pixel parallelism
intra-predictor to reduce the area cost and a particular motion estimation
block that can deal with high throughput. Moreover, the high throughput
IME with Parallel Multi-Resolution ME (PMRME) technique approach also
leads to 46% of memory access reduction. Actually, PMRME only sam-
ples the necessary pixels to be stored in the local memory. This video
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encoder achieves promising power figures, that is 6.74mW for CIF video
and 176.1mW for 1080p video in baseline profile under technology 130nm,
see Table 1.2.
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Figure 1.14: Low-power H.264/AVC hardware encoder architecture pro-
posed in [LinO8AT].

A low-power ME module implementing low-power techniques is proposed
in [Chen09A], see Figure 1.9, page 29. One of these low-power techniques
is data reuse to save power during memory access phases. In the IME
module, both intra-candidate data reuse and inter-candidate data reuse
are applied. Intra-candidate calculates the matching cost of larger blocks
by summing up the corresponding cost of smaller blocks (4 x 4). Inter-
candidate shares overlapped reference pixels for two neighboring searching
candidates. Differences among neighboring Motion Vectors (MVs) are also
used to reduce the computation. In the FME block, an online interpolation
architecture to reuse interpolated data and a mode pre-decision to reduce
the number of mode candidates are adopted to save power consumption.
The one-pass algorithm and its corresponding hardware implementation
not only alleviate the memory access but they also increase the throughput
of the FME sub-module. The IME data access solution that is proposed
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consumes 78% less than a standard IME engine. The FME engine halves
the memory access thus saving a large amount of power consumption for
data access.

These designs prove that reducing the memory access is an efficient high-
throughput low-power scheme. However, they require the design of many
specific sub-modules, which leads to a complex design task.

Other designs propose not only low-power features but also quality scala-
bility to improve the power consumption. As an example, [Kim11P] defines
10 power levels to adapt the power consumption depending on the remaining
energy.

Maximum number of initial Maximum number of
candidates (1, 2, 4, 6) refine modes (0, 1, 2, 3)

Enable/Disable modes
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Figure 1.15: Parameterized H.264/AVC video encoder, modified from
[Chen09A].

The H.264/AVC encoder proposed in [Chen09A] is dedicated to applica-
tions for mobile devices. Besides several low-power techniques as presented
above, a pre-skip solution with a reconfigurable parameterized coding sys-
tem together with a three-layer system architecture with flexible schedule
enables power scalability. The pre-skip solution is indeed the very first step
of the motion estimation module. For each MB, it compares the Sum of
Absolute Differences (SAD) function of the candidate (0, 0) to a threshold S
in order to skip all the ME process, when possible. The parameterized cod-

ing system provides 128 different power modes based on the parameters of
the IME, FME, Intra, and DF blocks. Figure 1.15 illustrates these param-
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eters in the encoding system. The three-layer architecture is a hierarchical
controlling system containing a system controller, a power controller and
a processing engine controller. This architecture enables the clock gating
technique at fine-grain level to be implemented so that the clock entering
one processing engine can be stopped while the clock entering another pro-
cessing engine in the same pipeline stage can be kept.

The work in [Chan09A] focuses not only on portable video applica-
tions but it supports a wider range of resolutions, up to HD720@Q30fps.
For each resolution, four different quality levels with their corresponding
power consumption level are provided. The quality-scalability feature is
implemented with parameterized modules. For instance, they proposed a
Half-word Down-sample Local Full Search (HDLFS) IME using three pa-
rameters: down-sample rate, candidate number and local full search range.
Different operating frequencies are used in the different quality levels. Be-
sides, some design techniques to reduce the complexity of the main modules
and to decrease their power consumption are also applied.

1.5.3 Discussion

Table 1.2 summarizes the state-of-the-art solutions that have been discussed
in this chapter. Various features are presented but only the power consump-
tion one will be discussed.

When comparing power results, we also consider the difference in im-
plementation technologies. In general, for applications requiring low speed
performance, we can affort a large node technology. For instance, appli-
cations whose operating frequency is less than 200MHz are typically im-
plemented with CMOS technologies higher than 130nm. In applications
with higher speed performances, we need more agressive technologies, typ-
ically smaller than 65nm, at the cost of higher power consumption. More-
over, the profile and resolution obviously influence the operating frequency
and thus the power consumption. Indeed, the encoders that support mul-
tiple profiles [Lin08A1] or multiple resolutions [Chen06AA, Moch07A,
Lin08A1, Chan09A, Chen09A] operate at different frequencies and show
different power consumption figures. Therefore, when the power results are
compared, the resolution and profile that the encoders support have to be
taken into account as well.

Both the specific low-power techniques [Moch07A, Chen09A] and the
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strategies implemented to reduce the memory access [Lin08A1, Kim11P]
present appealing power consumption figures, e.g. 9.8-40.3mW for CIF
video [Chen09A], 64mW for HD720p [Moch07A] and 242m W for 1080p
high profile [Lin0O8A1]. In the baseline profile, with 6.74mW of power
consumption for CIF video [Lin08A1], the technique applied for the mem-
ory access reduction seems to perform better than the one in [Chen09A]
(9.8mW).

Recent encoders with power-aware ability [Chan09A, Chen09A] take
even less silicon area and seem more suitable for mobile applications.

Note that the threshold of 100mW of consumption is widely admitted
for portable media applications [Chen09A].

1.6 Conclusion

In this chapter, an overview of video coding standards and H.264/AVC stan-
dard was presented. State-of-the-art solutions on the design and hardware
implementation of the H.264/AVC video encoders have been discussed.

The H.264/AVC standard adopted many advanced video coding tech-
niques from previous standards. It is widely applied in many applications.
Even if the new standard H.265 is now available, it is hard to say anything
about its success in near future.

The trend is to implement H.264/AVC in dedicated hardware. As pre-
sented above, many techniques can be applied to improve the basic pipelin-
ing architecture in terms of scalability, speed and power consumption.

The next chapter is dedicated to the design of a H.264/AVC hardware
encoder that targets mobile applications. This design has been conducted
in the context of the “Video Encoder for the Next Generation Multimedia
Equipment” (VENGME) research project (No. QGDA.10.02). The project
is granted by Vietnam National University, Hanoi (VNU). The VENGME
H.264/AVC video encoder platform was designed with improvement tech-
niques applied in all modules. One of the contributions of the thesis is the
design and implementation of the Entropy Coding and Network Abstrac-
tion Layer data packer (EC-NAL) module in the VENGME platform. The
power simulation at RTL level on the whole VENGME platform and on the
EC-NAL module are also performed to early analyze the power composition

of the platform for power optimization.
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With the power consumption of 58.25m W, the VENGME H.264 video

encoder meets the consumption requirement for mobile applications.






Chapter 2

The VENGME platform and its
EC-NAL module

According to the state of the art for H.264/AVC video encoding hard-
ware implementations provided in the previous chapter, H.264/AVC en-
coders are designed based on the basic pipelining architecture with differ-
ent improvements added to serve specific design objectives, namely scal-
ability, speed and power consumption. This chapter will introduce the
design of the VENGME H.264/AVC encoder platform that targets mo-
bile applications. The VENGME platform was designed in the framework
of the “Video Encoder for the Next Generation Multimedia Equipment”
(VENGME) project. This research project is granted by Vietnam National
University, Hanoi (VNU).

Our VENGME platform adopts a pipelining architecture with differ-
ent dataflow control which enables applying different low-power control
methods. Note that 100mW seems to be the maximum power consump-
tion acceptable for media coding components to be implemented in mo-
bile portable devices [Etoh05A]. The verification and synthesis results
show that with the power consumption of 58.25m W, the VENGME video
encoder can meet this requirement. Some VENGME modules, e.g. the
Transformation-Quantization module, the Entropy Coder and Network Ab-
straction Layer (EC-NAL) module, present nice power and performance
figures, similar to the ones obtained by state-of-the-art designs.

The main contribution of this work to the VENGME platform is the de-
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sign of the Entropy Coder (EC) and the Network Abstraction Layer (NAL)
bytestream data packer (EC-NAL) module. Another contribution is the
power simulation at RTL level of the whole VENGME platform and of the
EC-NAL module. This simulation was performed prior the VENGME syn-
thesis. The power simulation results of the whole VENGME platform allow
to analyze the power distribution over the various modules of the platform
and seek for extra power optimization.

The thesis work is conducted in three laboratories, namely

1. the Smart Integrated Systems (SIS) laboratory in Vietnam National
University, Hanoi (VNU), Vietnam;

2. the Laboratory of Silicon Integration and Digital Architecture (LISAN)
in CEA-LETI, France;

3. the Laboratory of Infrastructure and Software Tools for computing
platforms (LIALP) in CEA-LETI, France.

The architecture of the VENGME platform is designed in the SIS laboratory
(Vietnam). Low-power techniques, e.g. DFS technique, are acquired from
the LISAN laboratory (France). The control aspects are searched with
the LIALP laboratory (France). As a consequence, the author had the
opportunity to work with large-node technologies and with more advanced
ones. This explains the various CMOS technologies that are used all along
this chapters for the results., especially for results of power simulations that
have been performed both in Vietnam and in France.

Section 2.1 presents the VENGME platform, including the main fea-
tures, the overall architecture, the dataflow control, verification and imple-
mentation results. The power simulation results at RTL level at platform
level is also presented in this section (32nm CMOS technology, in France).
Section 2.2 summarizes the specification of the data structure for the En-
tropy Coding and the bytestream Network Abstraction Layer (NAL) for
H.264 video encoding. It also reviews the state-of-the-art for Entropy Coder
and video data packer designs. Section 2.3 focuses on the design of the
VENGME EC-NAL module. Its implementation results and the compari-
son with state-of-the-art designs are presented in Section 2.4. Finally, the
power simulation results at RTL level for the VENGME EC-NAL module
are analyzed in Section 2.5. (32nm CMOS technology, in France)
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2.1 The VENGME platform

The “Video Encoder for the Next Generation Multimedia Equipment” (VENGME)
project is a research project (No. QGDA.10.02) granted by Vietnam Na-
tional University, Hanoi (VNU). The objective is to design and imple-
ment a hardware H.264/AVC encoder using advanced coding techniques
and targeting mobile platforms. As a consequence, low-power design tech-
niques, design optimization and reconfigurable designs have to be focused
on. This section provides an overview of the VENGME platform archi-
tecture and its task scheduling. The operations of the main modules and
the VENGME video encoder verification and implementation will be also
presented [Tranl3B]. The design of the entropy coder (EC) and the Net-
work Abstraction Layer (NAL) bytestream data packer (EC-NAL) module,
which is the contribution of the thesis author, will be presented in details
in Section 2.2.

2.1.1 Introduction to the VENGME platform

In the H.264/AVC recommendation that was firstly published in 2003, there
were three profiles': the Baseline profile is mainly designed for video con-
ferencing applications; the Main profile is used for television broadcasting
and video storage applications because of its high compression rate and high
fidelity; and the FExtended profile is used for HD applications. The standard
has been extended, in 2009: it defined totally 11 profiles and 5 levels?. Most
of the newly published “high profiles” were developed from the Main pro-
file. The reader can refer to Figure 1.7 (page 27) for a generic H.264/AVC
encoder architecture.

Besides mobile applications, the VENGME project also targets the ex-
tension to other applications. Therefore, the Main profile at level 2 is se-
lected. The design performed during the project, also called the VENGME
design/platform, is optimized for CIF video at a frame rate of 30fps. The
architecture can be extended to larger resolutions by enlarging the reference
memory and the search window.

With the Main profile that has been chosen, the VENGME platform
supports the following features:

ISee Chapter 1, Section 1.2.2
2See Chapter 1, Section 1.2.2
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Intra prediction to create a predicted version of the current block from
the previously coded samples in the same frame;

Inter prediction that contains motion estimation (ME) and motion
compensation (MC), enabling high compression efficiency;

B-slice. It means that the future frames (in display order) can be used

as reference frames;
Variable block-size enables precise segmentation of the moving regions;

Quater-pixel-accurate motion compensation describes accurately the

displacement of moving areas;

CAVLC entropy coding. The Main profile enables the use of both
Context Adaptive Variable Length Coding (CAVLC) and Context
Adaptive Binary Arithmetic Coding (CABAC) techniques. However,
to simplify the hardware architecture, the VENGME platform sup-
ports only the CAVLC technique. The CABAC is optional and may
be developed later on;

Weighted prediction is used to improve the motion compensation pro-

cess;

The de-blocking filter reduces blocking-artifacts for block-based video
coding techniques and it increases the quality of video images;

The sampling format is 4:2:0, which means that the vertical and hori-
zontal resolutions of both chroma components (Cb and Cr) are equal
to half of the resolutions of the luma, Y

NAL byte stream formatting allows a encoded video can be used in

many network environments.

Table 2.1 summarizes the key features and targeted parameters for the

VENGME design.

These features are fixed by regarding the Annex profiles and levels of

the Recommendation [H.264].

3See Chapter 1, Section 1.2.1
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Table 2.1: Targeted features and parameters of the VENGME design

Features Targeted parameters
I & P slices; B slice;
multi reference frames;
Features De-blocking filter;
Entropy coding: CAVLC & Exp-Golomb;
sampling format 4:2:0;
8-bit sample depth
Video format CIF at 30fps
Maximal speed 11880 MB/s
Maximal frame size 396 MBs
Maximal bit rate ~ 2Mbps
Compression rate ~ 30 times

2.1.2 Hardware architecture of the VENGME H.264 /AVC
video encoder

The overall hardware architecture of the VENGME H.264/AVC encoder is
depicted in Figure 2.1. It contains all the blocks that appear in a general
H.264/AVC encoder, namely, the Intra Prediction (IP), the inter prediction
consisting of Motion Estimation (ME) and Motion Compensation (MC),
the transformation and quantization grouped into the Forward Transforma-
tion and Quantization (FTQ), the de-Quantization and Inversed Transform
(ITQ), the Entropy Coder (EC), the Network Abstraction Layer (NAL),
the Reconstruction Macroblock (Recons. MB), the De-blocking Filter (DF),
and the Rate-Distortion Optimization (RDO).

The video encoder communicates with the external system via an Ad-
vanced Microcontroller Bus Architecture (AMBA) bus. The configuration
of the encoder parameters is done via the Advanced Peripheral Bus (APB),
a slave bus interface, while video data are transferred via the Advanced
High-performance Bus (AHB), a master bus interface. After the configura-
tion phase, the encoder starts the H.264/AVC encoding process. The source
input video, reference data and encoded data are stored in off-chip memo-
ries. Hence, the video encoder still needs to access these memory blocks via
the AHB master bus during the encoding process. An internal bus is used
to communicate between the Memory Access Units (MAUs) and the AHB
master bus interface. In the VENGME architecture, there are four Memory
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H.264/AVC Encoder

Figure 2.1: The VENGME H.264/AVC video encoder architecture.

Access Units (MAUS):

e the Current MB Memory Access Unit (CMB MAU) is used to fetch
source data;

e the Search Window Memory Access Unit (SW MAU) is used to access
reference data;

e the De-blocking Filter Memory Access Unit (DF MAU) is used by the
DF module;

e the Network Abstraction Layer Memory Access Unit (NAL MAU) is
used to write out the encoded data.

Among them, the NAL MAU has the highest priority to avoid a bottleneck
in the dataflow.

We present now a brief description of the main modules of the VENGME
platform. Some dedicated techniques to reduce the area cost and increase
the throughput are applied to each module [Tranl1C, Buil2A, Nguyl2A,
Dangl13A, Nguy13A, Nguy13H].

e The Intra prediction module
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With the input videos of sampling format 4:2:0%, there are 17 intra predic-
tion modes in one MB. To overcome the huge amount of data and calculation
requirements in the intra prediction generation, parallel calculations and
calculation reduction techniques must be implemented during the module
design. Among several available cost functions, the Sum of Absolute Trans-
formed Differences (SATD) has been chosen for most of the current intra
prediction designs thanks to its simplicity, high efficiency and ability for
calculation reduction [Huan05A].

Some researches tried to reduce the number of calculating modes using
a threshold [Meng03E, Huan05A] or using the correlation between modes
[ChenO5F, Li07A]. Here, we use the most popular method, that is compar-
ing the results of all the modes to optimize the prediction.
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Reconstructed | ot L. ; . Coe# encoder
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Figure 2.2: Dataflow of the Intra prediction module.

The details on the design of the Intra prediction module in the VENGME
platform is presented in [BuillH] and [Buil2A]. Three main submodules
of the classical intra prediction architecture, namely, the intra prediction
generator, the prediction efficiency estimation and the mode selection and
the control part are equivalent to the main blocks of this module dataflow.
They are Intra Prediction Generator, Discrete Cosine Transform and Dis-
crete Hadamard Transform (DCT DHT) and Cost generator and Mode
decision, as illustrated in Figure 2.2. The system can generate prediction
of 4 modes in one clock cycle. The prediction data of the selected mode is
discrete cosine transformed (in the DCT block), quantized (Q), dequantized
(IQ) and inverse transformed (IDCT-IDHT) to reconstruct the image.

4See chapter 1, section 1.2.1
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e The Inter prediction module

Inter prediction consists of two main functions, namely, the Motion Estima-
tion (ME) and the Motion Compensation (MC). For supporting sub-pixel
motion estimation, half-pixel and quater-pixel, the ME is divided into In-
teger Motion Estimation (IME) and Fractional Motion Estimation (FME).
Figure 2.3 depicts the block diagram of the VENGME Inter prediction
module. It contains three main submodules, namely, the IME, the FME
and the MC. Besides, it uses also the CMB MAU and SW MAU for input,
and the Residual/Predicted Memory (RES/PRED MEM) and Encapsulat-
ing Encoding Information (EET) MEM for output.

CONTROLLER
s N - _
v v \ 4 4
| ——
. MEM
CurrentMB _JCMB RAM [«» >
l v i I
*
=8 [ .
............. B3 EME | FEI | E"f"'i"fg
S5 Information
1 ¥
Search ¥
: SWRAM [+ RES/ o
windows o CMC » PRED Residual!/
’ MEM Predicted Values
Datasignal =~ seseeeees Control signal

Figure 2.3: The architecture of Inter prediction module [Tranl3B].

In the ME, a Full-Search algorithm is chosen because it provides mo-
tion vectors more precise than Fast ME algorithms, e.g. Three-Step Search
[Chen07F], Diamond Search [Port11A, Sanc12D], or Multi-Resolution Search
[Lee04V, Lin08A2, Yinl0A]. For the block-size decision, we decided to use
only the SAD function for its simplicity and its Silicon resource saving.

Bandwidth optimization methods are used for both on-chip and off-
chip communications. Reusing search window data takes advantage of 2/3
data in common between two search windows to save 60% of the off-chip
bandwidth. The ME switches between two motion vectors by reading only
one column or row of 16 pixels additionally. This also allows calculating all
the prediction modes (7 block-sizes) at the same time and giving out one

motion vector in just one clock cycle.
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Moreover, because the SAD function values of the IME and the FME
are not too different, the mode decision placed just after the IME instead of
the FME seems a good solution. Indeed, it decreases by 7 times the FME

interpolating and calculating time and it enables integrating the MC into
the FME submodule.

e The Transformation and Quantization module

With the sampling format 4:2:0, each MB contains one 16 x 16 block of
luma component Y and two 8 x 8 of chroma components Cb and Cr. Each
block is then divided into 2 X 2 or 4 x 4 to be transformed and quantized.
There is one quantization parameter (QP) for one MB.

The overal architecture of the Transform-Quantization and Inverse Transform-
Dequantization is illustrated in Figure 2.4. It is constructed using two
one-dimension DCT blocks (1-D DCT), one transpose RAM and the quan-
tizer. The input data is processed in the first 1-D DCT (DCT_0), stored in
the transpose RAM and processed in the second 1-D DCT (DCT_1). The
results after the second 1-D DCT are the post-transform coefficients. They
will be scaled and quantized in the quantizer submodule. The memory block
DC RAM is used to store the DC coefficients for the Hadamard Transform
process. The Hadamard Transform has a similar calculating structure as
the DCT. In the design, both transform techniques are combined in just
one calculating circuit.

DC RAM (=

a2 -

- Transpose b
Transpose I —i—p 0 [+ ,_L. -l >
wam o § o s E

Figure 2.4: Architecture of the Transformation and Quantization module
[Tran13B].

e The Entropy coder and bytestream NAL data packer (EC-
NAL):

The entropy coder (EC) in the VENGME video encoder performs Exp-
Golomb and CAVLC coding for all the H.264 video information, i.e., pre-
diction mode, motion vector, residual data, etc. The EC processes data in
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syntax elements, i.e., elements of data represented in the bitstream [H.264].
The entropy encoded elements are then packed into the correct syntax spec-
ified in the H.264/AVC recommendation so that the decoder can “under-
stand” them. To enable “network friendliness”, the data packer will give
out the encoded video in the bytestream network abstraction layer (BSNAL)

format.

As the EC and the BSNAL data packer (EC-NAL module) design is one
of the contributions of this thesis, the design of the module is presented
in Section 2.2 in details, with specification, state-of-the-art, architecture,
technical improvements and implementation results.

e The De-blocking Filter (DF)

Figure 2.5: The architecture of De-blocking filter module [Tranl3B|.

The overal architecture of the DF module is presented in Figure 2.5.
It consists of five main submodules, namely, the MBinforRAM containing
the MB information, the BS calculating the Boundary Strength (BS) pa-
rameter, the DF Core performing the filter calculation, the ODR and TSR
memory blocks that store the calculated results and the DF DMA which

communicates with the outside memory.

2.1.3 Dataflow control

To overcome long coding path and data dependency, a 4-stage pipelining
VENGME encoder schedule is proposed, see Figure 2.6. It is different
from previous solutions on various aspects. Besides the first stage to load
data, similar to [Kim11P], it cuts the coding path into three main stages,
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Figure 2.6: VENGME pipelining schedule.

namely Prediction, TQ-Recons. and EC-DF. Both Integer Motion Estima-
tion (IME) and Fractional Motion Estimation (FME) are in the same stage
for sharing the IME information and the data in the search window (SW)
SRAM. The VENGME schedule takes advantages of a three-stage pipelin-
ing architecture that provides memory sharing [Lin08A1], pipeline latency
reduction [Chen08A] and power consumption reduction [Chen09A]. This
pipeline is even more unbalanced than the 3-stage ones found in the liter-
ature [Liu07A, Lin08A1, Chen09A|. However, an extra external memory
access bandwidth and its associated power consumption can be saved, while
the performance for the targeted applications remains unchanged. Because
of the unbalancing schedule, this design is suitable for the implementation
of power management techniques. Indeed, the speed of the two last stages
can be adapted to the heavy prediction stage. In other words, while wait-
ing for the heavy prediction stage, the two last stages can be placed into
low-power mode.

Moreover, Inter Prediction (MC and IME + FME) and Intra Prediction
(IP) in the same stage can be executed in parallel or separately, thanks to
the system controller decision. In the separate mode, power can be saved
via the switch off of the Intra prediction or Inter prediction module while
the other one is active. In the parallel mode, the Intra Prediction will finish
first, and its results are stored in the TQIF memory which is the memory
block placed inside the Transformation and Quantization module. Then, it
can be switched off to save power. The Inter Prediction module, including
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Motion Compensation (MC), still searches for the “best” predicted pixels.
After having inter prediction results, the TQIF memory can be invalidated
to store new transformed results for Inter Prediction. The first solution,
i.e. the parallel execution of Inter prediction and Intra prediction modules,

currently in use, can be seen as a low-power mode for the system.

2.1.4 Verification and implementation results

DDR 2 Model file.yuv

T
o

3. Configure

AHB Controller

Figure 2.7: The VENGME verification method [Tranl3B].

All the modules of the H.264/AVC encoder were modeled in VHDL with
some RAM/ROM models in Verilog. It is important to verify and validate
the whole integrated system. Figure 2.7 describes the verification method.
A CPU or an IP core can control the VENGME encoder by accessing its
control registers via an AMBA AHB/APB bus system communication. The
memory block DDR2 model is used to store the input video and reference
data. The source input videos are the standard reference videos [VidLib].
The block AHB_VIP reads the YUV video file and loads its content to the
memory block. The encoded data is then decoded by the reference software
decoder JM18 [JM].

It has been proved that the VENGME encoder can encode successfully
video data into H.264 format. Figure 2.8 illustrates the frame extracted
from the orignal video example (Suzie.yuv [VidLib]) on the left and the
video encoded by using VENGME encoder on the right.
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Original video sample (Suzie.yuv) VENGME encoded video (Suzie.264)

Figure 2.8: Video frames in the original and the VENGME encoded video
streams.

Before the fabrication phase, the encoder must be validated to avoid
unexpected faults. The System-on-Chip (SoC) for validation is illustrated
in Figure 2.9. The Development and Education board (DE2) [DE2] from
Altera is used to implement this SoC.

Figure 2.9: System-on-Chip for VENGME validation [Tranl3B].

Some VENGME modules present nice performance and/or power fig-
ures, equivalent to the state-of-the-art designs [Tran11C, Buil2A, Nguy12A,
Dangl3A, Nguyl3H, Tranl3B]. The synthesis is performed in Vietnam
by people involved in the VENGME project. Table 2.2 illustrates the
VENGME results on the CMOS 130nm technology from Global Foundary
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(GF). These synthesis results for the whole the VENGME platform have
been obtained using Design Compiler from Synopsys [Syno].

Table 2.2: VENGME implementation results for the 130nm CMOS tech-
nology

. . Memory
Intra Inter Transformation | De-blocking
EC-NAL and VENGME
prediction | prediction Quantization filter
control
913.604
Area cost 27.953
30.448 550.415 90.778 151.314 90.648 (excluding
(Kgate) Kbytes
memory)
Power
consumption 1.58 14.77 1.46 2.66 3.72 34.06 58.25
(mW)

The VENGME encoder, targeting CIF resolution, requires a resource of
913.604 Kgate for functional blocks and 27.953 Kbyte for memory blocks.
It consumes 58.25m W, which is suitable for mobile application.

In comparison to the other H.264/AVC hardware video encoders, see
Table 1.2, page 39, the VENGME encoder does not have outstanding
results. The power consumption and area cost of the VENGME design is
lower than most of the designs in state-of-the-art survey, but both num-
bers are slightly higher than the ones of other designs with the same res-
olution target and technology. For instance, also targeting CIF resolution
and being synthesized with the technology CMOS 130nm, the design in
[Chan09A] consumes from 7mW to 25mW; the one in [Lin08A1] consumes
6.74mW. The design in [Chen09A], also targets to CIF resolution, using
technology CMOS 180nm, consumes from 9.8mW to 40.3mW depending
on the power level. However, the three design in [Lin08A1], [Chan09A]
and [Chen09A] target Baseline profile while the VENGME design targets
Main profile. This makes the comparison not fully accurate. The design in
[Kim11P] also targets CIF resolution but its power consumption is rather
high. It consumes from 238.38mW to 359.89m W depending on the power
level. In conclusion, the VENGME video encoder results can be considered
equivalent to the state-of-the-art designs. Applying some power manage-
ment methods may help reduce its power consumption. The next section
presents power simulation results at RTL level which are early power figures
of the VENGME video encoder in looking for a suitable power management
method
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2.1.5 Power simulation for VENGME platform

We presented the architectural differences between the VENGME H.264/AVC
encoder and state-of-the-art implementations. When we started to work on
a power optimization solution for the VENGME platform, the platform at
hand was modeled in VHDL at RTL level. In order to define a power opti-
mization strategy to be applied onto the VENGME platform, knowing its
power characteristic is essential. Power estimation using synthesis tools is
usually based on the supposition of average activities of the circuit. To ob-
tain more accurate power estimation results, simulation is required because
it provides the real activities of the circuit. However, post-synthesis simu-
lation takes long time. For this reason, we performed power simulations at
RTL level, i.e. before synthesis phase, using the ModelSim from Mentor-
Graphic [Ment] and the SpyGlass™ Power tool from Atrenta [Atre]. The
results provide an early view of the power consumption for the VENGME
encoder. Although the comparison with previously H.264/AVC hardware
encoders using power simulation at RTL level is provided in this subsection,
our main objective is to analyze if a power management method can be use-
fully applied to the platform. The power simulation at RTL level for the
VENGME platform is done at the CEA-LETI, France. In this simulation,
we use the CMOS 32nm technology from STMicroelectronics [stm)].

e Power simulation results

The power consumption is estimated at RTL level while encoding five frames
(IBPBP) of a video with QCIF resolution, due to the limitation of the
simulation space, in CMOS 32nm technology from STMicroelectronics. The
results are provided in Table 2.3. The (estimated) total power consumption
is 19.1mW. Note that the leakage power at RTL level is not accurately
estimated as it highly depends on gate choices. Actually it is over-estimated
because the light synthesis performed by the SpyGlass tool cannot provide
a netlist well-optimized as the final netlist provided by a synthesis tool.
Thus, it can be assumed that this power consumption should be smaller.

e Comparison with State-of-the-Art H.264 hardware encoder
implementations

Although the main objective of this power simulation is to seek some

power management method for the VENGME platform, we try to compare
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Table 2.3: Power composition of the VENGME H.264 encoder, obtained
using SpyGlass, with 32nm CMOS technology

Power(mW) | IntraP | InterP | TQ | EC | DF | SW DMA | H.264 encoder
Total 0.32 7.86 0821 09 | 0.71 6.39 19.1
Leakage 0.1 3.43 0.52 | 0.31 | 0.46 2.88 9.21
Internal 0.13 2.76 0.16 | 0.26 | 0.11 0.94 4.56
Switching 0.09 1.68 0.14 | 0.32 | 0.15 2.57 5.37

this early power result with the state-of-the-art designs. As mentioned
above, this power result is not accurate. Moreover, in the power simulation,
we use video with QCIF resolution, which is not targeted by the state-of-
the-art designs. Hence, we can only make a very rough comparison.

The total power consumption of the VENGME platform estimated at
RTL level using SpyGlass and in CMOS 32nm technology is 19.1m W which
is equivalent to other HW encoders that target mobile applications, see some
results provided in Table 1.2 (page 39). For instance, the H.264/AVC en-
coder in [Iwat09A], which aims at low power, video size scalable, consumes
256m W in CMOS 65nm technology. The solution in [Chen09A] consumes
40.3mW for CIF resolution with 2 reference frames and 9.8-15.9mW for
CIF resolution with 1 reference frame in CMOS 180nm technology. The low-
power H.264 encoder in [Kim11P] consumes from 238.38m W to 359.89m W,
depending on the power level. The used technology is not mentioned in
[Kim11P]. Note that our real power consumption is certainly smaller be-
cause the leakage has been over-estimated.

e Discussion on power consumption composition and low-power
solutions for the VENGME platform

A power consumption of 19.1mW (in CMOS 32nm technology) makes the
VENGME encoder suitable for mobile applications. However, there is still
room for power consumption improvement via the implementation of adap-
tive power management techniques as the activity is highly unbalanced be-
tween modules. Of course, this will complicate the design but it is a worth-
while effort with respect to the power gain. The analysis of the relative
power results between the different modules suggests a power management
strategy could be implemented.

Figure 2.10 depicts the power composition of the VENGME modules.
As expected, the Inter prediction module is the most consuming one. The
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Figure 2.10: Power consumption composition of VENGME system.

second one is the SW_DMA (sw_dma), also related to inter prediction. Be-
cause of the complexity of the Inter prediction module, of its huge calcula-
tion and memory access requirements, it is reasonable that the two modules
have highest power consumption compositions. We can eliminate the power
consumption of these modules by using only intra prediction. Actually, the
control decision to execute Inter prediction or Intra prediction or both ones
in the second VENGME pipelining stage as mentioned in subsection 2.1.4
has been identified as one of the power management solutions.

When we started to work on a power reduction strategy, the VENGME
platform was available at RTL level. Moreover, all modules were designed
independently but in an optimized way from a power consumption point-of-
view. The optimization solutions applied at the design phase, as reviewed
in Subsection 1.5.2, namely, parameterization, memory access reduction
and data reuse are only appropriate at the module level. Therefore, a low-
power technique at platform level seems also suitable. Among the low-power
techniques presented in subsection 1.5.1, Dynamic Frequency Scaling (DFS)
is a good candidate because it is simple, independent from the technology
and can provide power gain because of the highly unbalanced schedule.
Moreover, it can be extended later to Dynamic Voltage Frequency Scaling
(DVFS) to provide even more power gain.

In order to act on the operating frequency of the VENGME platform,
we can firstly exploit the unbalanced schedule among the stages or mod-

ules, to gate the clock signal when the stage or the module is unused. Dy-
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namic Clock Supply Stop (DCSS) [Moch07A] and fine-grained clock-gating
[Chen09A] techniques can be implemented to gate the clock signal. How-
ever, the DFS technique can be applied even when the module is in active
state. In Chapter 3, we will propose a method to implement a DFS tech-
nique. It is a general approach where the frequency is scaled according to
the status of the buffer between modules. The method proposed is simple
and suitable for the VENGME hardware platform as buffers are used to
store temporal data between modules. Moreover, the method proposed in
Chapter 3 is independent from the application, i.e. it can be widely applied
for any hardware buffer-based system.

In the VENGME power composition, the EC-NAL module is number
three in the power consumption ranking of the modules. However, un-
like the inter prediction and its SW_DMA, EC-NAL works in every frame.
Therefore, reducing the power consumption of the EC-NAL module is also
important. Moreover, both the overall VENGME system and the EC-NAL
module use memory blocks/FIFOs structure to store the temporal data
between blocks. Because the EC-NAL module design is one of our contri-
butions, it is well understandable by the author. Hence, we can focus on a
buffer-based DFS power reduction method for the EC-NAL module as an
example before applying it onto the whole VENGME platform. The con-
trol of this buffer-based DFS power reduction method will be discussed in
details in Chapter 3.

The EC-NAL module design is now presented in details.

2.2 Design of the entropy coder and bytestream
NAL data packer for H.264/AVC video en-
coder

The functionalities of the EC-NAL module are to receive information from
the previous modules in the encoding path, prediction and transformation-
quantization, to encode the data elements and to pack them in the correct
BSNAL encoded video syntax. This module is one of our contributions
and it is inserted and validated in the VENGME platform. This section
presents in details the specification, designed architecture, implementation
results for the VENGME EC-NAL module. A comparison with previous
works is also provided. Techniques to improve the throughput, area cost
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and power consumption in the EC-NAL module during the design phase
are presented. The power reduction using buffer-based DFS method will be
presented in Chapter 3.

2.2.1 Specification for the entropy coding and data pack-
ing in the H.264/AVC standard

The encoded video data is specified by the ITU-T Recommendation [H.264].
We now provide a brief introduction to the specification of the encoded video

data and entropy coding.

2.2.1.1 Byte stream encoded video

Figure 2.11 shows the structure of an encoded video stream. Video data at
the Video Coding Layer (VCL) consists of slices. The first slices of a video
sequence are always Instantaneous Decoder Refresh (IDR) slices forming an
IDR frame. Other IDR slices in the stream start new video sequences. Each
slice is composed of a Slice Header (SH) and slice data. The SH contains
information that supports the slice decoding process. The slice data is a
sequence of interchanged macroblocks (MBs) and MBs skipped indication.
Each MB contains a MB header and residual data. The MB header gathers
the prediction information from the Intra prediction and Inter prediction
modules and other information like the Quantization Parameter (QP) and
Coded Block Pattern (CBP). Residual data are entropy encoded residual
post-quantization coefficients.

Being encapsulated at the Network Abstraction Layer (NAL), the video
output data consists of NAL Units (NALUs). Each VCL NALU contains
one slice. Non-VCL NALUs are Sequence Parameter Set (SPS), Picture
Parameter Set (PPS), End Of Sequence (EOSeq), End Of Stream (EOS),
etc. The SPS is a set of parameters to decode one video sequence. The PPS
gathers the parameters for pictures, i.e. either frames or fields. At least,
there are one SPS and one PPS at the beginning of a video stream. EOSeq,
EOS, and many other non-VCL NALUSs are optional.

Each NALU starts with one special byte followed by Raw Byte Sequence
Payloads (RBSP) bytes [H.264]:

e the first byte is composed of one forbidden_zero_bit, two bits rep-
resenting nal ref_idc and five bits representing nal unit_type. If



62 CHAPTER 2. THE VENGME PLATFORM AND ITS EC-NAL MODULE

MBs| [ mbs ||][[MBs

IMB heade{ Residual data )

Slice header (SH) O Encoded by CAVLC

l MBs skipped indication D Encoded by Exp-Golomb or Fixed-length code

Figure 2.11: Encoded video data structure.

the NALU is referred by other NALUSs, e.g. NALUs containing SPSs,
PPSs, slices of reference frames, the nal_ref_idc value is not equal to
zero. Otherwise, the nal _ref_idc value will be zero. The values of the
nal_unit_type are specified in the ITU-T Recommendation;

e in the RBSP bytes, a byte named emulation_prevention_three_byte,
valued 0x03, might be inserted to prevent the decoder from detecting
a start code inside the content of the NALU. Hence, in the bytestream,
if three bytes having values in the range from 0x000000 to 0x000003
appear, they will be then represented as four bytes from 0x00000300
to 0x00000303;

e if the NALU content is already byte-aligned, the final byte after the
content will be 0x80 which contains one bit ‘1’ called rbsp_stop_one_bit
and seven bits ‘0’ called rbsp_alignment_zero_bit. However, usu-
ally, the NALU content is not byte-aligned. The final byte, in this case,
contains firstly the remaining bits of the content, then the rbsp_stop _-
one_bit, then the rbsp_alignment_zero_bit(s) if required.

The Bytestream NAL (BSNAL) syntax is specified in the Annex B of
the ITU-T Recommendation [H.264]. A BSNAL unit may contain the
elements as listed in Table 2.4. The first three bytes of a BSNALU, always
valued 0x000001, are called start_code_prefix. The followed bytes are the
contents of the NALU.
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Table 2.4: Syntax of a byte stream NAL unit

Leading Start code Trailing
Element Zero byte NALU
zero 8bits prefix zero 8bits
Value 0x00 0x00 0x000001 . 0x00
Quantity 0 or more 1 1 1 0 or more
Only th 5P, PPS, Except th
Condition | > " | the first All Al | ROPRRe
first NALU last NALU
slice of frame

In Main profile, Exponential Golomb (Exp-Golomb) coding can be used
with Context-based Adaptive Variable Length Coding (CAVLC) or with
Context-based Adaptive Binary Arithmetic Coding (CABAC). Because of
the VENGME objectives, we implemented only Exp-Golomb coding and
CAVLC in our Main profile entropy coding. As shown in Figure 2.11, resid-
ual data are encoded using CAVLC and the other data are encoded using
Exp-Golomb or Fixed-Length Code (FLC). Both entropy coding techniques
will be introduced in the sequel.

2.2.1.2 Zigzag scan and CAVLC

16x16 Intra mode only

Cr (DC)

it

N

L) L | u u u L L
2 3 6 g 20 | 21 24 | 25

Cb (AC) Cr (AC)

L) L] u )
10 11 14 15
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Figure 2.12: Block scanning order in one MB [Rich03H].

Because the Transformation-Quantization engine processes data in blocks
of 4 x4 or 2x 2 coefficients, data entering the CAVLC is also in block format.
After the transformation of a block, the DC coefficient is the one having
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the lowest frequency, the other coefficients being the AC ones. The input
data of each MB contains post-quantization DC luminance (lumaDC, only
in Intra-16 x 16 mode), AC luminance (lumaAC), DC chrominance (chro-
maDC: Cb(DC) and Cr(DC)) and AC chrominance (chromaAC: Cb(AC)
and Cr(AC)) coefficients. The order of the blocks entering CAVLC in MB
is the order of the residual syntax [Rich03H], as illustrated in Figure 2.12.

The coefficients of a block are firstly rearranged in zigzag order, see
Figure 2.13. For instance, the rearranged coefficients of the block in Figure
2.13 are (15, -9, 6, 1,0, 0,2, 0,-1, 0, 0, 0, 0, 0, 0, 0). The coding techniques
are applied according to statistical characteristics of the block. The blocks of
the quantized transform coefficients mostly contain zero coefficients. Thus,
run-length coding is applied to encode the zero strings. In the zigzag order,
non-zero coefficients are gradually smaller. The last non-zero coefficients
of the blocks are usually +1 or —1. The last consecutive coefficients with
magnitude 1 are called trailing ones. The maximum number of trailing
ones is three. For the block in Figure 2.13, there is only one trailing one,
which is the coefficient “-1”7. These coefficients are encoded in a special way.
The other non-zero coefficients are called “level”. For the block in Figure
2.13, levels are (15, -9, 6, 1, 2). Levels are encoded in inverse zigzag order
because in this inverse order, the magnitude of the previous level can be used
to predict the value of the next level. This prediction is then used to select
the appropriate coding table. Because the numbers of non-zero coefficients
in neighbouring blocks are correlated, the number of non-zero coefficients in
upper and left blocks are used to predict the number of non-zero coefficients
in the current block [Rich10T].

The ITU-T Recommendation [H.264] has introduced five syntax ele-
ments to be encoded in the CAVLC. They are the coefficient token (coeff_token),
the signs of trailing ones (T1s), level(s), total zeros, and run(s) of zero

i3 | 91 8 2
e oy S T s =

JiBdvdr.
o

0 o’ | 040

Figure 2.13: Zigzag scan order in one block [Nguyl2A].
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(run_before(s)), where:

e the coefficient token (coeff_token) represents a pair of values, namely,
the total number of non-zero coefficients and the number of trailing
ones in the block. For the block in Figure 2.13, the total number of
non-zero coefficients is 6 and the number of trailing ones is 1. The
selection of the VLC table depends on the number of non-zero coef-
ficients in the upper and the left blocks. If the number of non-zero
coefficients in the upper block is nU and the number in the left block
is nL, then, the parameter nC' is calculated as follows:

nU —2|— nL) 2.1)

where ceiling is the function that maps a real number to the smallest

nC' = ceiling(

following integer.

The coeff token of a 4 x 4 luma block is encoded using the coding

table
VLCOif 0 <nC <2

VLClif2<nC <4
VLC2if 4 <nC <8
Fixed Length Coding (FLC) if nC' > 8

(2.2)

We also have a special table for encoding the coeff_token of 2 x 2
chroma DC blocks;

e signs of trailing ones (T1s) are from zero to three bits wide. They
represent the signs of trailing one coefficients in the reverse zigzag
order. If the coefficient is +1, the sign bit is zero (‘07). If it is —1, the
sign bit is one (‘1”). For the block in Figure 2.13, the sign bit is one

(Ll?);

e total zeros is the total number of zero coefficients before the last
non-zero coefficient in the zigzag sequence. For the block in Figure
2.13, the total _zeros is equal to 3. total zeros is encoded using 15
VLC tables selected by the number of non-zero coefficients in the luma

blocks. Three other tables are used for the encoding of the chromaDC
blocks;

e run(s) of zero (run_before(s)) are the numbers of zero coefficients

standing before each non-zero coefficient in the zigzag order. For the
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block in Figure 2.13, run(s) of zero (run_before(s)) are (0, 0, 0, 0,
2, 1). run_before elements are encoded in inverse zigzag order. The
VLC table selection is done based on the ZeroLe ft information, that
is, the number of zeros left after each run_before is encoded. The
next ZeroLeft is equal to the current ZeroLeft minus the current
run_before. There are 7 VLC tables used for run_before encoding.

levels are values of each non-zero coefficient in the block, except the
trailing one cases. They are also encoded in the reverse zigzag order.
In the level encoding, seven VLC tables are used. The next VLC
table is selected according to the current VLC table and the current
magnitude of level. The first level is encoded using Level VLCO.
Then the VLC number is increased if the magnitude of the current
level is larger than the correlated threshold of the current VLL.C. Table
2.5 shows the thresholds for the VLC tables.

One exception is that if there are more than 10 nonzero coefficients
and less than three trailing ones, the first level will be encoded using
table Level_ VLC1. Another exception is that if there are less than
three trailing ones, the first level will be encoded with the magnitude

decreased by 1 as mentioned in the Recommendation [H.264].

Table 2.5: Thresholds to increase the VLC number

Current VLC table | Threshold
Level VLCO 0
Level VLC1 2
Level VLC2 3
Level VLC3 12
Level VLC4 24
Level VLC5 48
Level_ VLC6 -

The ITU-T recommendation [H.264] introduced the level encod-
ing using three variables: suffiz length, level prefix and level suffix.
The coding tables can be found in the JVT document JVT-C028
[Bjon02C]. From this presentation of VLC tables, we can figure out
the format of the codeword in three cases: one general case and two
escape code cases. Signed levels are converted into unsigned code-

numbers:
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— in general case, a codeword contains a prefir and a suffiz. The
prefix is a string of zero bits followed by one ‘1. The suffiz
length is equal to the VLC number. The suffiz value is equal to
code-number minus the number of zero bits in the prefiz. The
maximum prefiz is 13 in the table Level VLCO. In the Baseline
and Main profiles, the maximum prefiz is 14 in the other VLC
tables [Wieg030];

— if the VLC number is VLCO and the code-number is greater than
13 and smaller than 31, the codeword is in the first escape format:
the prefiz is equal to 14, the suffix length is 4;

— if the VLC number is VLCO and the code-number is greater than
30, or in the other VLC tables, the code-number is greater than
the maximum prefiz plus maximum suffiz, the second escape
format is applied: the prefir is 15; the suffix length is 12 in

baseline and main profiles.

Each syntax element above is encoded using several different coding tables.
The table selection is performed based on the previous encoded information.
This gives the “context-based adaptive” feature of the CAVLC coding tech-
nique. The syntax structure of the output bitstream for one block data is
in the order: coeff_token, T1s, level(s), total zeros and run_before(s).
A conventional CAVLC encoder is composed of five encoders to generate
the five syntax elements of the current block. Each encoder contains several
look-up tables to store the VLC tables. The table selection is done by the
previous coded syntax elements with some special cases. It requires in total
41 different coding tables in the CAVLC encoder.

2.2.1.3 Exp-Golomb coding

The Exp-Golomb coding encodes each unsigned code number (code Num)
to produce a bit string [H.264]. The code Num is given by the following

expression:

M,N >0, and

(2.3)
2M > N

codeNum = 2" + N — 1, where {

The encoded bit string is then constructed from prefiz bits and suffiz
bits. prefix is a series of M zero bits followed by one bit ‘1’. The suffix is
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also M bits long whose value is equal to N. Table 2.6 gives some examples

of the code construction principle. Hence, this coding technique is efficient

when low-value code Nums occur more frequently than high-value ones.

Table 2.6: Examples of Exp-Golomb coding

codeNumK | Exponential Expression | Bit string
0 20+0-1 1
1 21+ 01 010
2 2 +1-1 011
3 224+0-1 00100
4 224+1-1 00101

In the H.264 standard, Exp-Golomb coding is used alternately with

Fixed-Length coding (FLC) to represent all the syntax elements in the

NALUs. It processes syntax elements individually. Based on the statis-

tical characteristics, each kind of elements is represented by a code Num in

a different way:

e if a syntax element is always larger than or equal to zero and the

more frequently occurred values are the lower values, the process ap-
plied is called Unsigned Exp-Golomb coding (ue). The value of the
corresponding code Num is equal to the value of the unsigned element;

if a syntax element is signed and the expectation value is zero, the
process applied is called Signed Exp-Golomb coding (se). The value
of the corresponding code Num is mapped to the syntax element value
k as follows:

2|k|, when k£ <0

(2.4)
2|k| — 1, when k& >0

codeNum = {

if an unsigned element has a different statistical characteristics from
the one of ue, its corresponding codeNum is then mapped to its
value in a special way as the mapping tables indicated in the standard
[H.264]. The process applied is called the Mapped Exp-Golomb coding
(me);
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e if an unsigned element has for largest possible value 1, then the Trun-
cated Exp-Golomb (te) process is applied: the bit representing the

syntax element is the inversed value of the element.

2.2.2 Analysis of previous works

In the literature, several entropy coding (EC) and data packing architec-
tures for H.264 video encoding have been proposed. Here, as there is no

CABAC in the VENGME platform, only the Exp-Golomb and CAVLC
coding techniques are discussed for comparison purpose.

Actually, the EC is used in the syntax structure of the SPS, PPS at
NAL layer. However, many hardware EC engines only encode the data at
MB level, i.e. the MB header and residual [Chen05D, Tsai06L, Huan08H].
In [Chen05D], a coding process for SPS, PPS and Slice header has been
implemented in software. [Tsai06L] encoded the slice header in software
while the data in SPS and PPS are not mentioned.

Meanwhile, [Lu08V] implemented all the EC to encode SPS, PPS, Slice
header and MB in hardware. Hence, [Chen05D, Lu08V]| proposed full-EC
engines with data packer at NAL layer while other works just present a
simple data packer to produce video data at VCL layer [Tsai06L] or even
lower [HuanOS8H].

Many methods, mostly focusing on the CAVLC encoder, have been in-
troduced to enhance some features of the EC. For instance, parallel coding
or pipelining increases the processing speed, modified coding tables or cal-
culating circuits can reduce area cost, etc. Now, we review in details these
implementations.

2.2.2.1 Implementations related to processing speed

Pipelining architectures are usually used for the CAVLC [Chen06AD, Chenl0T]
or for the entire EC [Chen05D] to increase the throughput. A two-stage
pipeline architecture can halve the time to process a block in average, but
it requires to double the buffer size to store all the statistic information of
one block before the data is encoded. Therefore, in their CAVLC encoders,
Chien [Chien06A] and Tsai [Tsai06L] introduced a mechanism that scans
the coefficients in inverse zigzag order. Moreover, they proposed a special

buffer structure to maintain the buffer size at the size of one block.
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In the CAVLC encoder, parallel symbols encoding is also an efficient
method in terms of speed. However, it obviously doubles the area cost for
symbol encoders. In addition, this method needs to handle data depen-
dency, that is, in the two symbols encoded in parallel, the encoding of the
later symbol depends on the previous one. Thus, the statistical information
of both symbols is pre-calculated before the encoding process [ChienO6A].
In [YiO8H], the later symbol is encoded in two parallel encoders. Then,
the results are selected based on the output of the previous symbol encoder.
This solution triples the hardware cost of the symbol encoder.

Ramos et al. [Ramol0A] presented an efficient method to overcome the
bottleneck at the scan phase by scanning the coefficients in parallel. This
method halves the required time of the scan phase. Parallel coding for level
and run-before is also applied.

The coefficients entering the CAVLC encoder can be pre-flagged. Ac-
tually, the processing time is reduced when the encoder already knows the
characteristics of a data block. In [Chen05D] and [Tsai06L], some flags
indicate the zero coefficients. In [Huan08H], the flags are used not only for
zero coefficients but also for the signs of non-zero ones.

W. J. Lu et al. [LuO8V] also tried to increase the throughput in data
packer while avoiding the stall state when the emulation_prevention_three_byte
is added to the data stream. However, the stall state occurs very rarely
[Chen05D]. As a consequence, this improvement does not gain much.

2.2.2.2 Implementations focusing on area cost

To reduce the area cost, [Lai05A, Chien06A, Rahm07C, Huan08H, Lu08V,
Kim10I] try to reduce the memory size. Actually, some register blocks can
be implemented instead of RAM [Huan08H] to store the reference informa-
tion of neighbouring blocks. The regularity calculation method [HuanO8H]
implemented in nC' unit decreases the number of registers in use. Based on
the fact that codewords start with zero-bit sequences that are much longer
than the representation of the codeword length, an optimized table to en-
code coeff_token is proposed in [Lu08V]. In the CAVLC encoder proposed
by Kim et al. [Kim10I], instead of storing a 16-bit word for each symbol
in coeff_token encoding, the VLC tables are modified into tables of 9-bit
words. In some designs [Lai05A, Rahm07C, Huan08H, Lu08V] the level
coding process is realized with calculation circuits instead of a Look-Up
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Table (LUT). This latest solution reduces as well the area cost.

2.2.2.3 Implementations focusing on power consumption

MB
From Mode Exp-Golomb
Decision Engine —) Header Signed to Code Table
Reg Unsigned
/ Nu & NI
TCM
Table 0~2
i 1 aur TriSign
From TQ Stage —3 Residual Symbol = Bypags
SRAM Look
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Figure 2.14: Architecture of a low-power Entropy Coder [TsaiO6L].

Power consumption reduction is one objective of our work. Thus, now,
we discuss power consumption reduction techniques applied in previous EC
architectures. C.Y. Tsai et al. [Tsai06L] proposed a low-power EC design
that achieves about 69% of power saving in comparison with [Chen05D].
The main features introduced are Side Information Aided (SIA) and Sym-
bol Look Ahead (SLA) to minimize the residual SRAM access, see Figure
2.14. The SIA is composed of non-zero and abs-one flag registers. Each
register is a 2-D array of 16 x 16 flags. Using these two flag registers, the
CAVLC encoder can quickly generate the syntax elements to be encoded.
With the flags in SIA, the SLA calculates the address of non-zero coeffi-
cients to be read. Hence, accessing all coefficients, as usual methods do, is
not necessary. The design shows promising entropy coder and data packer
power results with 3.7mW at 27MHz and 1.8V for CIF video with CMOS
180nm technology. However, with these two additional features, the total
gate count is higher, that is 26.6 Kgates in comparison with 23.6 Kgates in
[Chen05D] or 15.86Kgates in [HuanO8H]. W. J. Lu et al. [LuO8V] also
proposed methods to reduce the power consumption. Firstly, the encod-

ing process for SPS, PPS and slice header in HW avoids implementing an
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additional processor to encode this data in software. Thus, the power con-
sumption and the HW area of the whole chip are reduced. Secondly, since
Exp-Golomb and CAVLC are not working in parallel, the clock is turned
off for non-operating engines to consume less energy. However, their power
results are not reported. Note that [HuanO8H] shows entropy coder and
data packer power figures of only 2.5mW with CMOS 180nm technology,
even if it only encodes data at MB level, with a simple data packer.

2.2.2.4 Lessons learned from the previous works

Table 2.7: Comparison of EC designs from the state-of-the-art

[Chen05D] | [Tsai06L] | [HuanO8H] [LuO8V] [Chenl0T]
Low cost;
High Low . Low cost; CAVLC &
Target High
throughput power low power | Exp-Golomb
throughput
Profile Baseline Baseline Baseline Baseline N/A
CIF 30
Resolution Jps CIF HD1080 QCIF N/A
to HD1080
Tech 180 UMC 150 180 180
'echno. TSMC FPGA
(nm) Artisan ) TSMC SMIC
Artisan
Freq. (MHz) 100 27 100 200 31.2
Lat 200-500 1905 in th
aveney depends N/A 260 e N/A
(cycle/MB) worst case
on QP
Area 5731 LUTs
23.6 26.598 15.86 9.504
(Kgate) + 1562REGs
2.5mWwW
Power N/A 3.TmW (27TMHz N/A N/A
1.8V)

Table 2.7 compares the main features of the designs discussed here.
Targeting high throughput, both designs [Chen05D] and [Huan08H| have
promising latency. Operating at 100MHz, the latency of 260cycles/MB
[HuanO8H] enables processing 47.5 HD-frame/s, which is suitable for real-
time applications. However, at the low-power operating frequency of 27 MHz,

this design can only encode 12.8 HD-frame/s.
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In the two low cost designs [Huan08H] and [Lu0O8V], the latest one has
better area result with 9.5 Kgates compared to 15.86 Kgates in [HuanO8H].
With a slight improvement in the design techniques, the smaller area of
[LuO8V] can be explained by its smaller memory blocks for smaller targeted
resolution (i.e. QCIF (171 x 144)) while [HuanO8H] deals with HD1080
(1920 x 1080).

The techniques implemented to reduce the power consumption in [TsaiO6L]
lead to the highest area cost (26.6 Kgates). On the other hand, the design
in [LuO8V], also targeting low-power, has the smallest area cost, but its
latency of 1905 cycles/MB in the worst case is high, and its resolution is
also smaller. To obtain a small power consumption, [Lu08V]| would operate
at a frequency lower than 200MHz. 27MHz might be the frequency suitable
for low-power operation [Tsai06L, HuanO8H].

In our EC-NAL module, we will implement the encoding process for SPS,
PPS and slice header in hardware to reduce the tasks of the global H.264
encoder. For the same reason, we built the table selector for coeff_token
and its reference memory inside the EC-NAL module. This will increase
the area cost and tasks of the EC-NAL module. However, we also use
pipelining, zero-skipping, arithmetic calculating circuits and VLC tables
re-encoding and several techniques to achieve high performance, low area
cost and low power consumption [Nguyl2A, Nguyl3H].

2.3 The Entropy Coder and data packer (EC-
NAL) module design for the VENGME plat-
form

This section provides an implementation description of the EC-NAL module
for the VENGME platform. The module is designed based on the specifica-
tion and in regard to the state-of-the-art designs that have been analyzed
in section 2.2. We first introduce the overall architecture of the EC-NAL
module. Then, the main engines, namely the CAVLC encoder, the Exp-
Golomb encoder and the bytestream NAL data packer, will be presented in
details.
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Figure 2.15: Entropy coder and data packer architecture overview.

2.3.1 EC-NAL architecture and main engines

Figure 2.15 shows an overview of the architecture of the entropy coding and
data packing engine we proposed. Encoded syntax elements are transferred
from the EC to the NAL data packing via the NAL FIFO.

The entropy coding engine consists in two encoders, namely, the Exp-
Golomb and Fixed-length code (EGF) engine and the CAVLC engine. SPS,
PPS, SH, and MB builders are implemented to collect the “to-be-encoded”
data and send it to the EGF module in the specified order.

SPS, PPS and SH information is provided by a global controller via
some system registers. The MB header information is received from the
Intra prediction, the Inter prediction and the T(Q engines. Moreover, the
MB builder also sends the residual coefficients from TQ and the related
information to the zigzag scanner to encode them by the CAVLC engine.

The NAL data packer engine concatenates the encoded syntax elements
into the NALUs.

The role of the EC controller is to synchronize the builders and the
NAL data packing engine to generate a video stream in NALUs. The Finite
State Machine (FSM) of the EC controller is depicted in Figure 2.16. Before
packing and generating the first video slice, a SPS NALU and then a PPS
NALU are packed. Each video slice starts with a slice header. The IDR slice
starts with an IDR slice header due to the differences in syntax. The final



2.3. THE ENTROPY CODER AND DATA PACKER (EC-NAL) MODULE DESIGN
FOR THE VENGME PLATFORM 75

seeeesd st slice
—> Normal slices
— > Lastslice

cycle_for_rst_slheader

Figure 2.16: Finite state machine of the the entropy coder.

video slice of the stream is followed by an End Of Stream (EOS) NALU.

The main blocks of the design are introduced in details hereafter.

2.3.2 CAVLC encoder

The CAVLC engine is used to encode the residual data of MBs produced

by the Transformation-Quantization engine.
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Figure 2.17: Three-stage pipeline architecture of the VENGME CAVLC
encoder.

A zigzag scan engine is placed before the CAVLC encoder to re-order
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the coefficients in blocks from raster scan order into zigzag order. In the
CAVLC encoder, pipelining, zero-skipping, arithmetic calculating circuits
and VLC tables re-encoding techniques are used to achieve high performance
[Nguy12A]. The three-stage pipelining architecture of our CAVLC engine
is provided in Figure 2.17.

The pre-process stage scans the sixteen (resp. four) coefficients of the 4 x
4 (resp. 2x2) block. Then, it analyzes statistical characteristics of the input
block. In this stage, a coeff_token table selector (Coe_tok Table selector)
is also integrated. It stores the reference information of the neighbouring
blocks and calculates the parameter nC' to select the coding table for the
coeff_token encoding. In the encoding stage, various encoders work in
parallel to encode the syntax elements of the current block at the same
time. Three encoders (coe_tok_t1, level and zero info encoders) generate
codewords on a 32-bit bus and the associated code length on a 5-bit bus. The
encoding controller (CAVLC controller) synchronizes the three encoders and
controls the output data flow according to the syntax structure of the output
bitstream imposed by the standard. Finally, the packing stage concatenates
the codewords and aligns them into 32-bit words. At first, the CAVLC
encoder was designed so that the output words are to be written into an
outer memory block. Thus, when it is later implemented in the EC-NAL
module, the output data from the CAVLC encoder is already aligned in the
form of 32-bit words.

The pipelining mechanism between the pre-process stage and encoding
stages is performed at block level. Due to data dependency, the encoders
start to encode a block after its scanning process is completed. Two buffers
are implemented between the two first stages. By doing this, two blocks
can be processed in parallel, one being scanned while the other one is en-
coded. This choice increases the throughput of the CAVLC encoder. The
pipelining mechanism between the two last stages is realized at codeword
level. Each codeword generated by the encoder is pushed into the FIFO.
Whenever there is a codeword in the FIFO, the packing stage pops it and
concatenates it with the previous codes. By doing this, the codewords can
be processed in parallel; one is being encoded while the previous one is being
packed. The packing stage will stop packing and write out the rest of data
of a macroblock into the outer memory when the mb_end flag is raised, see
Figure 2.17. Hence, the architecture of the packing stage is simple.

We also implemented five techniques to improve the throughput and re-
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duce the area cost and power consumption of the CAVLC encoder [Nguyl2A].
These techniques are now described.

1. Reduce the number of codewords entering the packing stage to increase

the throughput

The pre-processing stage scans the input coefficients and stores the
statistic information in the first buffer. After the scanning is complete,
all the information such as the number of non-zero coefficients, the
number of trailing ones, levels, run_befores. .., are copied into the
second buffer. During this copy process, the signs of the three first
levels are extracted and written into the second buffer (see Figure
2.18). Using the number of trailing ones, the encoding stage can easily
construct the syntax element trailing one sign flag (T1s) in only one

clock cycle.

|::>{ Buffer 1

. T1 sign
collector

|
AVARAVA VNV \l

Buffer 2 :>

Figure 2.18: Trailing one signs (T1s) extraction during buffer copy.

n

In the encoding stage, the coeff_token and T1s are 19 bits long at
maximum. In a clock cycle, the two syntax elements are merged into
only one codeword pushed into the FIFO to reduce the task of the
packing stage. This increases the throughput of the CAVLC encoder.
Figure 2.19 presents the encoding of the coeff_token and the merge

of two syntax elements into one (Coe_tok_t1).

In a block, the number of non-zero coefficients and the number of
run_befores are equivalent. Although run_befores and levels are
encoded simultaneously, the time for the encoding stage to encode and
push all the syntax elements into the FIFO still doubles the time for
encoding levels. Besides, the total number of bits of the total_zeros
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Figure 2.19: Coeff_token and T1 signs encoded into one codeword.

and run_befores is less than 32 bits. Thus, we can solve the timing
process problem by packing all the zero information of a block into a
32-bit codeword while the run_befores are being encoded. With this
solution, we reduce the number of zero information codewords entering
the packing stage to just one codeword. Figure 2.20 describes the
position and architecture of the zero information packer (Zer_info_pkg)

in the zero information encoder.

. Zero-skipping at block level to increase throughput and to reduce power

consumption

Another method to enhance the performance of the CAVLC encoder
is zero-skipping where all residual zeros are flagged in order to skip the
complete encoding process. Chen [Chen06AD] and Chien [Chien06A]
adopt zero skipping at 8 x 8-block level, using Coded Block Pattern.
Then, in his later work [Tsai06L], Chen has applied zero skipping
at coefficient level to achieve higher throughput and lower power con-
sumption for CAVLC encoding.

In our design, zero skipping is also used at 8 x 8-block level. Before
being scanned in the pre-processing stage, a 8 x 8-zero block is de-

tected in the zigzag scan phase. If the flag of a 8 x 8 zero block is
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Figure 2.20: Position and architecture of the zero information packer
(Zer_info_pkg) in the zero information encoder.

raised, the encoder needs only two clock cycles to store the reference
information into the reference memory and all the other encoding pro-
cess is omitted. At 4 x 4-block level, zero blocks are also detected and
flagged by the zigzag scanner to reduce the tasks of the CAVLC en-
coder. When a 4 x 4-block is flagged as a zero one, the pre-processing
stage does not have to re-scan it and the coeff_token encoder is the
only encoder operating in the encoding stage. Reducing scan task of
the pre-processing stage and omitting partly or entirely the encoding
process in zero-block cases also reduces the power consumption of the

two first stages.

3. VLC'table selector for coeff_token encoding to increase global through-

put and methods to reduce local area cost

As mentioned above, the coeff_token VLC table selector including
the reference memory is implemented in the pre-processing stage.
Without this integration, the global processor of the H.264 encoder
would have to access the global memory three times per block to read
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the nL, nU and write back the number of non-zero coefficients of the
current block. Therefore, with the VLC selector integrated in the
CAVLC, the global performance of the H.264 encoder is increased.

However, the hardware cost of this table selector is very high. The
work presented in [Kim06]] is known as the only design including the
nC' generator in the CAVLC encoder. The nC' generator is reported to
occupy more than 50% of the total hardware of the CAVLC encoder.

The significant cost of this table selector leads to optimize the hard-
ware cost of the design. For the blocks whose lower neighbors are
in the same macroblock, the reference memory is reused after each
macroblock. For the other blocks, the reference memory is reused in a
line-by-line way. The data stored in the reference memory is the num-
ber of non-zero coefficients in blocks, which is in the range from 0 to
16. According to the CAVLC principle mentioned above, nL (or nU)
equal to 16 and 15 yield different nC' parameters. However, the VLC
table decisions are the same, the FLC table is selected in both cases.
To reduce the number of bits stored in the reference memory from
five to four bits, we store all data equal to 16 as 15 with no influence
on the table selection. The reuse of the reference memory reduces the
memory block size and it leads to lower power consumption for the

memory.

. Codeword arithmetic calculation to reduce area cost and power con-

sumption

All the logic/arithmetical relations between the input data and the
output codeword are used. In the coeff_token encoding, the fixed
length coding (FLC) table can be easily constructed by forming the
codewords as follows: 4 bits representing the number of non-zero co-
efficients minus one followed by two bits indicating the number of
trailing ones. Hence, we can remove the FLC look-up table. To re-
duce the Silicon resource for implementing an address generator, the
calculated FLC codeword is then used as the address to access the
VLC tables.

In the level encoding, the arithmetical relation between the code —
number(cod —num) and the codeword is also exploited. The architec-

ture of the level encoder is presented in Figure 2.21. The lev_para_cal
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Figure 2.21: Architecture of the level encoder.

calculates two parameters, namely, the VLC number and the code-
number for each level. The lev_cod_gen generates the codeword and
the code length in one of three formats presented above. All the com-
putations are arithmetic and logical. We even optimized some of the

mathematical equations to obtain a circuit with minimum resource.

Exception

—'| o+ &'
Cod_num
s =1 [ &0 L

-2 /

Level
o

Level's sign

Figure 2.22: C'ode — number arithmetic expression with optimization.

For example, the circuit in Figure 2.22 calculates the parameter code—
number. The original relation between the code —number(cod —num)
and the level is:

|level| x 2 — 2 if level > 0 and no exception
|level| x 2 — 1 if level < 0 and no exception
cod_num = . .
(|level| — 1) x 2 — 2 if level > 0 and exception
(|level| — 1) x 2 — 1 if level < 0 and exception
(2.5)

The relation is simplified as follows:
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e If [evel > 0 and no exception, cod_num = level — 1 concatenates
with ‘07;

e If level < 0 and no exception, then cod_-num = (—level) x2—1 =
(tnverse(level) + 1) x 2 — 241 = (inverse(level)) x 2+ 1. This

means that cod_num = inverse(level) concatenates with ‘1°.

In run_before encoding, the codewords are calculated to remove the
look-up table for VL.C in the design. Reducing the need for a look-up
table implementation leads to power consumption reduction for the
coeff_token, level and run_before encoders.

. Re-encoding the VLC tables to reduce area cost and power consump-

tion

The syntax elements coeff_token and total zeros are encoded using
look-up tables. However, conventional look-up tables require a large
memory size to store the whole codewords and code length. We pro-
posed a simple method to re-encode the coeff_token codeword into
the format of length and value information as shown in Table 2.8.
Because the coeff_token codewords have length in the range from 1
to 16 and their values are in the range from 0 to 15, a 8-bit word is
enough to store the information of one coeff_token. The total zeros

coding table is also re-encoded with the same method.

Table 2.8: An example of a 8-bit word in VLC tables

Original codeword | Proposed codeword

Length - 1 Value

0000000000000010 1111 0010
16 bits 4 bits 4 bits

2.3.3 Exp-Golomb encoder

Due to the exponential expression of the code Num, the challenge of im-

plementing Exp-Golomb encoder in hardware is logarithm operation to cal-
culate M and then the code length (M = floor(logs(codeNum + 1))). To
solve this problem, some designers implemented a coding table in their Exp-
Golomb [Chen05D, Tsai06L]. Another solution is presented in [Di03A] and
then applied in several designs [HuanO8H, Lu08V, Chenl10T]. This second
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solution is based on the fact that the code value is equal to code Num + 1
and the code word is 2M + 1 bits long, where M is the order of the first
one bit in the binary expression of the code value. By this way, output code

words are calculated using combinational circuits.

enable
coge
a‘E’l controller valid

v v v

mode (Intra/lntera
type (uefse/mefte) CodeVal Codelen :::»ndgeth
input value calculator calculator cod output
code value || Barrel-shifter
code length
—»

fixed-length-code length

Figure 2.23: Architecture of the Exp-Golomb and Fixed-length coder
(EGF).

The architecture of our Exp-Golomb and Fixed-length coder (EGF) en-
gine (see Figure 2.23) also uses this second solution. The input value is
processed up to its type (ue, se, me or te) in the CodeVal calculator sub-
block, to calculate the code value. Then, the order of the first ‘1’ bit in
the code value is detected in the CodeLen calculator sub-block. The code
length for fixed-length code is given by another input port. The code length
and code value are passed through the barrel-shifter sub-block to provide

the code output.

2.3.4 BSNAL data packer

According to the specification, we proposed the syntax of the byte stream
NALU as illustrated in Figure 2.24. The data packing engine functionalities

are:

generate the first word with start_code_prefix;

select the first byte with corresponding nal_unit_type and nal ref _idc;

insert the emulation_prevention_three_byte, if required;

add final byte with rbsp_stop_one_bit then one or more trailing_zero_8bits
to 32-bit align the output data.
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| | eference slice, non-IDR
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Figure 2.24: Proposed syntax of BSNALU.
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Figure 2.25: Architecture of the NAL packing engine.

Figure 2.25 depicts the proposed architecture for the NAL data packing
engine. Because the encoded syntax elements from the FIFO can be at any
length from 1 to 64 bits, the first step for packing data is byte aligning the
current data and the newly concatenated element. The byte-aligned data
is then checked if three continuous bytes emulate the specific code. One
byte emulation_prevention _three_byte will be inserted to prevent this
emulation. The data is then 32-bit aligned and given out at the output

stream.



2.4. THE VENGME EC-NAL MODULE IMPLEMENTATION RESULTS AND
COMPARISON 85

2.4 The VENGME EC-NAL module implemen-

tation results and comparison

This section presents the verification and synthesis results of the VENGME
EC-NAL module that has been presented in section 2.3. The CAVLC
encoder, the largest engine of the Entropy Coder (EC) submodule, was de-
signed and implemented firstly. Hence, the synthesis results of the CAVLC
encoder are obtained earlier, in CEA-LETI, using the technology CMOS
65nm from ST Microelectronics. These results are presented in subsection
2.4.1. Later on, the entire EC-NAL module is synthesized, in the Viet-
nam side, using the technology CMOS 180nm from AMS. These results are
presented in the 2.4.2.

2.4.1 Results for CAVLC encoder

The CAVLC encoder architecture has been modeled in VHDL at RTL level
and firstly, synthesized, in CEA-LETI, using low power CMOS 65nm tech-
nology from STMicorelectronics and DC Compiler Topographical from Syn-
opsys. The verification is done using test data as presented in [Rich10T].
Figure 2.26 presents the relationship between the power consumption (in
mW) and the area cost (in um?) versus the (synthesized) operating fre-
quency of the design. The design is able to achieve a maximum frequency
of about 715MHz in the worst case corner (worst-case process, 1.1V, 105°C).

At 550MHz, the CAVLC encoder consumes approximately 20.7m W in-
cluding 2.4mW for the clock tree. It occupies approximately 32.6Kgates.
Due to the data dependency, the processing time per macroblock exhibits
a large variability. For a high quality test case, in average, it takes around
450 clock cycles to encode a macroblock. In the case all the coefficients are
non-zero, it takes at maximum 540 cycles. In the low-bit rate test case, the
number of clock cycles is about 100 cycles. The minimum operating time
to process all the zero macroblocks is 52 cycles.

The proposed CAVLC encoder initially targets the CIF video format
(resolution: 352 x 288; frame rate: 30fps; colour encoded using YCbCr
4:2:0) which is widely used for video teleconferencing. Moreover, at the
operating frequency of 550MHz, our CAVLC design can process at least
1019000 macroblocks (2573 CIF frames, 126 HD1080p video frames) per
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Power consumption and area cost of the design
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Figure 2.26: Power consumption and area at targeted frequencies of CAVLC
implementation.

second. Thus, our design is obviously suitable for real-time applications
with HD1080p video format.

In the state-of-the-art designs, some features are not integrated in the
CAVLC encoder. Hence, it is not fair to compare only the total gate counts.
In Table 2.9, the hardware cost is given for individual parts, to provide a
fair comparison.

Only the CAVLC encoder of D. Kim [Kim06I] integrates the coeff_token
table selector (nC_gen) inside the pre-processing phase. In Table 2.9, the
total cost of scanning and coeff_token table selector (nC_gen) [KimO6I]
and our pre-processing stage (pre-proc) are mostly the same, while the oth-
ers report only the cost of statistic buffers. Re-encode LUTs and codeword
calculation are applied in the proposed encoding stage. Thus, our encoding
stage has a fairly low cost, 3611 gates compared to 7389 gates of [Tian08I]
with the same 65nm technology.

The packing stage is omitted in some CAVLC designs. In Table 2.9, our
packing stage has an equivalent area cost compared to the others. However,
the packing stage in [Kim06I] seems to be costly compared to the one we
proposed and the one in [Chen06AD]. The reason is that in the design
proposed in [Chen06AD], the codewords enter the packing stage in syntax
elements order while in [KimO6I] the packing has to classify and order the
codewords.
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Table 2.9: Hardware cost comparison
Implementation cost (gates)
Design Pre-proc | Encoding | FIFO | Packing | Total | Techno. Target
Ours CIF
at 16734 3611 6248 5747 32636 65nm @30fps
550 MHz 4:2:0
12283 720
[Chen06AD)] (scan 5352 N/A 4796 | 22611 | 180nm 4'23
buffer) o
5325
[Chien06A] (scan 2614 N/A N/A 9724 | 180nm | HD 1080p
buffer)
5279
[Kim10I] (scan N/A N/A N/A 12276 180nm N/A
buffer)
17656
[KimO6I] (scan + 4472 N/A 9265 31393 FPGA HD 1080p
nC_gen)
[Rahm07C] N/A N/A N/A - 6850 | FPGA CIF
[Han09A] - 7389 - - - 65nm HD 1080p
Table 2.10: Comparison of CAVLC results
. Average | Freq. Power
Design Cycles/MB Techno.
MBs/sec | MHz mwW
Ours 540-52 5798 x 103 550 65nm 20.7
TSMC
[Lai05A] N/A N/A 66 21.8
350nm
[Chen06AD] 500-200 350 x 10? 100 180nm 12.0
[TsaiO6L] 350-100 174 x 10° 27 180nm 3.7
413-166
[Chien06A] 417 x 103 125 180nm N/A
300
[KimO61] 432 231 x 103 100 FPGA N/A
[Ramo10A] 244 738 x 103 180 FPGA N/A
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Table 2.10 presents other synthesis results for different CAVLC en-
coders. Zero skipping at block level can reduce the number of cycles per
MB only in low-bit rate video. Zero skipping at coefficient level [T'saiO6L]
and parallel scanning [Ramol0A] break the bottleneck at the scanning
phase, hence achieving outstanding throughput. The power consumption of
[Tsai06L] is very promising. However, to enhance the throughput, their de-
sign uses fewer buffers than the others but this causes longer critical path.
Thus, their operating frequency should be low which reduces the perfor-
mance of the platform. [Tsai06L] also adds non-zero and abs-one flags and
SLA which cost totally 14717 gates. The two features improve the perfor-
mance. However they increase the total gate counts to 26598 gates (without
table selector and residual SRAM).

To summarize, and as presented in Table 2.9 and Table 2.10, our
CAVLC encoder has better performances in comparison to other designs
while the area cost is slightly higher because the encoder contains a table
selector for coeff_token.

2.4.2 Results for EC-NAL module

Test video intra/inter: intra/inter prediction

sequence:
.q :} Test bench
(File.yuv) T l DF: De-blocking Filter

ECNAL: Entropy Coding & Network
Abstraction Layer

intra DF Encoded
video: i
LTa | ) | JM decoder [ Video
(File.264) output

Figure 2.27: Verification method for EC.

TQ: Transformation & Quantization

Video encoder system

Our EC-NAL architecture has been modeled in VHDL at RTL level.
For verification purpose, the module has been integrated into the VENGME
hardware H.264 video encoding system. Figure 2.27 depicts the verification
method. Using the video encoder system with the proposed EC-NAL mod-
ule, we encode raw test video sequences in the targeted CIF format. The
encoded videos are received from the output of the data packing (NAL) sub-
module. The encoded videos are then decoded successfully by JM decoder,
and compared to the initial video.
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The simulation is done using ModelSim from Mentor Graphics and the
design is synthesized using Design Compiler (DC) from Synopsys. This
synthesis is performed in Vietnam when all the modules are integrated to
the VENGME platform. At that time, our ASIC library at hand is the
CMOS 180nm technology from AMS and the testing frequency is 100 M Hz.

Some implementation results of our Entropy Coder and byte-stream data
packing (EC-NAL) module are presented in Table 2.11.

Table 2.11: Implemantation results of the EC module

Frequency | Area cost
Technology | Cycles/MB Power(mW)
(MHz) (Kgates)
AMS 691 in the
100 73.5 1.56
0.18um worst case

Due to the implementation of the table selector for the coeff_token
syntax element and the full hardware implementation of the EC, including
SPS, PPS, slice header data generators, our design occupies a larger sili-
con area than the others, approximately 73.5 Kgates. However, in terms of
throughput, our EC engine encodes an MB in maximum 691 cycles (151
cycles for the worst case of the MB header plus 540 cycles for the worst
case of the residual data [Nguyl2A, Nguyl13H]). With this speed and at
the operating frequency of 100 M Hz, the design is suitable for 720HD video
format. In average cases, the encoding process only requires 25 to 90 cycles
for the MB header and 450 cycles for the MB residual [Nguyl2A].

In terms of power consumption, our power result at 100MHz is only
1.56m W which is even less than 3.7m W of the low-power design in [Tsai06L]
and 2.5mW of the design in [HuanO8H], both operating at 27MHz.

2.5 Power simulation for the VENGME EC-NAL
module

The power results estimated by using synthesis tools as presented in section
2.4 provide a first idea of the power consumption of the EC-NAL module.
However, these synthesis tools usually suppose an average activities of the
circuit for power estimation. This leads to inaccuracy. Power estimation
from post-synthesis simulation provides more accurate results. However,

this method requires long simulation time. Using simulation at RTL level
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reduces the simulation time while we can obtain the real activity information
of the circuit. For these reasons, we performed power estimation for the
EC-NAL module at RTL level to obtain the power results based on the real
activity of the circuit with short simulation time. Our purpose is to explore
the possibility to decrease the power consumption when we replace the
synchronous FIFO embedded in the EC-NAL module by an asynchronous

one.

The power simulation at RTL level for the EC-NAL module has been
performed during the thesis period in CEA-LETI, France, using technology
CMOS 32nm.

As introduced in subsection 2.1.5, power optimization methods that
take advantage of the memory/FIFO communication between submodules
can be applied into the EC-NAL module, then extended to the whole
VENGME encoder. The power consumption of the EC-NAL module is
estimated at RTL level in encoding five frames (IBPBP) video of QCIF
resolution. The operating frequency is 50 M Hz, based on the operating fre-
quency of the VENGME platform at hand. This result is presented in Table
2.12.

Table 2.12: Power composition of the EC-NAL module using synchronous
FIFO with technology CMOS 32nm, at 50 MHz and voltage 1V

Power(pW) | EC | sync. FIFO | NAL | Total
Total 793 62.8 39.8 895.1
Leakage 253 47 9.78 | 309.78
Internal 236 9.57 18.9 | 264.47
Switching 305 6.26 11.1 | 322.36

Among several power optimization methods presented in subsection 1.5.1,
based on the fact that temporal data transferred from task to task can be
written and read at different speeds, Dynamic Frequency Scaling (DFS) is
the first possible power optimization solution to be applied to our mod-
ule. DFS is selected because of its simplicity and independence from the
technology. It can be implemented even at RTL level. Besides applying
DFS, Dynamic Voltage Scaling (DVS) can be considered to be used later
leading to DVFS technique. To make this DFS technique possible, the data
communication link in our EC-NAL (the FIFO between EC and NAL sub-
modules) should be bi-synchronous. An asynchronous FIFO is designed,
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modeled and implemented in the EC-NAL, in replacing the synchronous
one. The details regarding the design of this asynchronous FIFO will be
presented in subsection 4.1.1. The power simulation result of the EC-NAL
module with an asynchronous FIFO is presented in Table 2.13. In this
simulation, the two asynchronous submodules, EC and NAL, use the same
operating frequency (50MHz). No DFS has been applied yet.

Table 2.13: Power composition of the EC-NAL module using asynchronous
FIFO with technology CMOS 32nm

Power(uW) | EC | async. FIFO | NAL | Total
Total 801 119 33.7 | 953.7
Leakage 253 78.7 9.67 | 341.37
Internal 237 21.1 15 273.1
Switching | 311 19.5 9 339.5

Using an asynchronous FIFO, the total power consumption of the EC-
NAL module increases only about 6.5%, from 895.6uW to 953.7uWW. This
increase is small enough to apply low power methods, for instance, DFS, in
the module with the asynchronous FIFO.

2.6 Conclusion

This chapter has introduced the architecture of the VENGME H.264/AVC
video encoder. The VENGME platform targets mobile applications and
possibly, extension to other applications. The profile selected is the Main
profile at level 2. The video encoder is optimized for CIF video at a frame
rate of 30fps. The VENGME modules are designed independently. Different
improvement techniques have been reused (from the literature) or proposed
to attain specific design objectives, namely scalability, speed and power
consumption. Synthesis results show that the VENGME platform consumes
about 58.25mW, which is suitable for the mobile applications the platform
is targeting. (130nm CMOS technology, in Vietnam) However, some extra
power optimization is expected, for further applications.

The chapter also presented in details the design of the EC-NAL module
embedded in the VENGME platform. This module design is one of the
contributions of the thesis. For this module, several improvements have

been reused from the literature and others have been proposed, especially
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in the CAVLC encoder which is an important engine of the entropy coder
(EC) submodule, so as to increase the throughput, reduce the area cost
and the power consumption. The implementation results have shown that
our CAVLC encoder has better performances and slightly higher area cost
when compared to state-of-the-art designs. Our EC-NAL module exhibits
a very low power consumption, only 1.56m W, at the operating frequency
of 100MHz (180nm CMOS technology, in Vietnam). The EC-NAL design
was initially targeting CIF video format, but it is also suitable for real-time
720HD video format at the operating frequency of 100MHz.

Another contribution of this work is the power simulation at platform-
and module- levels to analyze the power distribution over the various mod-
ules/submodules and then to seek a possible low-power method that can be
applied to the VENGME platform. Power simulation at RTL level using
SpyGlass has been performed to obtain early power figures of the plat-
form. In terms of composition, Inter Prediction and SW_MAU are the most
consuming modules. However, this part of power consumption can be re-
duced because these modules operate only on inter predicted frames. The
EC-NAL module, which is used in every frame, consumes the third power
budget. Hence, decreasing the power consumption of the EC-NAL module
is also essential. Indeed, the reduction of the power consumption for the
VENGME encoder has been tackled through several axes. The execution
of inter prediction and intra prediction separately or in parallel was already
a method known for its reduction capability of the power consumption for
H.264 encoders. Moreover, the VENGME unbalanced pipeline schedule
leaves room for implementing power reduction techniques.

Because the VENGME data transfer links use buffers, which can be im-
plemented as asynchronous ones, among power management approaches®,
the Dynamic Frequency Scaling (DFS) is a simple technique that can be
firstly applied to the platform. The EC-NAL module also implements FIFO
elements as buffer blocks to transfer data between the EC and NAL sub-
modules. Moreover, this module runs for every video frame, which in turn
will induce a quite large power consumption. Lastly, the EC-NAL module
has been designed by the thesis author. Therefore, its architecture is deeply
understood. Therefore, the EC-NAL module is selected to develop and test
a power management approach (namely a DFS technique) that might be
applied to the whole VENGME platform.

®They have been reviewed in Chapter 1, Section 1.5.1
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To apply the DFS technique, we modified the synchronous FIFO data
transfer link within the EC-NAL module to an asynchronous one. Power
simulations at RTL level using SpyGlass have been performed for both ver-
sions of the VENGME EC-NAL module, namely the original version with a
synchronous FIFO between EC and NAL submodules and the modified ver-
sion with an asynchronous FIFO instead. The power simulation results show
that this modification increases only by 6.5% the total power consumption
of the whole EC-NAL module, which seems small compared to the power
gain we expect via the implementation of DFS. The next chapter will in-
troduce our FIFO-based control method to reduce the power consumption
of EC-NAL module.






Chapter 3

Power management based on the
control of the FIFO /buffer
occupancy level and its
application to the EC-NAL
modaule

Chapter 2 has presented the VENGME H.264/AVC video encoder plat-
form. Targeting mobile applications, the VENGME platform was designed
using low-power design features. Some blocks in the platform, including the
Entropy Coder - the bytestream Network Abstraction Layer data packer
(EC-NAL) module, present nice power figures and performances, similar
to state-of-the-art designs. However, the whole platform power results are
not outstanding in comparison to state-of-the-art hardware video encoders.
To improve the platform power results, its imbalance workload and dif-
ferent power control techniques can be exploited. This includes applying
Dynamic Power Management (DPM) methods, for instance, the Dynamic
Voltage and Frequency Scaling (DVFS) approach [Yadal2A].

Because of the computational complexity increase, Multi-Processor System-
on-Chip (MPSoC) architectures are developed for the design of integrated
systems. A general figure of a MPSoC architecture is illustrated in Figure
3.1. In this MPSoC architecture, computing blocks operate in parallel to

95
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Figure 3.1: General figure of multi-computing architecture, modified from
[BeigObA].

perform their tasks as parts of a general job. On-chip communication is
constructed to exchange data among these blocks. One of the architecture
advantages is the ability to implement DVFS power management method.
Indeed, each computing block in the architecture can be implemented as an
independent voltage-frequency domain. The voltage and frequency of the
computing blocks can be scaled up/down (depending on the workload) to
reduce energy and power consumption. To identify the workload status of a
domain, one can look on its input data flow. In MPSoC architectures where
computing blocks communicate via buffer/FIFO, the voltage and frequency
of each domain can be controlled according to the buffer/FIFO occupancy
level.

The VENGME platform is designed as a dataflow architecture with mod-
ules that communicate via buffers. Therefore, DVFS can be applied on
the VENGME platform by controlling the occupancy level of the buffers.
The modules of the platform can be implemented as independent voltage-
frequency domains. Note that the platform targets mobile applications.
Thus, applying DVFS can achieve both energy and power consumption
gains. However, due to implementation constraints and the design at hand,
currently only the frequency is scaled. The voltage scaling can be then
similarly implemented as a future improvement.

The power simulation results on the VENGME platform at RTL level
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using SpyGlass', see Table 2.3, have shown that the EC-NAL is the third
consuming module, after the inter prediction and the Search Window Di-
rect Memory Access (SW_DMA) modules. However, the EC-NAL module
functions in every video frame, while inter prediction and SW_DMA can
operate only on inter predicted frame. Thus, it is essential to reduce the
power consumption of the EC-NAL module. Besides, in the EC-NAL mod-
ule, a FIFO is implemented to transfer data from EC to NAL submodules.
This gives the chance to apply FIFO-level-based DFS control method to
the FIFO embedded in the EC-NAL module. Lastly, because the EC-NAL
module design is one of the contributions of this work, with a deep un-
derstanding of the module architecture, it is easier to modify the design,
trace the data during simulations and verify the powerfulness of the power
management method discussed hereafter. Applying FIFO-level-based DFS
control method to the FIFO between the EC and NAL submodules splits
the whole VENGME platform into two parts: the first one contains NAL
and NAL SRAM and the other one contains the rest of the platform.

This chapter proposes a FIFO-level-based Dynamic Frequency Scaling
(DFS) method applied to the VENGME platform. It can indeed be used for
any buffer/FIFO-based system where memory blocks are used to transfer
temporal data between modules. The objective is to scale the frequency
of the module that receives data to maintain the occupancy level of the
FIFO at a given reference value. Since this DF'S method is based on control
theory, the chapter will present the system modeling for a FIFO link. A
Proportional-Integral (PI) controller is chosen and the controlled system is
proved to be stable. Some very first simulation results show the effective-
ness of the PI control for the FIFO level. All the details related to the
implementation and their associated results will be presented in Chapter

4.

3.1 Power management using the FIFO /buffer-

level control: an introduction

We propose to scale up and down the frequency according to the occupancy
level of a FIFO link between submodules. To introduce the modeling sec-

tion, few concepts are first provided. We will also review some previous

Tt has been presented in Chapter 2, Section 2.1.5.
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power management works that deal with FIFO/buffer status. While these
previous approaches were mostly designed for specific applications and im-
plemented in software, our proposal is full hardware. Moreover, the method
proposed can be widely applied to any buffer/FIFO-based system that uses
memory blocks to transfer data.

3.1.1 Basic concepts

3.1.1.1 FIFO-based systems

Basically, a buffer is used to store then transfer data between two processes:
one process generates data elements while the other one consumes the data
elements. FIFO, standing for First-In-First-Out, is a general method for
storing and transfering data in a buffer, where the oldest data element in
the buffer will be processed firstly. Usually, the buffer is of fixed size and its
capacity is bounded. The method can be implemented either in software as
an abstract data type or in hardware as shift registers or memory structures.
A FIFO-based system is defined as a system where modules communicate
via FIFO links.

Read enable

Write clock Read clock

|fp () |fc (Vo

Figure 3.2: FIFO communication between producer and consumer modules.

For each FIFO link, a “producer” module writes data into the FIFO
when it is not full. The “consumer” module reads data in the same order
that it is written until the FIFO is empty. To avoid losing data, the producer
has to wait when the FIFO is full to write a new data element. In the con-
sumer side, if the FIFO is empty, then the consumer has to wait to read new
data element. Producer and consumer can operate at the same frequency or
at different frequencies. To enable Dynamic Voltage and Frequency Scaling

(DVFS), producer and consumer operate with independent supply voltages
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Vaa (Vp and Vi) and clock frequencies f (fp and fc). Hence, the integrated
FIFO must be an asynchronous one, with different writing and reading clock
signals [Chou09P]. Figure 3.2 illustrates this communication method.

Because technology evolution increased the integration density and com-
plexity of chips, and the distribution of a unique clock tree became diffi-
cult, the Globally Asynchronous-Locally Synchronous (GALS) paradigm
for System-on-Chip (SoC) appeared. With GALS architecture, locally syn-
chronous modules asynchronously communicate with each other. The archi-
tecture can reduce the power consumption and electromagnetic interference
(EMI). It also eases the clock distribution [JaviO8E]. System-on-chip de-
signers have implemented GALS architectures for several applications, e.g.
telecommunications, multimedia, etc... Data transferred between the tasks
running on different modules are stored in buffers as asynchronous FIFOs
or dual port memory blocks. Hence, a DFS method that takes into account
the FIFO occupancy level may target many applications.

3.1.1.2 FIFO-level based DFS method

The DFS method, proposed hereafter, manages the power consumption
independently from the application by scaling the frequency according to
the occupancy level of a FIFO link between two modules. The DFS method
is based on control theory. This control method is implemented in hardware.
Thus it can be widely applied. The method will be presented in more details
in Section 3.2 dedicated to the control design.

3.1.1.3 Case-study

The FIFO-level-based DFS control method will be embedded in the VENGME
hardware H.264 video encoder®. As shown in Figure 3.3, buffers (blocks
in white) are placed between modules. Data in the current frame is read
onto the chip via an AHB/APB interface. Then, it is written in the current
macroblock RAM (Cur MB RAM) and search window RAM (SW RAM).
The predicted data, from intra prediction and inter prediction, contain-
ing integer motion estimation (IME), fractional motion estimation (FME)
and motion compensation (MC), are stored in buffers placed inside these
modules before being sent to the forward transformation and quantization
(FTQ) block. TQIF is a memory block implemented as an interface to

2see Chapter 2, Section 2.1, for the presentation of the VENGME platform.
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Figure 3.3: The VENGME H.264/AVC encoder platform with FIFO links
between modules.

transfer data from FTQ to the de-quantization and inverse transformation
(ITQ) block and the entropy coder (EC). The entropy encoded data, after
being encapsulated in the Network Abstraction Layer (NAL), are stored in
the NAL SRAM before being sent out via the off-chip interface. The same
applies to data from the de-blocking filter (DF). In the decoding path, the
reconstructed frame (from REC module) is stored in the Intra Ref RAM
associated to the Intra prediction block. In each memory block, the reading
order is the same as the writing one. In other words, each memory block
in the VENGME platform can be considered as a FIFO link between two
modules.

Theoretically, we can introduce the FIFO-based DFS control method in
all the FIFO links in the VENGME platform. It is mentioned, in chapter 2,
that the VENGME imbalance schedule leaves rooms for the implementation
of DVFS technique in the platform. The speed of the Transformation-
Quantization (FTQ and ITQ), Entropy Coding (EC and NAL) and De-
blocking Filter (DF) modules can be adapted with respect to the heavy
(inter and intra) prediction modules.

In the case-study here, we implemented the DFS control technique only
on the EC module that contains the entropy coder communicating with
the Video Data Packer at the Network Abstraction Layer (NAL) via a
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Figure 3.4: EC module and its FIFO link between entropy coder and NAL
sub-modules.

FIFO, see Figure 3.4. Indeed, from a deep analysis of the workload and
computing speed of the different blocks, it has been seen that having a fine
grain adjustment of the clock frequency (and supply voltage) on the NAL
block will decrease the power consumption. Actually, the clock frequency of
the NAL block can be scaled down when the FIFO is far from full, leading
to power consumption decrease.

The original design of the EC-NAL module is synchronous. However,
the power simulation results using SpyGlass® proved that the implentation
of an asynchronous FIFO increases the power consumption of the module by
approximately 6.5%. Hence, applying DFS on this EC-NAL module seems
reasonable if the global power gain balances this power loss. Besides, the
output of the NAL submodule is a memory block with no timing constraint,
so scaling down the NAL speed can achieve power reduction without pain.
Therefore, it is natural to implement FIFO level control between the EC
and NAL blocks. As a consequence, the actual H.264 platform is split in
two (voltage-) frequency domains, see Figure 3.5, namely, the NAL block
on the one side, and the other blocks on the other side.

3.1.2 Previous works

In the literature, some researchers tried to control the supply voltage V4
and/or the clock frequency f based on a FIFO (or buffer) status [Lu02D,
Lu03R, Bae05L, Thie05D, Wu05V, Chou09P]. In these works, the FIFO
(or buffer) status can be the FIFO (or buffer) occupancy level, or the filling
speed of the FIFO (or buffer) or the status that the producer/consumer has

to wait for the utilization of the FIFO, or any derived scheme.

3See Section 2.5 in Chapter 2.
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Figure 3.5: The VENGME H.264/AVC encoder platform with 2 power
domains.

L. Thiele et al. [Thie05D] used the buffer fill-in level that indicates the
data stream rate combined with dynamic worst-case bounds based on offline
analysis and workload history to adapt the clock rate of the consumer. Note
that in Thiele’s work, the consumer is a processor. The authors consider
processing multimedia streams with restricted buffer size. The restricted
buffer size supports just the buffer space for the complete workload aver-
age. Hence, if the “consumer” operates at a low rate to reduce the power
consumption, a buffer overflow may occur due to a bursty input stream.
The method tries to set the consumer rate to obtain the buffer level close
to zero during low-load period. Otherwise, when a workload burst arrives,
it tries to be as “lazy” as possible to fully exploit the available buffer space.
Hence, the consumer rate is set at a rate that it is just sufficient to avoid a
buffer overflow in the worst-case.

The worst-case interval-based workload characterization is performed as
follows. An application-dependent offline analysis is performed to obtain
static worst-case bound, i.e. the worst-case workload only on intervals of
length A(s). This infomation is then used along with workload history
to compute the dynamic worst-case bound at adaptation timing points .
Suppose that during any time interval A(s), the workload imposed on the
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processor is equal to A processor cycles. If at some observational timing
point ¢, the execution demand requested during the time interval [t — A, ¢]
is B processor cycles, then it is guaranteed that over the next time interval
[t,t+A—A,], the execution demand will not be more than A— B cycles. The
method provides hard Quality of Service (QoS) which is not strictly required
in our problem because the output of the consumer (NAL submodule) is a
memory block with no timing constraint. The method also has large demand
on memory and other implementation resources for the dynamic worst-case

workload characterization. Implementation details are not mentioned here.

In [Chou09P], P. Choudhary et al. compared the time that the producer
and the consumer have to wait due to FIFO fullness or emptiness in a
given time interval T, to decide if it is necessary to match the rate
between the frequencies of both domains. Similar to GALS architecture, a
VFI-based (Voltage-Frequency Island) system contains Processing Elements
(PEs) whose voltage and frequency can be controlled independently. In
these systems, mixed-clock FIFOs are used between two communicating
PEs. The system can be modelled using a component graph where PEs are
modelled as nodes containing a single “source” node and a single “sink”
node. [Chou09P] defines the “stall” state as the state where the producer
or the consumer has to wait to use the buffer. Figure 3.6 shows an example
of the stall state for the producer. It occurs when the FIFO is full and
data is available at the output of the producer. A hardware architecture
is implemented to monitor the stall state of both producer and consumer
sides in a sampling window Tsgmpie, see Figure 3.7.

Based on the number of clock cycles where the producer and the con-
sumer are stall, Sy and S, during Ti,mpie, the frequency step factor S is
calculated as S = 1 —[S. — Sf|/Tsampie- The calculated step factor S is used
to scale either the frequency of the producer or of the consumer according
to the system constraint. If the system is sink constrained, the frequency
(and voltage) of the producer will be scaled. Otherwise, if the system is
source constrained, the frequency (and voltage) of the consumer will be
scaled. Implemented in hardware, the method in [Chou09P] has potential
power consumption reduction. However, the method cannot eliminate the
stall state. One has to wait until either the producer or the consumer is
stall for a time interval long enough before acting on fo and/or fp. Besides,

selecting the value of T4mpie is also a problem which is not discussed in the



CHAPTER 3. FIFO-LEVEL CONTROL POWER MANAGEMENT METHOD AND

104 ITS APPLICATION
— [ ]— — —-[C_]— e
Full i
Data ‘ ‘
Ready ‘
Stall
tl t2 t3 t;t t5

Figure 3.6: Stall state on producer side [Chou09P].

paper. For instance, in the case the producer stalls at the beginning of the
first half of the time interval T,ppe and the consumer stalls during the last
part of Tsgmpre, there will be no speed scaling for neither the producer nor
the consumer. But if we halve the time interval Tsg,,p, the DVEFS will be
applied and the power consumption can be reduced even more.
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Figure 3.7: Hardware implementation of the method presented in
[Chou09P].

Y-H. Lu et al. [Lu02D] inserted buffers in a multimedia system for
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which a constant output rate is required. A graph-walk algorithm is im-
plemented to assign the processor (producer) frequency based on the buffer
state. In the assignment graph, each vertex contains information on the
processor frequency, the amount of data in the buffer and the next opera-
tion (writing or reading data to or from the buffer). A “walk” is defined
as a sequence of assignments of frequencies and executions by the vertices.
The frequency change is selected according to the minimum-cost walk in the
graph-walk. The frequency is changed only at the beginning of a period of
length ¢t. The method to chose the length t is not mentioned in the paper.
In the experiment part, it is chosen equal to 1s.

The methods developed in [Lu03R| and [Bae05L] are applied to a pro-
cessor operating as a multimedia decoder and communicating to a display
device via a buffer. Based on the buffer status, the processor (producer)
frequency /voltage is scaled, see Figure 3.8. In [BaeO5L], the producer fre-
quency is increased when the buffer is emptier than the target buffer level
or running empty. Otherwise, the producer frequency is decreased when
the buffer is filled more than the target buffer level or running full. The
algorithm can be summarized by the equation

Af =cCci1x; + Cg(ﬂfi — -7:7;—1) (31)

The controller is then designed using a continuous-time model. The
information used in this work is both the buffer occupancy level x; and its
filling speed x; — x;_1.

In [Lu03R], a dead-zone based control algorithm is constructed to adjust
the decoder (producer) speed in order to keep the buffer occupancy within

a given safe range so as to match the decode and display rates.

In [Wu05V], the system is modeled as a Multiple Clock Domain (MCD)
where the DVFS method controls the frequency (and voltage) of each clock
domain according to the input queue status, see Figure 3.9. Finite State
Machines (FSMs) are implemented to increase/decrease the frequency and
voltage by one single step. The voltage/frequency changes are decided based
on the queue signal compared to a deviation window after a time delay.
The queue signal is either the difference between the queue occupancy and
a reference value or the difference between the queue occupancy at two
consecutive sampling times (i.e. queue filling speed which is consistent
with a flow). The deviation window is the threshold determined for the
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Figure 3.8: Voltage and/or frequency scaling method on a multimedia de-
code and display system [LuO3R].
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Figure 3.9: Queue-Domain model [Wu05V].

queue signal. For each queue signal, a FSM, as depicted in Figure 3.10, is

implemented.

The two queue signals require twice the Silicon resource for an FSM
implementation. Then, a Schedule state is added to decide the final Act
operation. The utilized model is continuous-time. The system contains
non-linearities, see Figure 3.11. For stability analysis, a linearization is
performed by choosing a specific function h(f), which is the effect of the
frequency f on the effective time delay, to compensate for the non-linear
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Figure 3.10: Finite State Machine (FSM) implementation for each queue
signal [Wu05V].

function of the system model (h(f) is chosen to be proportional to k/f?).
The linearization used in [Wu05V] makes the system a linear one. However,
using this linearization, they cannot ensure that the system is always stable
in all situations. In [Wu05V], the DVFS method is designed to be adaptive
to workload variation and cost-effective. However the time delay, one single

step action and the FSMs solution make the implementation more intricate.

Non-linear part
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LTI: Linear Time-Invariant part

Figure 3.11: Closed-loop system with non-linearities in [Wu05V].

To summarize, the DFS (resp. DVFS) works found in the literature
exploit the FIFO (or buffer) status to identify the workload of the module
where the DFS (resp. DVFS) method is applied. The FIFO (or buffer)
occupancy level is the simplest utilized FIFO (or buffer) status because this

information can be directly obtained from the writing and reading indices in-
side the FIFO. Some FIFO (or buffer) based DFS works that use information
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other than FIFO (or buffer) level [Bae05L, Thie05D, Wu05V, Chou0O9P]
require more resources to monitor, collect and then process information.
This also leads to a complex decision making with different buffer status
information synthesized. Thus, this makes the implementation more in-
tricate. The FIFO (or buffer) based DFS approaches we have presented
have been designed for specific applications and implemented in software
[Lu02D, Lu03R, Bae05L]. Continuous-time models which seems less accu-
rate than discrete-time model in modeling digital systems, is used in some
works [BaeO5L, Wu05V]. Only [Wu05V] mentioned the non-linearities
of the system. However, their linearization can ensure the stability of the
system in a particular case, when h(f) is proportional to k/f?. Applying
a PI controller, the work in [Lu03R] does not analyze the stability of the
controlled system.

The work in this thesis implements in hardware a DFS method based
only on the FIFO occupancy level. The DF'S method is application-independent
and suitable for any FIFO-based system. A discrete-time model is used and
the controlled system is proved to be stable. More details on the system
modeling, the design of the control law and the stability analysis will be
presented in Section 3.2.

3.2 FIFO-level based DFS control

As mentioned above, the FIFO-level based control can act on both fre-
quency and voltage (DVFS) to achieve power and energy gains. For the
sake of simplicity, the method presented hereafter acts only on the fre-
quency (DFS). This section presents in details the FIFO-level based DFS
control method. The method is applied to the FIFO link between the En-
tropy Coder (EC) and the Network Abstraction Layer (NAL) modules of
the VENGME H.264/AVC video encoder platform. This FIFO link splits
the whole platform into two power domains, namely, one with the NAL
module and one with the other modules. In order not to modify the mod-
ules designed by others people involved in the VENGME platform design,
the frequency of the “producer” is kept constant and the DF'S method con-
trols the frequency of the domain containing the NAL module (i.e. the
consumer). Remember that the design of this EC-NAL module is one of
our contributions. Thus, their modifications can be easily performed. The

control is made according to the FIFO occupancy level of the link between
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both (voltage/)frequency domains [Nguyl4F].
The next subsections introduce respectively the system modeling, the
control design and some remarks related to the implementation and stability

analysis of the system under control.

3.2.1 FIFO link modeling

As mentioned above, the control of the FIFO occupancy level has been im-
plemented in the EC module of the VENGME H.264 encoder where the
encoder acts as “producer”, sending data to the NAL which is the “con-

sumer”, see Figure 3.12.
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Figure 3.12: Entropy coder - Bytestream NAL data packer (EC-NAL) mod-
ule where power management method based on FIFO-occupancy level is
applied.

Because the EC-NAL is the last module in the encoding path, the so-
called producer receives data from the other modules in the VENGME
H.264 encoder. Hereafter, fp (applied to all the blocks in the green dashed
rectangle in Figure 3.12) is supposed constant while fo can be scaled
up/down.

Ql Q2 Ql Q2 ‘ Qi Q2
— —B

) ]
{ QLKL £ieggg 22K |

(a) (b) (c) (d)

Figure 3.13: FIFO model.

The FIFO can be modeled as a tank with one input ()1 and one output
2. Moreover, ()1 and ()2 are non-negative. Because the output speed is
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independent of the level in the tank, the output ()2 is extracted using a
“pump” P (see Figure 3.13-a). However, each writing or reading operation
acts only on one data element. Hence, the FIFO level is discrete, given in
number of packets (Figure 3.13-b). As a consequence, the FIFO dynamic
model is given by (Figure 3.13-c)

FIFO(k +1) = FIFO(k) + Q1(k) — Q2(k) (3.2)

where F'IFO(k) is the occupancy level of the FIFO in number of packets at
the k-th sampling time. Q1(k) is the number of data packets entering the
FIFO from the producer. Q2(k) is the number of data packets exiting the
FIFO to feed the consumer. Due to Silicon area constraints for the H.264
hardware platform, the maximal number of packets in the FIFO is chosen
equal to 7. Therefore, FIFO(k) € {0,1,2,3,4,5,6,7}.

Because the functionality of the NAL-consumer is to concatenate data,
the actual speed of reading packets in the FIFO depends not only on the
clock frequency of the consumer fo but also on the length of the packets.
In the case-study here, packets are of different length, from 1 bit to 32 bits,
depending on the data at hand; see Figure 3.13-d. Actually, the packet
length depends on the type of data packet written to the FIFO. If the data
contains prediction information, e.g. prediction mode, motion vector, etc.,
the length is usually short. Otherwise, the residual data packet is usually
32 bits long. However, for the sake of simplicity, the FIFO output flowc ()2
is supposed proportional to fo(k):

Q2(k) = b (k) (3.3)
where b is a positive constant.

To identify the constant b, a simulation is conducted: the VENGME
encoder encodes benchmark video frames to trace the data flow and the
“FIFO status”. The “FIFO status” contains the producer/consumer stall
state similar to the one in [Chou09P]. Note that the FIFO status informa-
tion is extracted only for this simulation and it is used to analyze the data.
Indeed, we do not need this status signal in our control method. Hence,
in the real implementation presented later on, no block to collects the stall
information.

The information we trace contains the producer frequency fp, the status

of the producer input, the status of the producer output (stall of not) Pwait,
the number of packets written into the FIFO Q1, the FIFO level FIFO,
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Figure 3.14: Information recorded. It contains the consumer stall (Cwait)
signal and the Q2 value.

the consumer frequency fe, the status of the consumer input (stall of not)
Cwait and the number of packets read from the FIFO ()2 at time instants
t (t = k/fp). Figure 3.14 illustrates two of the recorded signals, namely,
the status of the input of the consumer (Cwait), on the left side, and the
number of packets read from the FIFO (2 on the right side. From the
recorded signal, when the consumer does not have to wait for data available
in the FIFO (Cwait = 0), i.e. when the consumer is not stall, b is estimated
to be equal to 20ns. Note that b is considered constant, which means that
the packet size is not taken into account.

Each time the FIFO is full (resp. empty), and the producer has some
data to write into the FIFO (resp. the consumer wants to read data from the
FIFO), the producer (resp. consumer) falls into the stall state. This stall
state leads to a waste of power consumption. Thus, the control objective is
to adapt the consumer frequency to keep the FIFO half-full (neither empty
nor full) during normal operation. Of course, at the end of the encoding
process, the FIFO will have to be empty.

3.2.2 Controller design

As already said, we suppose that Q2 = bfc, where b is constant. Therefore,
we do not take into account different sizes for the data packets in the FIFO.
The controller is now designed.

e Performance objective
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As mentioned above, the control objective is to adapt the consumer
frequency to keep the FIFO half-full during normal operation. The expected
time response is about 20us.

e FIFO model

For the FIFO link under study, the input data Q1 is the output of the
producer, which is not controlled. Therefore, in the system model, Q1 is
considered as a disturbance. The FIFO transfer model, without disturbance,
in the z-domain, is as follows:

FIFO(z) -1
e =Gle) =

Q2(z)

which is actually an integrator. Figure 3.15 shows the controlled system

(3.4)

with its controller C'(z) that adapts the consumer frequency fe(z) to keep
the FIFO level FIFO(z) near a Reference value r(z). The input of the
controller is the error e(z) between the Reference level r(z) and the FIFO

level FIFO(z).

A r(z) e(z) () fdz) b szl) 1 FIFO(z) = y(2)
eference d % 7z —1
Qy(2)

Figure 3.15: Closed-loop control scheme of the FIFO level.

Note that the FIFO saturations (full, empty) are not modeled here.
e Controller choice

A discrete-time Proportional-Integral (PI) controller [Astr86C] is se-
lected to reject the “disturbance” @)1, to ensure a closed-loop functioning
without static error and to tune the closed-loop system response time*. The
controller is chosen as:

z

z—1

(3.5)

fC(Z> C(Z) _ Kp"’Kz

1A Proportional (P) controler can also solve the problem but the closed-loop system
response will not meet the performance demand



3.2. FIFO-LEVEL BASED DFS CONTROL 113

Therefore, the closed-loop transfer function is given by:

FIFO(z)  —C(2)b
r(z) 1+ C(z)bz__l1 (36)
FIFO(z) —[(K, + K;)z — K, )b 3.7
r(z) 22— 224+ b(K,+ K;)]+ 1+ Kyb (3.7)

where r(z) is the Reference for the FIFO level.

The poles z1, zo determine the system dynamics in closed-loop. Their
numerical values depend on K, and K; values. Once z; and z; have been
chosen, K, and K; are computed with:

2129 — 1 2129 — 1

P b 0.02 (3:8)

2tz —229—1 itz —zzm—1
K, = = 3.9
b 0.02 (3.9)

where b = 0.02us according to its identification given above.

e Step response of the closed-loop system

Figure 3.16 shows the step response of the closed-loop system with
the PI controller. The time response is equal to 20us, as expected in the
performance objectives. The poles in closed-loop are equal to 0.75 and 0.5.

3.2.3 Implementation constraints and remarks

The output of the controller designed in the previous section can have any
real value. However, in our application, the frequency fo is limited in a
given range. For instance, there is no negative frequency. To adapt the
frequency from the output of the controller to its “implementable” value,
either a saturation, a relay, or a non-uniform quantizer can be used, see
Figure 3.17 where this non-linear block is added.

With a saturation, the admissible frequency f¢ is any value from 0MHz
to a maximum frequency, e.g. 100MHz, see Figure 3.18. If the controller
demands a negative frequency, the output will be equal to 0MHz. Similarly,
if the demand is a frequency exceeding 100 MHz, the frequency applied to
the consumer will be 100/ Hz. The case of using a relay can be implemented
as a clock-gating cell. The usual clock frequency is 100MHz and when the
controller demands a zero or negative action, the clock signal is gated.
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Step Response
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Figure 3.16: Step response of the linear closed-loop system. The poles in
closed-loop are equal to 0.75 and 0.5

1 FIFO(z) = y(z)

r(2) (z) ) fd2) NL Jorac b in 2)
Reference ’ 7z —1
Q,(2)

Figure 3.17: Closed-loop control scheme of the FIFO level with non-linearity
(NL) added.

output 1

input

Figure 3.18: Input and output of a saturation block.

With a relay, the admissible frequency f¢ is either 0MHz or 100 M Hz, see
Figure 3.19. For instance, if the controller demands a negative frequency,
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x 10

——  Input
output 1 Output

05
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05 / q
El / j
input L
4 5 6

7

Figure 3.19: Input and output of a relay block.

the frequency fo applied to the consumer will be equal to 0MHz Otherwise
if the demand is a positive frequency, it will be 100 MHz.

x 10

output

input

Figure 3.20: Input and output of a quantizer block.

In the case of a non-uniform quantizer, a discrete set of frequency values
is admissible, see Figure 3.20. In the present case-study, the set of possible
frequency values is chosen equal to {0, 12.5,25,50,100} MHz.

The additional block and the integral part of the controller can cause
windup phenomena®. It occurs when the PI controller keeps integrating
the error even when the input is saturating. An anti-windup mechanism
is added in the controller to avoid the windup effect. Figure 3.21 shows
an example of applying an anti-windup scheme when a saturation is used.
Note that when the controller is not saturating, the anti-windup scheme

SEvery actuator has its own natural limitations. Windup phenomena occurs when
an error during actuator saturation keeps being accumulated by the integral part inside
the closed-loop system
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has no effect. An anti-windup will be used in the MATLAB modeling and
simulation results, see Section 3.3.

R(z) &

Figure 3.21: Anti-windup scheme in the controller using a saturation.

Because the VENGME platform does not embed any PLL to generate
frequency values, we can only implement a frequency divider to generate
a dicrete set of possible values for fo. The highest frequency signal that
the VENGME platform supports is 100/ Hz. One simple way to implement
a frequency divider is using a binary counter. In this way, the frequency
is divided by two. As a consequence, possible values for the frequency fo
can be 100, 50, 25, 12.5, etc. MHz Thus, a non-uniform quantizer is
selected to perform DFS. It adds a non-linearity in the system. To simplify
the implementation, the anti-windup will not be implemented. In the next
subsection, the stability is analyzed for the system using a non-uniform

quantizer and without anti-windup mechanism.

3.2.4 Stability analysis

This section analyzes the stability of the closed-loop system. The PI con-
troller is as designed in Section 3.2.2. A non-uniform quantizer is applied
to map the frequency computed by the controller to the frequency applied
in practice on the consumer. No anti-windup is used in the system.
Because the non-uniform quantizer adds a non-linearity feature in our
system, the stability analysis using the pole values is insufficient. Hence, we
introduce here two approaches to analyze the stability of a system containing
non-linearities. The first approach is based on describing function, using

Nyquist stability criterion. The second one uses the topological separation
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condition. After a short summary of each approach, we analyze the stability
of our system.

3.2.4.1 Nyquist stability criterion: summary

1. Basic principles of stability analysis for a linear system using
the Nyquist stability criterion

Consider a linear system where e(t) is the input and s() is the output.
The transfer function can be determined by applying the sinusoidal
input:

e(t) = egsin(wt) (3.10)

the output being, in steady state:
s(t) = s sin(wt + @) (3.11)

where A = s¢/¢q is the amplitude ratio and ¢ is the output phase
shift. It is well known that A and ¢ are, on the one hand, functions of
the input frequency w but, on the other hand, they are independent
from the amplitude ey. The conclusion is that for linear systems, the
frequency response can be described only by the frequency w.

A Nyquist plot is a plot of the frequency response of a system. For a
function F'(s), where s = jw is the Laplace operator, the Nyquist plot
F(jw) is the mapping of the imaginary axis s = jw on the s-plane to
the F'(s)-plane.

Consider a closed-loop system whose open-loop is a transfer function

G(s), see Figure 3.22. The closed-loop transfer function of the sys-

G(s)
T+G(s)

that the closed-loop system is stable if and only if the net number

tem 1s

It is well known from the Nyquist stability criterion

of counter-clockwise encirclements of the critical point (—1,0) for the
contour evaluation of G(jw) on the G(s)-plane in the sense of grow-
ing frequency on the plane equals to the number of unstable poles of
G(s). Unstable poles are the poles on the right half plane (RHP) of
the s-plane including the imaginary axis s = jw. If the point is on the

Nyquist plot, the system oscillates at the corresponding frequency w
[Fran97D].

Consider now a proportional gain K to be applied on the system

G(s), see Figure 3.23. The same stability criterion is valid: if the
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Y e(t) G(s) > y(t)

Figure 3.22: Closed-loop system with the open-loop transfer function G(s).

net number of counter-clockwise encirclements of the critical point
(—1/K,0) for G(jw) in the sense of growing frequencies, the closed-
loop system is stable.

G(s) y(t)

e(t) r(t)

Figure 3.23: Closed-loop system with a proportional gain K.

Figure 3.24 shows two examples of applying the gain K on G(s).
Suppose that the plant G(s) has no unstable pole, the proportional
gain K whose critical point —1/K is not counter-clockwise encircled
by G(jw) in the sense of the growing frequencies, i.e. the green one,
makes the system stable. Otherwise, the point —1/K in red makes
the system unstable. As shown in their corresponding step responses
on the left part of the figure, the green one is stable while the red one

diverges.

In the case that the open-loop G(s) has pole(s) on the imaginary axis
of the s-plane, we still can apply the Nyquist criterion. Trying to
exclude the pole from the unstable region, we create a small “detour”
which is a semicircle in the counterclockwise direction around the
pole on the right half of the s-plane. The radius of the detour is
infinitesimally small so that the detour does not exclude any part
from the RHP. The Nyquist criterion is then applied using G(jw) plot
which is mapped from the imaginary axis s = jw, excluding the poles
but including the detours. The poles on the imaginary axis s = jw
will not be considered in the unstable region. Figure 3.25 illustrates
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Figure 3.24: Closed-loop stability criteria using the open loop transfer func-

tion G(s) and the critic

al point —1/K.

an example of mapping the Nyquist plot when the open-loop system
p pping Yq p p p sy

transfer function is L(s) =

s24s—2
52416 °

In this Nyquist plot, each detour

around the pole s = ;4 causes a semicircle of L(jw) with |L(s)| = oc.

Th

e counterclockwise detour around the pole at s=j4

causes a clockwise semicircular path at |L(s)|=x

s-domain plot (w/ poles and

+int

o @

imagi(s)
-
0
(a]

i

6
R
-10

WMAA0 8 & 4 2 0 2

real(s)

zeros of Lis)) . Lis)-domain plot {(w/ the point -1 shown)); L{s)=G(s)H(s)
™ Zoom in
10 - -
The clockwise path|
& at |s|== results in b
sl / a constant in
/ the L(s) plot
4 e g
-« = ; -
{ X
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The counterclockwise detour around the pole at s=-j4|

causes a clockwise semicircular path at |L(s)|==+

Figure 3.25: An example of mapping the Nyquist plot when the open-loop
system has poles on the imaginary axis [Ipsal.

2. Basic principles of stability analysis for a non-linear system
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using the Nyquist stability criterion
For a non-linear system, we assume the same procedure as above.
Consider the following input:

x = x7 sin(wt) (3.12)

The output s(t) is generally periodical, but not necessarily sinusoidal.

As an approximation, one can define a sinusoidal function as:
w(t) = wy sin(wt + 1) (3.13)

which can be used to define an “equivalent transfer function” by taking
the first harmonic of s(¢), where the amplitude is w; /z; and the phase
is 1.

The main difference with respect to the linear case is that the equiv-
alent transfer function depends not only on the frequency w but also
on the input amplitude x;:

U = B(x,w)
“ 3.14
¢=¢($17w) ( )

With the Nyquist plot, one has now a family of frequency responses
in terms of frequency and amplitude.

e Fquivalent transfer functions - Describing Functions

A describing function can be interpreted as a transfer function adapted
to the non-linear case. The describing function method was first stud-
ied by [Dutib0T, Ecar50E, Koch50AE, Koch50AA] and is has been
widely used to demonstrate the effects of non-linearity on the feedback
loop [Gelb68M, Gill75S].

We briefly discuss here the application principle of these approxima-
tions, but without details. For further information, the reader should
refer to [Gelb68M, Gill755] and the references therein.

Suppose that the input in equation (3.12) is applied on a non-linearity
N, with period T' = 27 /w. The output (3.13) generally is a periodic
function, whose period is T'. Thus, it can be decomposed in a Fourier

series:

s(t) = wy sin(wt + ¢ (z1,w)) + we sin(2wt +1Py) + ws sin(3wt +13) + . ..
(3.15)
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By assuming the first harmonics w; sin(wt + 1)), the Describing Func-
tion N is given by:

N(z,w) = %eﬂ“w) (3.16)
1

where the amplitude is B(z1,w) = w;/x; and the phase ¢(x,w).

This procedure can be applied to determine the Describing Function of
non-linearities, e.g. dead-zone, backlash, saturation, relay, quantizer,
etc. Some examples can be found in [Gelb68M, Gill75S].

The advantage of (3.16) is the possibility to use classical Control the-
ory tools, mainly the Nyquist plot. A particular case is when N only
depends on x, i.e. a frequency-independent non-linearity. In this
case, N(x1) can be seen as an “equivalent gain” in the Linear Time-

Invariant (LTT) sense, function of x; and %, described by:
N(x1) = B(x1)e?” (3.17)
e Stability analysis with a Describing Function

Consider the closed-loop scheme given in Figure 3.26, where a non-

linearlity N is applied on G(s).

y(t)

G(s)

e(t)

Figure 3.26: Closed-loop with a non-linearity N.

The Nyquist stability criterion can be applied if instead of K one
uses the equivalent gain N(z), e.g. given in (3.17), if the Describing
Function is frequency independent. In the Nyquist plot, the crictical
point becomes a “crictical curve” —1/N(e(t)). If the curve —1/N(e(t))
does not intersect G(jw) and the number of counter-clockwise encir-
clements of the whole curve —1/N(e(t)) for G(jw) in the sense of
growing frequency equals to the number of unstable poles of G(s), the
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closed-loop system is stable. If G(jw) intersects —1/N(e(t)) at the
point where w = w; and e(t) = e;, the effect on the system is some
oscillations at the corresponding frequency w; and with amplitude e;.
The stability of the system at the intersection point is determined
using perturbation check. If when the amplitude is slightly increased
e(t) > ey, the critical point on —1/N(e(t)) is moved to the point
where the system is stable, then the system at the intersection point
is stable.

Even if the analysis above is made for continuous-time systems, the same
reasoning holds for discrete-time systems, by taking z = e/“’¢, where T, is

the sampling period.

3.2.4.2 Application of the Nyquist criterion approach to our system

The stability analysis using a describing function has been applied in [Murt90N,
HuO8N, Romb13A].

In the framework of the present thesis, only a set of values can be applied
on the system by the frequency actuator. This means that there is a non-
linearity between the controller and the system (see Figure 3.27), which

changes the frequency to be applied in practice fpqc.

r(t e(t)
C(z) I ,J

y(t)

G(z)

A 4
A 4
v

Non-uniform quantizer

Figure 3.27: Closed-loop system with the controller, the system and a non-
uniform quantizer.

This non-linearity is known as a “general odd quantizer” or a “non-
uniform quantizer”. It is depicted on Figure 3.28. Actually, it is a frequency
independent non-linearity.

The describing function for the non-linearity in Figure 3.28 is given by
[Gelb68M]:

A<dy - N(A) =0
dy < A<dps1 — N(A) =4

™

)

<

(D, — D) yJ1— ( )2 (3.18)

1

|8

n
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input

~4-p1

-------- -D2

Figure 3.28: General odd quantizer.

In fact, the actuator contains a frequency divider, where the admissible
frequencies are fp,.. € {0,12.5,25,50,100} MHz (Figure 3.29). The quan-
tizer function is not odd. If the quantizer output is positive, i.e. the input
fe > 6.25MHz, it is similar to the “non-uniform quantizer” presented in
Figure 3.28. If the input fo < 6.25 MHz, the output is always zero.

Thus, we will consider two cases for the calculated frequency fo to an-
alyze the stability of the system.

e When the calculated frequency fc > 6.25MHz, the applied frequency
fprac 1s positive.

Because with a positive output, our quantizer function is similar to the
“general odd quantizer” function, we use the Describing Function for the

“general odd quantizer” to analyze the stability of the system in this case.
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Applied frequency
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Figure 3.29: Admissible applied frequencies.

Applied to a frequency divider, Equation (3.18) becomes:

fc <625 [MHz] = N(fc)= 0;

6.25 < fo <1875 [MHz] - N(fc)= % 12,5\/@) :
18.75 < fo < 375 [MHz] » N(fe)= i 12,5\/@+ 12,5\/@)
875 < fo <75 [MHz - N(fe)= 25\/1_(70»5)2+ 12,5\/1_(1?)2

+12.5\/1_T§)2>
75 [MHz] < fe = N(fc)= 7T}1<50\/1_(;é)2+25\/1_(3;c.5)2

+12~5\/W+ 12.5\/1_Tz5f>
(

Graphically by using (3.19), Figure 3.30 is obtained.

One can see by using Figure 3.30 that the maximum value of N(f¢)
is 1.27. Because we do not consider fo < 6.25 here, N(fc) > 0. In fact,
when fo — 400, N(fc) — 0 but in practice, fc is a finite number, so
N(fc) # 0. This means that the Nyquist plot —1/N(fc) of the Describing

Q

3.19)
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Describing function
2 T T T T T T T
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Describing function N(fc(z))
|
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Input fc(z)

Figure 3.30: Describing function for Equation (3.19).

Function N(f¢) is in the finite interval [—1/Np(fo); —1/1.27] on the left
half of the real axis.

The stability analysis can be done by using the Nyquist plot of C'(z)bG(z)
under a frequency divider [Tlib05C].

In fact, the FIFO G(z) is an integrator and the controller C'(z) is a PI
controller. We have a double-integrator in C(z)bG(z), meaning that there
are two poles on the unit circle at (1,0).

In order to demonstrate the properties of our system we use :

sTe

1. exact variable change z = e®'¢ for the explanation of high frequency

behaviour ;

sTe

2. approximation z = e*'¢ & 1+ sT, for the explanation of low frequency

behaviour.

The first point is treated with s = jw, i.e. s €] — joo,j07] and s €
(507, +joo[, the mapping to C'(z = e*1¢)bG(z = e*T¢)-plane is illustrated in
Figure 3.31, plotted using MATLABS.

6Matlab “nyquist()” function uses the variable change z = /%

Te in order to obtain
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Nyquist plot
T x
1k —— Gljuw) for w>0 X ]
— = = G{jw) for w<0 x
—-1/N stable w increase

-1!max(N}=-1I1.2?=-D.?8\ \
\
0 |

T
m -
o
E Nyquist plot (unzoomed)
c
2-05F ¢ P 7
g 8 5000 T
Al E o . w increase ]
c /
I=
45}
“18p—
-10 -5 0
25 Real part « 10° i
-3 2.5 -2 -1.5 -1 -0.5 0

Real part

Figure 3.31: Nyquist stability criterion considering the describing function
(3.19).

The latter point is treated with the mapping of the detour s = pe’?
(ABC) in s-plane with p << 1 and 6 € [~F,7]. For our case of L(z) with
2z~ 1+ sT, gives L(z) = C(2)bG(z) ~ L(s) in the form :

k(s + wp)

L(s) = — 2 (3.20)
where k = b(KpTJrKi), Wy = % are from the discrete time representa-
e e 7 P

tion. Putting s = pe’? into (3.20) gives:

k(pel? + wp) _ kwo o206

N
L(Pej >_ p2€2j9 - p2

(3.21)

For 0 from —m/2 to w/2, the phase of L(jw) is —26 from 7 to —.
The mapping from the detour s = pe’? (ABC) in s-plane to the L(s)-plane
is a circle A’B’C’ in the clockwise direction. The radius of this cirle is
L(jw)| =

%

nyquist plot.
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Remark The approximation of z-transform wvariable z = eTe ~ 1 + sT, is
very precise for s = jw with ||w|| << 1, thus conserving the static
gain of the original discrete time transfer function. High frequency
behaviour has considerable residuals in the frequency response between
continous and discrete tranfer functions since the consideration z =
esTe ~ 1+ sT. is an approzimation of z about s = j0. That is why we
use exact variable change z = e*Te for high frequency studies.

s-plane L{s)-plane
Im Im
s=jw k(s+wp)
L(S) - 52
kg
p2
C p
L{s) has double poles at {0,0) =) B A' {-26 BI
Re C’ Re

A9 = pe®

- k0o _op
Lijw) = %e 2/

Figure 3.32: Nyquist plot of L(s) = @ for the detour s = pe’?,

Because the radius p of the detour is infinitesimal (p < 1), when p — 0,
the radius of the mapping L(s) = W is |L(s)| = kl% — 0.

As concluded above, the Nyquist plot —1/N(f¢) is the finite interval
[—1/Npin(fe); —1/1.27] on the left half of the real axis. The Figure 3.32
and Figure 3.31 show that the Nyquist plot of C(jw)bG(jw) and —1/N(f¢)
do not intersect and the number of encirlements of C(jw)bG(jw) around
—1/N(fc) is zero.

The conclusion is that the frequency divider does not affect the stability

of the closed loop system when the calculated frequency is fo > 6.25 MHz.

e When the calculated frequency fo < 6.25MHz, the applied frequency

fprac 18 zero.

In this case, with whatever fo < 6.25 MHz value of the calculated
frequency input, the applied output will be zero, i.e. fyqc = 0Hz This
means that —1/N(f¢) goes to —oo. C'(jw)bG(jw) intersects —1/N(fo) at
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the point (—o00,0). This point is the limitation of the segment —1/N(fc).
In other words, whatever change we make on fo, the critical point can
only be moved on the real axis, from (—00,0) to (—1/Nyaz(fc),0). In this
region, the system is stable as already proved above. We conclude that even

at the intersection point (—o0,0), the system is stable.

. r(z) e(z) ) 2| ) fou=0 b Q,(2) . 0% 1 FIFO(z) = y(2)
ererence zZ — 1
Q(2)

Figure 3.33: Open-loop system when the calculated fo < 6.25.

Indeed, this means that the consumer stops consuming data, in other
words, 2 = 0. The closed-loop system becomes an open-loop one, see
Figure 3.33. The input of the FIFO only depends on the disturbance
@1. This disturbance is integrated in the FIFO plant and it has effects
on the input of the controller. Since the disturbance is non-negative, the
magnitude of the error signal e(z) will be gradually increased. This increases
the controller output fe. Thus, fprq Will certainly be positive. When f,4¢
is positive, the loop is closed, our system is stable as proved above.

To conclude, when the calculated frequency is non-positive, our system
is conditionally stable. The condition for stability is that the disturbance
signal 1 is non-negative. In the FIFO model, the disturbance signal Q1 is
the data written to the FIFO, whose value is either 0 or 1. This will turn
into the case of positive f,rq., where the stability is already proved. Hence,

our system is stable.

Using the Nyquist criterion we prove the stability of our system
that contains a cascade combination of a PI controller and an integrator
in the forward part and a non-linearlity in the feedback part. However, in
our application system, in order to apply the Nyquist criterion, many ap-
proximations are required. Indeed, with the hypothesis that the linear part
is low-pass, the describing function, which is the first harmonic approxi-
mation, is used to represent the non-linear part of the system. Moreover,
to demonstrate properties of the linear part C'(z)bG(z) of low frequency
behaviour, we use the approximation z = e*’e ~ 1 + s7...

Therefore, we introduce another approach for system stability analysis

using the topological separation condition, which is more general than the
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Nyquist criterion. This approach allows to consider worst case behaviour
of our non-linear system. This is a strong method that can be used inde-
pendently from the system characteristic (continuous, discrete, linear, non-
linear, etc.). The topological separation stability condition can be directly
applied to our system containing discrete LTI part and the non-linearity.
The mathematical sufficient stability conditions are found and their graph-
ical interpretation allow to prove the stability of our system.

3.2.4.3 Topological separation condition: summary

The topological separation presented hereafter is a stability condition, ap-
plied to an interconnection between a stable LTI open-loop system and a
feedback which may be linear, non-linear, uncertain, etc. To ease the ap-
plication of this stability condition, one may need to use the loop shifting
technique that is now explained.

Notice that the topological separation stability condition already exists.
We provide here a summary of the method and its application to our system.

e Loop shifting technique

Dle) [€

Figure 3.34: The closed-loop system contains a LTI plant G(jw) and a
negative feedback D(e).

Consider a system containing a LTI (Linear Time-Invariant) plant G (jw)
and a negative feedback with block D(e), see Figure 3.34.

By performing a loop shifting with 6 > 0, see Figure 3.35, an equivalent
system containing G(jw) and D(e) is obtained. The new plant G(jw) =
% can be represented as D + C'(e/*T*] — A)~'B) which is stable with
A(A) < 1. The output ¢(¢) from D(e) with the input o(¢) can be represented
as follows: 1(t) = D(o(t)) = do(t) — D(o(t)). The stability of the system in
Figure 3.34 is equivalent to the stability of the one in Figure 3.35.
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Figure 3.35: The closed-loop system with loop shifting.

e The topological separation condition

The topological separation condition of the stability of a system [Safo80S]
can be abstractedly stated as follows. The system containing a stable LTI
part G/(jw) and a static feedback D(e) can be proved to be stable if there
exists a topological seperation between the graphs of G (jw) and f)(o)

e The quadratic constraint approach

The quadratic constraint approach [Hill76T, Goh95R] can be used to

construct the graph seperator. Firstly, it is used to find a characterization

for D(o):
TTio 1 [« o]0 .
FloT [ | [ wsoe o

where i(t) = D(o(t)).

Using this quadratic constraint, one can define the {z,y, z} triplet such
that the Equation (3.22) is verified. The found {x,y, z} triple is the pa-
rameter of the graph seperator where the graph of 15(0) is outside of the
{z,y, z} seperator.

The stability of the system in Figure 3.35 can be proved if the graph of

G(jw) verifies the {z,y, z} seperator:

i1 T« v i
oo [@les om

G(jw)

for every t, where o(t) is the output of G(jw) =
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Based on Parseval-Plancherel equality [Megr97S], (3.23) is equivalent

oo . * ~
i) | [ = v ][ i)
/[OM] [y ] lo(jw)]dm (321)

—0o0

to:

for every frequency w and signal i(jw), where o(jw) = G(jw)i(jw) =
Gljw) -
1+6C]¥(jw)z(]w)'
The inequality (3.24) is equivalent to

/i(jw)* [ G(i’w) ] [ ; Z ] [ Gé’w) ] i(jw)dw < 0,Vw, Vi(jw).

5 (3.25)
Tey
5

The problem of verifying the inequality (3.26) for every frequency w is
NP-hard [Safo09R]. To reduce the complexity, the Kalman-Yakubovich-
Popov (KYP) lemma can be used.

I
G(jw)

1

“ G (jw)

] <0, Vow. (3.26)

e The Kalman-Yakubovich-Popov (KYP) lemma

The KYP lemma for discrete-time system is stated as follows [Rant960,
Dinh05P].

Given a linear discrete dynamical system whose transfer function is

~ ~ . Nt TP " . ~
T(jw)=C (eJ“TSI — A) B+D where A € R™™ so that det (eJ”TS] - A> # 0,
B e R™ and the pair (/1, E) is controllable and the matrices C € RF<",

D € R* and given M = MY € R¥*_ the following two statements are
equivalent:

a) There exists a matriz P = PT € R™" such that:

C«T

DT

ATPA P BTPA

PO P B
ATPB BTPB

M[é D}go (3.27)

is verified.

b) The transfer function T(jw) verifies:

A ~

VweRY T(jw)*MT(jw) <0, (3.28)
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For strict inequalities, the lemma is correct even if (121, E) 1 not controllable.

If such matrix P = P” > 0 can be found then the LTT system 7'(jw)
is stable and (3.28) is verified for every w. Find the matrix P = PT > 0
is an optimization problem and it can be solved efficiently using the Linear
Matrix Inequality (LMI) formulation [Boyd94L]

To summarize, the system in Figure 3.35 is proved to be internally
stable if one can find a {z,y, 2} seperator that verifies the two following

conditions:

1. The graph of D verifies the quadratic separator, meaning that

+oor . T ~

/ i(t) oy || )
o(t) y z || o)

where 1(t) = D(o(t)).

dt > 0,Vt,Vi,0 (3.29)

2. Using the same {z,y, 2} , the graph of G(jw) verifies:

o i(t) ! r oy i(t)
Lol [s2][@]er o
TG ] [e v] it :
@_4 lo(jw)] [y z] [O(jw)]dw<0,Vw,‘v’z,o (3.31)

for every frequency w, where o(t) is the output of G(jw) = %
with the input i(t).
The procedure to prove the closed-loop system stability is as follows:

e Use quadratic constraint to characterize D by finding the {z,y,z}

seperator that verifies the first condition.
e With the same {x,y, 2} triplet, find a matrix P = PT > 0 so that
ol
DT

ATPA P BTPA
ATPB  BTPB

ry

o [é /j}go (3.32)

is verified.
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e Maximum tolerable non-linear gain (Robust stability)

For a closed-loop system proved to be stable as above, one can find the
maximum non-linear gain that the system can tolerate by solving the opti-
mization problem with given y, z and {AB C’D}—LTI system description:

max  ,
r € R,

q€R,
P ¢ R

ATPA—P BTPA S N I I
such that A ) ) N N [C’ D] <0
ATPB BTPB DT y z
r <0,
r > —q,
q>0,

(3.33)

3.2.4.4 Application of the topological separation condition to our sys-
tem

-Dfd

f pruc(t)

(a) (b) (c)

Figure 3.36: System to which the topological separation stability condition
is applied.

As presented above, our system can be considered as a Linear Time-
Invariant (LTI) C(z) - b- G(2) plant and a non-linear feedback D(fc), see
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Figure 3.36-a, where the non-linearity comes from the quantizer used to
map the calculated frequency fc to the practical frequency f,... applied.
The LTI part is a cascade combination of a PI controller and an inte-

grator. The transfer function is:

0.75z — 0.625
Cz)-b-G(z2) = —F———— 3.34
()b Gl) = s (334)
To ease the application of the topological separation condition, firstly a loop
shifting is performed to our system, with § = 2.5, see Figure 3.36-b,c. The
transfer function of the loop shifted plant G/(z) is:
0.75z — 0.625

Gl2) = 2 0195- — 05625 (3.35)

which is stable.
The minimal state space representation of the loop shifted transfer func-

tion is:
0.125 0.5625 1
A = . B = ,
1 0 0 (3.36)
C = [0.75 0625 |, D = o0

The non-linear part is a quantizer whose input and output are presented
in Figure 3.37. In the case where the non-linear function is situated in a
sector, it is sufficient to use equivalent gain —D(f¢) = f’}% for represent-
ing this static frequency-independent non-linearity. Note that D(fq) €
[Drin(fc)s Dimaz(fc)] where Dpin(fo) = 0 and Dyex(fe) = 2. Then, the
loop shifted non-linear block D(f¢) is represented using the gain D(f¢) =
fi; = fpr“}:‘sfc = _D(fc}£0+5fc = d—D(fc). The plot of the loop shifted non-
linearity D(f¢) is, hence, a finite segment [Diin(fc), Dimaz(fo)] = [0.5,2.5]

on the complex plane (see the red segment in the Figure 3.38).

Using the quadratic constraint approach, we can find the {z,y, z} char-
acterization of the graph of D(f¢). The graph of {x,y, z} is the separator
that isolates the two graphs D(fe) and G(z) in two separated parts of the
plane. We consider here two applications as follows.

In the first application, the {z,y, z} separator is a line that leaves the
graph of D(f¢) on the right semiplane. With {z,v, 2} = {—2.76, 3,0}, the
separator is the vertical line ¢ = 0.46. Figure 3.38 shows that the blue
line is the separation where the finite segment [f?mm( fC);ﬁmax( fc)] is on
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Dmax
fprac

100 |- —
50 [---------/---
25 |77 -
12.5(-

i ! | Dmin

6.25 18.5 37.5 75
fe

Figure 3.37: Input fo and output f,... of the non-linear block which is a
quantizer.
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Figure 3.38: Nyquist plot with the semiplane separation.

the right of the line and the Nyquist plot G/(jw) is on the left. Using the
Robust control toolbox, we can efficiently solve the LMI problem to find
matrix P = PT > (0 which verifies the KYP lemma on page 131 with:



CHAPTER 3. FIFO-LEVEL CONTROL POWER MANAGEMENT METHOD AND
136 ITS APPLICATION

. R R T T
A:A,B:B,C:[O CT] ,D:[l DT] . In this case, the matrix

P is:
2.4 —-1.91
p| 240 19 (3.37)
—-191 1.61

with eigenvalues \; = 5.22 x 1072 and Ay = 3.96.

An optimization problem can be solved to find the maximum possible
G-C-b
1+G-C-5D(e) "
the current {x,y, 0}-semiplane application, the maximum x that verifies the

gain for the non-linearity of the original closed-loop system In
robust stability condition on page 132 is x,, =~ —2.64. The separator is

the vertical line ¢ = 0.44. The matrix P, is:

225 —1.9 ] (338)

P, =
Pt [—1.9 1.66

with eigenvalues \; = 3.62 x 1072 and )\, = 3.88. For this optimization
case, the D0, = 0 —c = 2.5 —0.44 = 2.06 is the maximum non-linear gain
that the system can tolerate under particular 6, y, z.

In the second application, the {z,y, 2z} separator is a circle that encircles
G(jw) and leaves the graph of D(f¢) outside. With {x,y, 2z} = {—2.3,2,2},
the centre is (¢,0) with ¢ = —% = —1 and the radius is r = \/Z—i — I x 1.47.
In the Figure 3.39, the blue circle is the graph separator where the finite
segment [Dyin(fc); Dmaz(fe)] is outside of the circle and the Nyquist plot
G(jw) is inside. The LMI problem is found to be feasible with P = P > 0

2.2 —1.
p— > L7 (3.39)
—1.79 1.52

which verifies the KYP lemma on page 131. The eigenvalues of P are
A1 = 6.02 x 1072 and Ay = 3.70.

Similarly, an optimization problem can be solved to find the maximum
tolerable non-linear gain of the system HGGC—%(.) In the current {z,y, z}-
circle application, the maximum z that verifies the robust stability condition

on page 132is z,, = —2.21. The separator is the circle with the same centre
(—1,0) and the radius r = \/z—z — 2~ 1.45. The matrix P, is:

221 —1.78
P, = 3.40
Pt [—1.78 1.49 ] (340)
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Figure 3.39: Nyquist plot with the circle separation.

with eigenvalues \; = 3.59 x 1072 and )y = 3.66. For this optimization
case, the value D,,p, =0 —r —c=2.5—145+1 = 2.05 is the maximum

non-linear gain that the system can tolerate under particular ¢, y, z.

To conclude, in two applications of the {x, y, z} separator, namely {x,y, 0}-
semiplane and {z, y, z}-circle, the LMI feasibility problem is solved by find-
ing the matrix P = PT > 0 that verifies the KYP lemma. The closed-
loop system with interconnected G(jw) and D(e) is stable. Equivalently,
the original system containing the Linear Time-Invariant (LTT)
C(2)-b-G(z) plant and the non-linear feedback —D(e) is also stable.

In this application, the topological separation approach is used only
for stability analysis. However, it is also useful for performance analysis,
and furthermore, robust performance analysis, when the consuming speed
of the consumer module is constrained. Moreover, the implementation of
the DFS method may contain some uncertainties, especially in hardware
implementation. Characterization of these uncertainties in finding some
{z,y,z} can be used to define the worst-case bound of the uncertainties
that the system can tolerate. Inversely, one can find what is the worst-case
performance for a known uncertainty. With whatever uncertainties D(e)

whose graph is maintained outside the {z,y, 2z} separator, the system is
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still stable. These analysis problems can be considered as a perspective
work of the thesis.

3.3 MATLAB simulation results

As mentioned in the FIFO link modeling in Subsection 3.2.1, we performed
the simulation of the VENGME platform encoding benchmark video frames
to trace data flow in the FIFO link. The traced data contains the producer
frequency fp, the status of the producer input, the status of the producer
output (stall or not), the number of packets written into FIFO @1, the FIFO
level FIFO, the consumer frequency, the status of the consumer input (stall
of not) and the number of packets read from FIFO (2 at time instants ¢.

From the data in the simulation trace, the system and controller have
been modeled using the MATLAB environment. In this simulation, the
maximal FIFO level is 7, due to silicon resource limitation, and the reference
level is chosen equal to 2. As explained in Section 3.2.2, a non-uniform
quantizer is used to map the calculated frequency from the controller to the
frequency applied on the consumer. The consumer frequency is taken in
the set of values {0, 12.5,25,50,100} MHz This discrete set of values for
fc adds non-linearities in the system. For getting the simplicity, these non-
linearities are not considered in the simulation. However, the anti-windup
mechanism is applied.

Frequency f. FIFO level

Fifo

L " L E 2 L . . L L
1160 1161 1162 1163 1164 1165 1166 1160 1161 1162 163 1164 1185 1166
time [ps] time [ps]

Figure 3.40: Simulation results for closed-loop poles z; 5 = 0.5 £ 0.2¢ (left:
clock frequency fe, right: FIFO level).

The choice of the closed-loop poles is highly important because they
will impose the closed-loop dynamics. Firstly, a fast closed-loop dynamics
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response is considered and the poles 215 = 0.5 £ 0.2¢ are chosen as an
example. Figure 3.40 shows the closed-loop behavior of the FIFO level
(right) together with the clock frequency value (left). It is seen that even
if the FIFO level is high, the FIFO is not full. The consumer frequency is
mapped to 25MHz or 50MHz. Even if the behavior is satisfactory (taking
into account the disturbance Q1), from an implementation point-of-view,
this pole choice will imply strong constraints on the clock frequency engine
(i.e. actuator) that delivers fo. Actually, this latter will react as soon as
a change in the system is detected, leading to many changes in the clock
frequency engine output. Note that these fast changes will add extra power
consumption.

Frequency f. FIFO level
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Figure 3.41: Simulation results for closed-loop poles z; 5 = 0.9 (left: clock
frequency f¢, right: FIFO level).

As a consequence, another pole selection is proposed, ;2 = 0.9, in order
to slow down the closed-loop dynamics and impose less constraints on the
clock frequency engine. The simulation results are shown in figure 3.41. For
this pole selection, the FIFO level is changed gradually, in comparation to
the first pole selection. As expected, the behavior is consistent with the con-
trol requirements while the clock frequency engine supports less dynamics

constraints.

Both simulation cases show the effectiveness of the PI control for the
FIFO level. The controller must now be implemented in hardware (i.e. in
Silicon, not in Software). This Silicon implementation will impose extra
constraints in order to limit the Silicon area of the controller. The imple-

mentation details and related results will be presented in Chapter 4.
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3.4 Conclusion

In this chapter, a method to dynamically scale the clock frequency based
on control theory is proposed. The control input is the FIFO occupancy
level. A FIFO-based system containing FIFO links, where each link con-
nects producer and consumer, was firstly modeled. A PI controller scheme
that is simple, possibly implemented in hardware and independent from the
application is designed.

The control system stability is analyzed. Because the non-uniform quan-
tizer for frequency mapping adds non-linearlities in the system, the stability
analysis using poles position is not sufficient. The method of stability anal-
ysis using the describing fucntion approach is applied. According to the
Nyquist stability criterion, our system is proved to be stable. A more gen-
eral approach, namely, the topological separation condition, is also applied
to our system. The advantage is that this approach can be used directly
to our system without any approximation. The system is also proved to be
stable under the topological separation condition.

MATLAB simulations are performed. The results also give a first idea
on how the system will behave according to the pole value selection. The
pole selection will be consider carefully later, from the implementation con-
straints view point. The details on implementation and verification and the
validation results will be presented in Chapter 4.



Chapter 4

Implementation and validation of
the FIFO-level based DFS

method

As analyzed in Chapter 2, the VENGME platform has nice but not out-
standing power results. We can improve its power characteristics by imple-
menting Dynamic Power Management (DPM) methods. Dynamic Voltage
and Frequency Scaling (DVFS) is an efficient method that reduces both
energy and power consumption. Moreover, DVFS can be applied after the
design phase to dynamically decrease the power during operation. Due
to the implementation constraints and the design at hand, DFS is firstly
applied. Then, DVS can be developed to perform DVFS.

Chapter 3 has introduced the FIFO-based DF'S method to reduce power
consumption for every FIFO-based system, as the VENGME video encoder.
The method is expected to be implemented for buffers embedded in the
VENGME platform. However, in the first step, the FIFO /buffer link to
transfer data between the Entropy Coder (EC) and the bytestream Network
Abstraction Layer data packer (NAL) of the EC-NAL module is selected to
implement this FIFO-based DFS method because the EC-NAL module has
a large power consumption in comparison to the other VENGME modules
that work for all video frames. Another reason is that the EC-NAL module
design is one of the contributions of this work, so that, deep understanding

of the module architecture enables modification and data tracing during

141
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simulation to verify the DFS method.

In Chapter 3, the system modeling, the control design and stability anal-
ysis have been presented. The MATLAB simulation results give some early
idea on how the system will behave according to the pole value selection.
The method is then implemented in hardware. The details of implementa-
tion and its verification/validation results are presented hereafter.

4.1 Hardware design and implementation

In order to implement the FIFO-level-based DFS method to the FIFO link
embedded in the EC-NAL module, the original EC-NAL module has to be
split into two frequency domains, namely the one contains EC module and
the one contains NAL module. The domain containing EC module operates
at B0MHzfrequency. The other domain operates at a frequency that is
selected by the DFS method actuator, i.e. the PI controller. Figure 4.1
illustrates an overview of these modifications: the original architecture of
the EC-NAL module in the higher part and the modified one in the lower
part. In comparison to the original EC-NAL module, besides the FIFO
modification, some blocks (in blue) are newly added.

Firstly, to implement the interface between two clock domains, in other
words, the Clock Domain Crossing (CDC) interface, one must ensure the
synchronization of signals to avoid metastability. Synchronizer is used for
single-bit signals and asynchronous FIFO is used for multi-bit data trans-
ferring. This synchronization will be discussed more in Subsection 4.1.1.

Secondly, to perform frequency scaling, different frequencies must be
generated. Because the platform at hand does not contain any phase-locked
loop (PLL), at architecture level, we implement some frequency dividers to
obtain clock signals of different frequencies. The details of the frequency
divider implementation in the EC-NAL module will be presented in Sub-
section 4.1.2.

The frequency divider in the module EC-NAL generates four clock sig-
nals of frequencies 12.5, 25, 50 and 100 MHz. A multiplexer for clock signal
is implemented to select the operating frequency for the NAL module. To
stop the clock, a clock gating cell is used. Both multiplexer and clock gating
cell are provided in the cell library.

Finally, the PI controller designed in Chapter 3 is modeled in VHDL
and then implemented. To limit the Silicon usage, some constraints affect
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Figure 4.1: Architecture of the original and modified EC-NAL modules to
apply the FIFO-level-based DFS method.

the poles selection and the PI implementation. These constraints and the
implementation details will be explained in Subsection 4.1.3.

All the implementation details are now presented for the application of
the FIFO-level-based DFS method to the EC-NAL module, from the syn-
chronization in the CDC interface to the implementation of the frequency
divider and the PI controller.

4.1.1 CDC interface implementation in EC-NAL module

Firstly, we explore metastability in interfacing two clock domains and the
use of synchronization techniques for transferring signal and data. Then
the implementation of synchronizers and asynchronous FIFO to the CDC
interface in the EC-NAL module is explained.
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4.1.1.1 Metastability and synchronization techniques

In digital systems, a signal can be in an indeterminate state, i.e. it cannot
be determined to be stable at ‘0" or ‘1’ logic level within the time required
for proper circuit operation. In synchronous systems, a clock signal is used
to sample signals, if set up and hold times for flip-flop are satisfied, this
metastable state can occur without causing a problem.

In CDC interface, the design becomes asychronous at the boundary of
two domains, metastability is inherent. Figure 4.2 shows an example of the
signal adat crossing two clock domain and being sampled, the result is the
signal bdat that falls into metastable state. The signal bdat will be then
propagated into the receiving domain. It causes unreliable data transfer.
Thus, in CDC design, synchronization techniques [CummO8C, Jainl4S]
presented hereafter are required.

- =
- -

F 3 -
9 >Ct11n

e

... causing invalid data to be propagated
throughout the rest of the design

[ 7? >O“n" B
dat. adat | hdatl | 22 -
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Clocked signal is
bdatl T T — T initially metastable

Figure 4.2: Metastable state of CDC signal and the propagation of the
signal in the design [CummO08C].

Synchronizers are used to sample an asynchronous single bit level sig-
nal. The synchronizer output is a version of the signal that has transitions
synchronized to the local clock.

The conventional two flip-flop synchronizer is the most commonly used
by designers. As shown in Figure 4.3, the output of the first flip-flop B1-q
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may go into a metastable state. However, during one clock cycle of the clock
CLK _B in the domain B, it will be settled to some stable value, thus the
output B2-q is dertermined. If B1-q does not settle into a stable value,
then B2-q goes to metastable. The Mean Time Before Failure (MTBF) is
calculated for CDC signals. Failure means that the CDC signal is still in
metastable state after passing the two stages flip-flop synchronizer. Larger
MTBF is preferred. It indicates that the probability for the synchronizer
output signal to be metastable is close to zero. The MTBF is inversely
proportional to the synchronizing clock frequency and the data changing
frequency. For high-speed designs, a larger number of stages might be used
to increase the MTBF.

Clock ADomain | Clock B Domain
| CLKA | | | | |
Sig_1 —d [ of—
A | Bl 82 M
K A—> I K8 I Lt L7 .13
| Y
ClK_8 : B2.q /
|

Figure 4.3: Conventional synchronizer with two flip-flops [Jain14S].

The toggle synchronizer, see Figure 4.4, is used for pulse synchronization,
i.e. to generate a pulse in the receiving domain when there is a pulse in the

sending domain.
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Figure 4.4: Toggle synchronizer for pulse synchronization [Jainl4S].

For a multi-bit signal, each bit is sampled using a conventional synchro-

nizer with two flip-flops. However, the outputs of these synchronizers may
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not settle to correct value at the same clock. Gray encoding is used to avoid
this data incoherency. It ensures that there is only one single bit change at
a clock cycle. The use of Gray encoding is illustrated in Figure 4.5 where
a Binary to Gray converter is employed in the sending domain and a Gray

to Binary converter is used in the receiving domain.

Clock A Domain . Clock B Domain

Gray to
Binary
converter

Binary to
Gray
converter

Sig_1

2 ;
Al | B1 B1

CLK_A i
CLK_B ; ﬁ P

Figure 4.5: Gray encoding used for multi-bit signals [Jain14S].

Asynchronous FIFO implementation is interesting to address our multi-
bit CDC signals. A FIFO contains a memory block (or registers) which
data can be written into until it is full and read from until it is empty.

A synchronous FIFO employs binary counters for writing and reading
pointers. The write pointer points to the next words to be written while the
read pointer points to the current word to be read. At the beginning, both
pointers are reset at zero, the FIFO is empty. Then, the pointer will be
increased after each writing (or reading) operation. The FIFO is considered
full when the last writing operation increases the write pointer by one and
then it is equal to the read pointer. The FIFO is considered empty when
the last reading operation increases the read pointer by one and then it is
equal to the write pointer.

For a CDC FIFO, see architecture in Figure 4.6, writing and reading
clocks are asynchronous which complicates the pointers comparison and
thus, empty /full decision. Because both pointers are asynchronous, each one
must be synchronized into the other clock domain for comparison. Hence,
Gray encoding is used and Gray code counters are implemented in asyn-
chronous FIFO. These important details in asynchronous FIFO design are
explained in [Cumm02S].

For gate-level simulation, metastability in the first stage flip-flop of the
CDC synchronizer can cause errors. Then, the signal of value X is propa-
gated into the design. There are many ways, dependent or not on the sim-
ulation tools, to address the problem. Using synchronizers from the ASIC
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Figure 4.6: Architecture of an asynchronous FIFO [CummO02S].

library cell is one solution that is independent from the simulation tools.
The use of ASIC library cell synchronizers can avoid this X-propagation by
annotating the setup and hold time on a synchronizer cell to 0 [Cumm08C].

4.1.1.2 Implementation of the synchronizer

As shown in the original architecture, there are some signals from the En-
tropy coder to control the NAL data packer and from the NAL data packer
to inform its status to the Entropy coder. When these signals pass through
two different clock domains, synchronizers must be used. For the gate-
level simulation of the EC-NAL module, we directly use the synchronizers
provided in the ASIC library cell.

4.1.1.3 Implementation of an asynchronous FIFO

In the EC-NAL module, the entropy encoded data is transferred from the
entropy coder (EC) submodule to the NAL data packer submodule via a
FIFO. Simulations at RTL level help to decide the appropriate FIFO size so
that the data transfer is kept fluently while it does not consume too much
Silicon resource. The FIFO size between EC and NAL is chosen equal to 7.
To verify the FIFO functionality, it is implemented in the EC-NAL module
inside the VENGME platform. During the system simulations, the platform
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encodes standard reference videos [VidLib]. These encoded videos are then
decoded successfully using the reference software video decoder JM18 [JM].

When the EC-NAL module is split into two clock domains, the FIFO
must be an asynchronous one. The FIFO is designed with the details pre-
sented above, i.e. using Gray code counters for write and read pointers,
synchronizers for pointer comparison and full (empty) decision.

The modified FIFO is also embedded into the VENGME EC-NAL mod-
ule, replacing the original synchronous FIFO. Simulations at 50 M Hz show
that this asynchronous FIFO operates properly.

Simulation results at RTL level, i.e. the Value Change Dump (VDC) file,
are then used to estimate the FIFO power consumption using SpyGlass. The
results, presented in Section 2.5, page 89, show that the FIFO modification
increases only about 6.5% of the total EC-NAL module power consumption.
This increment is expected to be small enough compared to the power gain
expected by the DFS method implemented in the EC-NAL module.

4.1.2 Implementation of a frequency divider

The NAL operating frequency is selected from a set of available frequencies
to perform the DFS. A frequency divider is used to generate different clock
frequencies for the NAL module.

-

-1]1-

_‘I 1~
:

CLK 16

r-

Figure 4.7: A four-bit binary counter used as frequency divider [HyPh].

A frequency divider takes as input a frequency f;, and provides as output

a frequency f,,; where f,,; is a divisor of f;,. In digital design, a simple
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binary counter can be used for power-of-two integer division. Figure 4.7
shows an example of a four-bit binary counter which is used to divide the
input frequency f to obtain output frequencies %, %, % and 1f—6.

In the VENGME platform, there are two clock signals, namely the main
clock of frequency 50MHz and the max clock of frequency 100MHz. The
max clock is chosen to be the frequency divider input. A three-bit counter
is implemented to perform frequency division. The set of output frequencies

is {12.5, 25, and 50} MHz.

4.1.3 Implementation of the Pl controller

The hardware implementation of the controller which has been designed in
Chapter 3 is now presented. The pole selection has effect on the controlled
system behaviour. Due to hardware constraints and dynamic constraints in

pole selection, the controller coefficients are computed.

4.1.3.1 Implementation of the Pl controller

From the controller transfer function (in the z-domain)

fe(z) B z
2fo(2) — fo(z) = (K, + K;)2E(z2) — K,E(2) (4.2)
the recurrence equation is derived:
folk+1)— fe(k) = (K, + K;))E(k+1) — K,E(k) (4.3)
which is equivalent to:
fok) = fe(k—1)+ (K, + K;)E(k) — K,E(k — 1) (4.4)

A calculating circuit can be constructed from (4.4) to calculate the con-
sumer frequency fc(k) from fo(k—1) and from the errors E(k) and F(k—1).
This calculating circuit contains two multipliers with constants (K, + K;)
and £,

To avoid implementing multipliers with too large coefficients, the calcu-
lating circuit is modified as follows:

K K; K
LE(;{;) _p
12.5 12.5

fsa(k) = fsa(k = 1) + E(k—1) (4.5)
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where f,; is defined as the value to select the corresponding consumer
frequency, which is equal to ﬁ fo. Figure 4.8 illustrates the calculating

circuit.

E(k)

M

Figure 4.8: Calculating circuit to be implemented.

fse\(k)

4.1.3.2 Controller coefficients requirements and selection

The hardware implementation becomes easier if the closed-loop poles are
chosen so that the coefficients of the multipliers are multiples of %. In this
way, it will require at most only three bits to represent the fractional part
of the binary expression.

The closed-loop poles must also ensure the expected performances for
the closed-loop system (including the stability). As shown in the simulations
performed in the MATLAB environment, having poles with small absolute
values will introduce strong dynamic constraints on the clock frequency
engine. Therefore, the poles that will be selected have to limit the overload
(in terms of fast changes) on the frequency engine. Moreover, real poles will
be preferred in order to avoid pseudo-periodic behaviours for the output
system.

Taking into account the range [0.5, 1] for the closed-loop poles, 21 differ-
ent pairs of poles that satisfy all the constraints above can be selected. All
the 21 corresponding controllers have been modeled in VHDL and then em-
bedded in the EC-NAL module for a simulation at RTL level. Simulation
results verify the PI controller behaviour in the EC-NAL module. More
details on the simulation is presented in Subsection 4.2.2. The preferred
controller is the one that keeps the FIFO not full nor empty for a long
period while the rate of change of the frequency f¢ is low.

Figure 4.9 presents the architecture of such a controller, whose poles are
21 = 0.75 and 2z, = 0.5. Hence K, = —31.25 and K; = —6.25 and fy is
given by

5

fua(k) = fualh = 1) = SE() + SB(k = 1) (4.6
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Figure 4.9: The controller with z; = 0.75 and z, = 0.5 is integrated into
the EC-NAL module.

The implemented calculating circuit contains only four adders and two
registers. The multiplications by 2 and 4 are simply done by bit-shifting. To
perform frequency non-uniform quantizer, a comparator and multiplexer are
added to select the corresponding frequency from the available set of clock
signals. These signals are delivered by a frequency divider implemented
using a four-bit counter. Note that to save Silicon area, it is preferable for
the calculating circuit to have small fractional part in binary expression and
few adders.

4.2 \Verification of the FIFO-level-based DFS method

To apply the DFS method presented in Chapter 3, the EC-NAL module has
been modified. Simulation is done, at RTL level, to verify that the modifi-
cations do not change the functionality of the EC-NAL module and of the
VENGME platform. Moreover, simulations demonstrate that the imple-
mented DFS method changes the frequency of NAL module. This section
presents how the verification is performed and the simulation demonstra-

tion.
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4.2.1 Verification methodology

The modified version of the EC-NAL module is proved to operate correctly
if it can generate the same output encoded video data as the original EC-

NAL module from the same input.
e Control method integration

The PI controller is then integrated into the VENGME video encoder in
order to evaluate its performance within the encoder, when a benchmark of
videos is run. The integration of the controller is described in Figure 4.10.

Control signals

Status signals

Transformatlon-JJ. Full Empty
Quantization
Data Data
Intra prediction ]I- | | -
Write enable] Read enable
Inter predlction:II- 1 n

Write clock Read clock

EC-NALmodule

Main clock Max clock —>

fo = 50MHz fuiax = 100MHz
| Clock generator |

VENGME platform

Figure 4.10: Integration of the DFS controller in the H.264 encoder.

The main clock (50MHz)which is used for most of the modules in the
H.264 encoder is used for the EC submodule.

Moreover, in the VENGME H.264 encoder, a clock generator whose
maximal frequency is 100MHz is already implemented. The clock signal
after the gating clock cell is used as the input of the frequency divider.
According to the controller decision, this clock signal can be gated if the
selected frequency is 0Hz The four output clock signals of the frequency
divider (12.5, 25, 50 and 100MHz) can be selected. The clock for the NAL
submodule and the reading clock of the asynchronous FIFO is selected using
the f signal delivered by the PI controller.
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4.2.2 Simulation demonstration

When the FIFO occupancy level reference value is changed, a trade-off be-
tween the power consumption and the computing performance is performed
[Wu05V]. In this hardware simulation, the reference value is chosen equal
to 3, i.e. where the FIFO is half-full. The simulation results prove again
the impact of the closed-loop pole values. For controllers with the mod-
ule of the associated closed-loop poles close to 1, the consumer frequency
and FIFO level change gradually. For instance, for closed-loop poles equal
to z1 = 0.875 and 2z, = 0.75, the maximal frequency of 100MHz is not
reached, even when the FIFO is full for a long time. The consumer fre-
quency jumps up one step at once. With the controller whose associated
poles are z; 9 = 0.5, the FIFO is rarely full and the consumer frequency can
jump from OMHz to 50MHz in just one sampling time.

-4 Producer freq. s T I S s I e T T L
smpmmemmmmmmm—— Read clock

changed - ez % s

i
208688 20 T6EFAS 00000 feoscasts EA3GE4 14001 E3g T {ZFAE026000000000 OiEzocer f | 2 |
i sel signa
B concumer freq.
|

Figure 4.11: Waveform of the selected PI controller applied on the EC-NAL
module.

Figure 4.11 shows simulation results when the controller reacts in a
smooth way and the FIFO is rarely full. This selection is also appropriate
in terms of hardware implementation. It costs only four adders and one
bit for the fractional part. The closed-loop pole values are z; = 0.75 and
29 = 0.5. Hence K}, = —31.25 and K; = —6.25. The simulation is performed
using ModelSim from Mentor Graphics. The simulation waveforms, see
Figure 4.11 show that while the clock frequency on the “write side” of the
FIFO (i.e. producer frequency) keeps unchanged, the clock frequency on the
“read side” (consumer frequency) varies according to the control decision.
The control decision can be seen on the figure as the values of the signal
fse1(0,1,2,4,8) that are related to the frequency values 0, 12.5, 25, 50 and
100MHz.
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4.3 Validation of the control of the FIFO occu-
pancy level for DFS

This section presents how we validate that the FIFO-level control reduces
the power consumption. The validation method is presented in Subsec-
tion 4.3.1, including the modeling and simulation process descriptions. In
each experimental step, i.e. modeling at behavioural level, synthesis and
post-synthesis simulations and gate level power estimation, power reduc-
tion is estimated. Subsection 4.3.4 discusses the results.

4.3.1 Validation methodology

Figure 4.12 illustrates the experimental steps to finally estimate the power
gain when applying the proposed DFS method. After the system mod-
eling, the controller is designed and modeled in MATLAB. These steps
at behavioural level, including simulation in MATLAB, were presented in
Chapter 3. The DFS control method, i.e. the PI controller, the frequency
divider and all the modifications on the EC-NAL module, is modeled in
VHDL as presented in Section 4.1. The controller is then integrated into
the VENGME EC-NAL module, with modifications as discussed above.
The module is synthesized with the 28nm FDSOI technology from STM
using RC synthesis tool from Cadence. The post-synthesis simulation using
the module EC-NAL netlist in the VENGME platform shows the control
operations at gate level. The power consumption of the EC-NAL module is
estimated using PrimeTime from Synopsys.

For comparison, the original EC-NAL module is also synthesized, simu-
lated at gate level and its power consumption is estimated.

Each step enables an estimation of the power reduction but the lower
level power estimation has more precise results. The results are presented

hereafter.

4.3.2 Power gain estimation at behavioural model level

At behavioural level, the power reduction gain of the DFS method proposed
in Chapter 3 is estimated using MATLAB simulations. These simulations
are performed before the controller is modeled in VHDL, see Figure 4.12,
that is, before the final values of the controller coefficients are decided for
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Figure 4.12: Validation flow of the DF'S control based on FIFO occupancy
level.

implementation. Therefore, for the MATLAB result presented hereafter,
the closed-loop pole values z; 9 = 0.5 £ 0.2¢ are selected as an example of
the PI controller to be implemented.

In the MATLAB simulations presented in Section 3.3, the controlled
frequency is recorded, as shown in Figure 3.40, page 138. This gives an idea
on the power consumption figure during the simulation, because Py, ~ f.
The dynamic part of the energy possible gain on the consumer side, is
evaluated in the MATLAB environment thanks to an integration of the
consumer clock frequency fo over a time period of 0.1s. When compared to
the solution without FIFO level control, the gain is equal to 96.8%. Note
that this gain is only on the dynamic part of the energy of the consumer,
i.e. the NAL submodule. In real life, it will be smaller, this result is very
optimistic because it does not take into account extra consumption related
to the control part and the asynchronous FIFO. Again, applying dynamic
voltage scaling (DVS) will improve this gain.



CHAPTER 4. IMPLEMENTATION AND VALIDATION OF THE FIFO-LEVEL
156 BASED DFS METHOD

4.3.3 Power gain estimation at gate level

To accurately estimate the power reduction reachable by the proposed con-
trol method, power estimations using the netlist of both the original and

the modified versions of the EC-NAL module are performed.

4.3.3.1 Synthesis results

The proposed control method requires the implementation of an asynchronous
FIFO and the PI controller that will add extra Silicon and power consump-
tion. For FD-SOI 28nm technology, the RC synthesis tool from Cadence
shows a Silicon area overhead of 10.8% when compared to the original EC-
NAL module. Note that in our application, DFS is applied only on the
NAL submodule, that is the so-called consumer. Because it is a very small
block, the power consumption gain on the total EC-NAL module is only
1.6%. This latest result is obtained without Vy, scaling. Thus with DVF'S,
the power consumption can be decreased even more because Py, ~ [V

In both versions of the EC-NAL module, the EC submodule is un-
changed. Thus, from now on, only the results on the other parts of the
EC-NAL module, i.e. the FIFO and NAL submodule, are presented and
analyzed.

Table 4.1 illustrates the synthesis results of the original “consumer”
part, containing the synchronous FIFO and the orignal NAL submodules.
Note that in this table, the orignal NAL submodule is in the same order of
magnitude to the synchronous FIFO regarding area and power consumption.
Indeed, the original NAL submodule uses only 1164 cells, slightly more than
the 906 cells of the synchronous FIFO.

Table 4.1: Synthesis results of the original NAL submodule and of the
synchronous FIFO

Core sync. FIFO original NAL Total
Silicon resource
(cell)
Power consumption
(x107%mW)

906 (43.8%) 1164 (56.2%) 2070 (100%)

348.924 (53.1%) | 307.653 (46.9%) | 656.577 (100%)

Table 4.2 illustrates the synthesis results of the modified consumer, con-
taining the PI controller, the frequency divider, the asynchronous FIFO and
the modified NAL submodule. The results show that the additional Silicon



4.3. VALIDATION OF THE CONTROL OF THE FIFO OCCUPANCY LEVEL FOR
DFS 157

for the PI controller and the frequency controller is small, only 75 cells, in
comparison to the NAL submodule (1175 cells). However, the asynchronous

FIFO requires more Silicon resource.

Table 4.2: Synthesis results of the modified NAL submodule and the asyn-
chronous FIFO

PI frequency async. modified
Core . Total
controller divider FIFO NAL
Silicon
resource 66 (2.7%) 9 (0.4%) 1184 (48.6%) 1175 (48.3%) 2434 (100%)
(cell)
Power
consumption | 41.176 (3.3%) | 6.601 (0.5%) | 566.037 (45.6%) | 629.065 (50.6%) | 1242.879 (100%)
(x107%mW)

Because the RC synthesis tool estimates the power consumption based
on the assumption on average activity of the circuit, this number is not yet
accurate and only for reference.

4.3.3.2 Post-synthesis simulation results

Post-synthesis simulations are performed on the netlist of the EC-NAL mod-
ule operating in the RTL VENGME platform with the same testbench for
both the original and modified versions of the EC-NAL module. For this
testbench, the VENGME platform encodes the first video frame in the ref-
erence video Foreman [VidLib]. The test video is in QCIF resolution due
to space limitation.

The simulations show the operations of the DFS control method and
its effect on the frequency of the NAL submodule. Table 4.3 shows the
percentage of time spent in each frequency value of the NAL frequency in
both simulation cases.

This result provides a rough estimation of the power reduction by using
the DFS FIFO-level control method, see Figure 4.13.

Because the dynamic power, which is the dominate part of the power
consumption, is proportional to the operating frequency, the ratio between
the average power consumption of the original NAL submodule and of the

modified NAL submodule is calculated as follows:
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Table 4.3: Frequency for the NAL submodule during simulation time og
VENGME test video

origininal NAL | modified NAL
Frequency
time (%) time (%)
100MHz - 5
50MHz 100 15
25MHz - 10
12.5MHz - 10
OMHz - 60
Percentage of
time (%)
T .
1
1
!
167.5% |
1
1
!
1
40 1
30 :
1
20
5
0 125 25 50 100 Frequency (MHz)

Figure 4.13: DFS control method: estimated power reduction from post-
synthesis simulation results.

Power consumption of the modified NAL

Power consumption of the origininal NAL
__ Dynamic power of the modified NAL

“"Dynamic power of the origininal NAL (4.7)
-5 x 100+ 15 x50+ 10 x 25+ 10 x 12.5 + 60 x 0
N 100 x 50
325
100
Thus, the power reduction is approximately equal to
100 — 32.5
—— =67.5% (4.8)

100
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These simulations at gate level also enable estimation of power consump-
tion based on the real activities of the circuit which is recorded in a Value
Change Dump (VCD) file.

4.3.3.3 Power estimation results at gate level

Power estimation using PrimeTime from Synopsys is performed based on
the activity of the circuit during post-synthesis simulation which is recorded
in the VCD file. Power estimation is done on both the original and the
modified versions of the EC-NAL module.

The results in Table 4.4 are the power consumption of the origininal
version, which contains the synchronous FIFO and the origininal NAL sub-
modules. The two submodules consume in average 2.126 x 10~%*mW  which
is obviously smaller than the number estimated based on the assumption of
the average activity of the circuit in the synthesis phase.

Table 4.4: Power results of the synchronous FIFO and of the origininal NAL
submodules

Core Synchronous original Total
FIFO NAL
Total power consumption (mW) | 1.338 x 107°* | 7.876 x 107% | 2.126 x 107
Dynamic power (mW) 1.309 x 107%* | 6.9243 x 1079 | 2.001 x 10~
Leakage power (mW) 2.952 x 107 | 9.515 x 107% | 12.467 x 107%

Table 4.5 presents the power consumption of the modified version, which

contains the controller, the frequency divider, the asynchronous FIFO and
the modified NAL subemodules.

Table 4.5: Power results of the controller, frequency divider, asynchronous
FIFO and modified NAL submodules

Core Controller Frequency Asyne. modified Total
divider FIFO NAL

Total
power 7.621 x 10796 | 2.019 x 1079 | 1.594 x 10794 | 3.208 x 10795 | 2.011 x 10794
(mW)

Dynamic
power 6.482 x 10796 | 1.787 x 10796 | 1.541 x 10794 | 2.241 x 10795 | 1.848 x 10794
(mW)

Leakage
power 1.139 x 10796 | 2.323 x 10797 | 5.267 x 10796 | 9.671 x 10796 | 16.309 x 10~6
(mW)
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To demonstrate the effect of the DFS control method on the power
consumption, the average total power of both versions are compared. It
shows that the power reduction that the proposed method achieves
when applied in the FIFO between the EC and NAL submodules is
only 5.3%, from 2.123 x 10~"mWV to 2.011 x 10~*mW . This result is not
equivalent to the power reduction of 67.5%, estimated in the post-synthesis
simulation. Indeed, the estimation in the post-synthesis simulation based
on the NAL frequency is equivalent to the estimation on dynamic power of
the NAL submodule only. Basically, the reduction of the dynamic power of
the NAL submodule is:

Dynamic power of the modified NAL

Dynamic power of the origininal NAL

2241 x107% (4.9)
6.9243 x 1079

=32.4%

Thus, the dynamic power reduction for the NAL submodule is equal
to 100 - 32.4 = 67.6%.

When taking into account the leakage power, the power reduction on
the NAL submodule is:

Power consumption of the modified NAL

Power consumption of the origininal NAL

~3.208 x 107% (4.10)
7.876 x 10705

=40.7%

Thus, the total power reduction for the NAL submodule is equal
to 100 - 40.7 = 59.3%.

The reason for a power reduction of only 5.3% is not due to the imple-
mentation cost of the PI controller and frequency divider. Synthesis results
have shown that these additional submodules are small in comparison to
the already existing submodules. Power estimation results confirm this
fact, because the total consumption of the additional submodules is only
9.64 x 107mW, about 4.8% of the total modified version and only 12.2%
of the power consumption of the origininal NAL submodule.

However, the payment due to the asynchronous FIFO is rather high. In
fact, the asynchronous FIFO is the most consuming submodule in the modi-
fied consumer part. The modification from the synchronous FIFO to
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the asynchronous one increases per 19.1% of the power consump-
tion, from 1.338 x 10~"mW to 1.594 x 10~%mW. The power reduction
achievement is 47% without taking into account the part of the
synchronous and asynchronous FIFO submodules. Indeed, the ratio
between both power consumptions is calculated as follows.

Power consumption of (modified NAL + PI controller 4 frequency divider)

Power consumption of the origininal NAL
3208 x 107% + 7.621 x 107 +2.019 x 107%
B 7.876 x 1005

4.172
=7arg "~ 0

(4.11)
Thus, the power reduction is equal to 100 - 53 = 47%.

In fact, even in the original version, the synchronous FIFO con-
sumes 1.7 times more than the NAL submodule, i.c. 1.338x10~%mW
in comparison to 7.876 x 10~%mW . Moreover, in the modified version, while
the NAL frequency is controlled by the DFS controller, the asynchronous
FIFO always has another clock input signal, the writing clock, which is
the main clock of 50MHz Thus, the dominate power consumption of the
asynchronous FIFO reduces the power reduction effect of the DF'S method.
For a clearer explanation, the power in the period of time that the NAL
frequency has a certain value is estimated as follows.

During 5% of the simulation time, the NAL frequency is equal to 100 M Hz.
The corresponding power results are presented in Table 4.6.

Table 4.6: Power results of the modified version when the NAL frequency
is equal to 100MHz

Core Controller Frequency Async. modified
divider FIFO NAL

Total
power 1.836 x 1079% | 5.535 x 10796 | 2.021 x 1079 | 18.630 x 10~9°
(mW)

Dynamic
power 17.287 x 10796 | 5294 x 10796 | 1.968 x 10~%* | 17.672 x 1095
(mW)

Leakage
power 1.075 x 10796 | 2.420 x 10797 | 5.222 x 10796 | 9.572 x 10796
(mW)

During 15% of the simulation time,

the NAL frequency is equal to

50MHz. The corresponding power results are presented in Table 4.7.
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Table 4.7: Power results of the modified version when the NAL frequency
is equal to 50MHz

Core Controller Frequency Async. original
divider FIFO NAL

Total
power 1.156 x 1079 | 5.706 x 1079 | 1.771 x 107%% | 12.100 x 10795
(mW)

Dynamic
power 10.395 x 10790 | 5464 x 1079 | 1.721 x 107%* | 11.137 x 1079
(mW)

Leakage
power 1.163 x 10796 | 2.422 x 10797 | 5.068 x 10796 | 9.616 x 10706
(mW)

During 10% of the simulation time, the NAL frequency is equal to
25MHz. The corresponding power results are presented in Table 4.8.

Table 4.8: Power results of the modified version when the NAL frequency
is equal to 25 MHz

Core Controller Frequency Async. modified
divider FIFO NAL

Total
power 1.023 x 1079 | 5.686 x 10796 | 1.652 x 107%* | 6.329 x 10~9%
(mw)

Dynamic
power 9.047 x 10796 | 5.445 x 10796 | 1.599 x 10794 | 5.368 x 10795
(mW)

Leakage
power 1.179 x 1079 | 2.416 x 10797 | 5.314 x 10796 | 9.622 x 10796
(mw)

During 10% of the simulation time, the NAL frequency is equal to
12.5MHz. The corresponding power results are presented in Table 4.9.

During 60% of the simulation time, the NAL frequency is equal to 0 Hz.
The corresponding power results are presented in Table 4.10.

These results detailed prove that the writing frequency has an important
role in the power consumption of the FIFO. The writing clock frequency of
the asynchronous FIFO is always 50 MHz. When the reading clock frequency
is 100MHz, the FIFO power consumption is 2.021 x 10~%mW. Even when
the reading clock frequency is 0MHz, the FIFO power consumption is still
high, namely 1.577 x 10~%mW.
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Table 4.9: Power results of the modified version when the NAL frequency
is equal to 12.5MHz

Core Controller Frequency Async. modified
divider FIFO NAL

Total
power 1.008 x 1079 | 5.706 x 1079 | 1.659 x 10794 | 3.566 x 1079°
(mw)

Dynamic
power 8.989 x 10796 | 5.464 x 10796 | 1.605 x 107%* | 2.612 x 109
(mw)

Leakage
power 1.089 x 10796 | 2.431 x 10797 | 5.352 x 10796 | 9.540 x 10796
(mwW)

Table 4.10: Power results of the modified version when the NAL frequency
is equal to 0Hz

Core Controller Frequency Async. modified
divider FIFO NAL

Total
power 5.631 x 10796 | 2.277 x 10797 | 1.577 x 10794 | 9.832 x 10796
(mw)

Dynamic
power 4.498 x 10796 0 1.522 x 10794 | 7.318 x 10~ 11
(mw)

Leakage
power 1.133 x 10796 | 2.277 x 10797 | 5.401 x 10796 | 9.832 x 10796
(mw)

Thus, to fairly evaluate the method effect when it is applied to the EC-
NAL module, the power consumption of the asynchronous FIFO should be
considered separately.

4.3.4 Discussion

The power estimation enables to evaluate the DFS control method on the
EC-NAL module. Through experimental steps, the method is proven to be
efficient. It requires low Silicon overhead and power cost for implementing
the PI controller. It reduces per about 67% the dynamic power and about
59% the total power consumption on the consumer side.

However, the proposed method reduces only per 5.3% the power con-
sumption of the particular circuit, i.e. the consumer part. The reason is

that the chosen consumer, that is the original NAL submodule, is small,
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even in comparison to the FIFO link. If the DFS method is applied to an-
other FIFO link, with the same FIFO, the same PI controller and frequency
divider, but for a larger consumer submodule, the efficiency of the method
can be more evidently proven. The following normalization illustrates this
argument.

According to the results presented above, consider that:
— the power consumption of the original NAL submodule is 1;

— the power consumption of the synchronous FIFO is 1.7 times larger
than the original NAL submodule.

Then:

— the power consumption of the PI controller and of the frequency di-
vider is equal to 0.12x the power consumption of the original NAL
submodule;

— the power consumption of the asynchronous FIFO is 19% higher than
the one of the synchronous FIFO;

— our DFS method reduces per 59.3% the total power consumption of
the consumer, i.e. of the NAL submodule.

Thus, the power consumption of the original version is equal to 1+1.7 =
2.7.

The power consumption of the modified version is equal to 1 x (1 —
59.3%) + 1.7 x 119% + 0.12 = 2.567.

The power gain is therefore:

2.7 —2.567

o = 49% (4.12)

Now, suppose that the method is applied to a consumer which is 100
times larger than the original NAL submodule, i.e. 100 times more consum-

ing than the original NAL. One can calculate the power gain as follows:

— the power consumption of the original version is equal to 100 + 1.7 =
101.7.

— the power consumption of the modified version is equal to 100 x (1 —
59.3%) + 1.7 x 119% + 0.12 = 42.86.
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Thus, the power gain of the method is:

101.7 — 42.86

o = 0T9% (4.13)

This power gain of 57.9% is closer to the power gain estimated in sim-
ulation step. With a submodule which is 100 times more consuming than
the NAL submodule, the proposed method efficiency is proven.

4.4 Conclusion

The PI controller was designed and implemented in hardware to adapt the
consumer (i.e. the NAL submodule) frequency according to the FIFO oc-
cupancy level. This chapter has presented how the module EC-NAL was
modified and new submodules were added to implement the DFS control
method designed in Chapter 3 to the FIFO link inside the VENGME EC-
NAL module. Simulations at RTL level have verified the operation of the
implemented controller in adapting the NAL frequency based on the FIFO
level. The coefficients of the controller were selected to meet the required
performances for the closed-loop system, taking also into account hardware
implementation constraints.

Post-synthesis power estimation results obtained using PrimeTime are
analyzed to evaluate at a finer grain the efficiency of the FIFO control
method proposed.

The method does not efficiently reduce the power consumption of the
VENGME EC-NAL module, only 5% for the power consumption part ex-
cluding the EC submodule. However, the control method is well designed
and implemented. It reduces per about 59.3% the power consumption of
the consumer submodule, i.e. the NAL submodule. Its efficency will be
better in the case that the consumer submodule is larger (larger power con-
sumption).

This result is very appealing because it has been obtained without volt-
age scaling: with a complete DVFS scheme, the power gain will be even
larger. Future works include the extension of this FIFO control approach
to the whole VENGME architecture. Voltage scaling techniques will be as
well integrated in the platform.






Conclusion

Because of technology evolution, energy and power consumption have be-
come a tremendous problem in System-on-Chip design. They affect the
system reliability, cooling cost, and battery lifetime. These aspects are
important, especially for mobile applications and for environmental con-
siderations. Therefore, power consumption reduction is strongly required
when designing complex System-on-Chips.

Hardware video encoders are now widely used in mobile devices. The
H.264 Advanced Video Coding (H.264/AVC) is one of the latest and most
efficient standards for video applications. It adopts and improves many
advanced methods and algorithms for video compressing to achieve high
compression efficiency. Even though the H.264 successor, H.265/High Effi-
ciency Video Coding (HEVC), that enables Ultra High Deffinition Television
(UHTV), has been released, the H.264/AVC has still an important role and
its codecs are widely used.

The H.264/AVC specification increases the complexity of hardware im-
plementation and also the chip power consumption. Thus, to bring the
H.264/AVC standard into commercial products, especially for hand-held
devices, designers need to apply power techniques to the hardware when
designing the video codec. Targeting mobile applications, the VENGME
platform, a hardware video encoder from a research project in Vietnam,
was designed using low-power design features. Some blocks in the platform
present nice power figures and performances, similar to state-of-the-art de-
signs. However, the whole platform power results are not outstanding in
comparison to state-of-the-art hardware video encoders.

In this thesis, we have investigated the H.264 specification and the
overall H.264 encoding architecture. Several hardware implementations
of the H.264 video encoding were reviewed. H.264/AVC encoders are de-
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signed based on the basic pipelining architecture with different improve-
ments added to serve specific design objectives, namely scalability, speed

and power consumption. This is presented in the publication “An overview

of H.264 hardware encoder architectures including low-power features” [Nguy14A].
Many power consumption reduction methods have been applied during the
design phase of the VENGME platform. Moreover, traditional power re-
duction mechanisms can be also used.

One contribution of this thesis work (presented in Chapter 2) is the
design of the EC-NAL module in the VENGME video encoder.
For this module, several improvements from the literature have been reused
to increase the throughput, reduce the area cost and the power consump-
tion. The VENGME EC-NAL module exhibits a very low power consump-
tion, only 1.56m W, at the operating frequency of 100MHz, using the 180nm
CMOS technology. The EC-NAL design was initially targeting CIF video
format, but it is also suitable for real-time 720HD video format at the op-
erating frequency of 100MHz. This contribution has led to the following
publications:

e “An effcient Context Adaptive Variable Length coding architecture for
H.264/AVC video encoders” [Nguy12A] presents the CAVLC encoder,
one of the main engines of the Entropy Coder (EC).

e “Hardware implementation for entropy coding and byte stream pack-
ing engine in H.264/AVC” [Nguyl3A] presents the design and imple-
mentation of the whole VENGME EC-NAL module.

We have also presented the design, architecture, implementation and
validation of the VENGME H.264/AVC hardware video encoder. The
VENGME platform consumes about 58.25m W with the 130nm CMOS tech-
nology, which is suitable for the targeted mobile applications. However, this
power consumption result is not outstanding, compared to the state-of-the-

art H.264 video encoders. Some extra power optimizations are expected.

Power estimation at RTL level using SpyGlass, another contribu-
tion of the thesis, presented in Chapter 2, has been done for the whole
VENGME platform. This helps to analyze the power characteristics of
the VENGME platform. In terms of composition, the Inter Prediction and
the SW MAU are the most consuming modules. However, this part of power



CONCLUSION 169

consumption can be reduced because these modules operate only on inter
predicted frames. The EC-NAL module, which is used in every frame, con-
sumes the third power budget. The VENGME architecture and this power
estimation result are presented in the publication: “H.264/AVC Hardware
Encoders and Low-Power Features” [Nguyl4H].

We had to embrace all general techniques used for low-power optimiza-
tion. Traditional mechanisms were analyzed with the VENGME power
characteristics to propose a suitable low power solution for this H.264 en-
coding System-on-Chip.

Because the VENGME platform is designed as a data flow architec-
ture with modules that communicate via buffers, DVFS can be applied on
the VENGME platform by controlling the occupancy level of the buffers.
Applying DVFS can achieve both energy and power consumption gains.
However, due to implementation constraints and the design at hand, cur-
rently only the frequency is scaled (DFS). The VENGME EC-NAL module
consuming the most among the modules that operate for every video frame.
Power consumption of the EC-NAL module must be reduced. Besides, the
EC-NAL module has been designed by the thesis author. Therefore, its
architecture is deeply understood. Lastly, in the EC-NAL module, a FIFO
is implemented to transfer data from EC to NAL submodules. Therefore,
the EC-NAL module is selected to develop and test our buffer-
occupancy-level-based DFS control method that might be applied to
the whole VENGME platform. This is presented in Chapter 3. We pro-
posed that the frequency of the NAL submodule will be scaled based on the
occupancy level of the FIFO between EC and NAL submodules.

In order to apply the DFS control method to the FIFO embedded in
the EC-NAL module, the FIFO link was modeled and a PI controller was
selected. Behavioral modeling and simulations have shown the method
effect. Moreover, the controled system is proven to be stable.

Based on the control proposed, we have designed the hardware
controller for low-power in the EC-NAL module. The controller,
developed using control theory, was designed with respect to hardware im-
plementation constraints. Simulations at RTL level verified that the
controller changed the NAL submodule frequency and that the EC-NAL
module still functions properly in the sense that its generates the same out-
put bytestream for the same input data. These simulations also helped in

choosing the controller parameters.
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The controller is then implemented in the EC-NAL module. This work
is presented in the publication “FIFO-level-based Power Management and
its Application to a H.264 Encoder” [Nguyl4F].

Finally, power estimation at gate level using the 28nm FDSOI tech-
nology enabled to evaluate the DFS control efficiency. All the hardware
design, implementation and results have been presented in Chapter 4.

The control method is well designed and implemented. The controller
implemented reduces only 5% the power consumption of the part including
the FIFO and NAL submodule. However, it reduces per about 59.3% the
power consumption of the consumer submodule only, i.e. the NAL submod-
ule. The reason for the small global power gain on the EC-NAL module
is that the consumer, i.e. the NAL submodule, is too small compared to
the FIFO link. Its effcency will be better in the case that the consumer
submodule is larger (larger power consumption). This result is very appeal-
ing because it has been obtained without voltage scaling: with a complete

DVF'S scheme, the power gain will be even larger.

The continuation of our work will be the extension of this FIFO con-
trol approach to the whole VENGME architecture. This includes choosing
the consuming module to become “the consumer” and arbiter algorithm
required when there are many controlled FIFOs in the platform.

Another perspective is the integration of voltage scaling (DVS) tech-
niques in the platform. The control law will be designed again for DVS
additional constraints, e.g. the delay due to power supply switching.

Lastly, evaluation on the Silicon platform must be conducted. Especially,
power figure obtained in simulation will be compared to the state-of-the-art
methods.
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Introduction

Les circuits dédiés aux codecs vidéo ont été réammhnutilisés dans diverses
applications, par exemple les conférences vidéosystemes vidéo de surveillance, ou bien
encore les applications grand public de divertissgmPour répondre aux besoins des
applications mobiles, le codec vidéo est de préf@emis en ceuvre via une implémentation
matérielle plutét que logicielle, ce qui lui gararde meilleures performances en terme
d'efficacité énergétique et de traitement tempk-téene des normes les plus récentes et les
plus efficaces pour les applications vidéo est dame H.264 qui offre un codage vidéo
avance (H.264/AVC) avec une meilleure qualité vidéan deébit plus faible que les standards
précédents. Il a été spécifié dans le cadre d'wupération entre le groupe d’experts en
codage vidéo de I'UIT-T et le groupe d'experts mrages animées de I'ISO/IEC. La
spécification H.264/AVC adopte de nombreuses méthad approches pour la compression
vidéo avanceée et elle les améliore également. @alhla norme plus efficace, mais nécessite
la mise en ceuvre de matériel plus complexe, ecansommation accrue

Récemment, le successeur de la norme H.264, arsk&vonorme H.265/High
Efficiency Video Coding (HEVC) a été publiée. Cetteuvelle norme promet une bande
passante accrue, et le traitement de formats asameie que la Télévision Ultra Haute
Définition (UHDTV). Cependant, cette nouvelle norprésente également une complexité de
calcul encore plus élevée que la complexité deutdke la norme H.264, ce qui conduit a une
plus grande consommation en énergie et donc a uméedde vie de la batterie des
eéquipements mobiles qui diminue. Avec ces colts @ievés (en termes calculatoire et
consommation énergétique), le passage a la nouvaltee d’encodage/décodage vidéo doit
étre soigneusement pesé et il est fort a parielegieodecs vidéo H.264/AVC seront encore

en utilisation dans les années a venir.

Le projet VENGME (Video Encoder for the Next Gernina Multimedia Equipment)
est un projet de recherche accordé et financé'lgaiversité Nationale du Vietnam, Hanoi
(VNU). Il vise a concevoir et a mettre en ceuvreeanodeur matériel H.264/AVC ciblant les
plateformes mobiles. La conception actuelle estmopée pour la vidéo CIF. Cependant,
l'architecture de la plateforme VENGME peut étriisgte également pour de plus grandes
résolutions en élargissant la mémoire de référentefenétre de recherche.

Pour amener la norme H.264/AVC dans les produitsngerciaux, en particulier pour
les appareils mobiles, les concepteurs ont besappliuer des techniques de conception

pour circuits de faibles consommations. Ciblant #&plications mobiles, la plateforme

2



VENGME a été concue en utilisant les techniquescdeception de circuits de faible

consommation. Certains blocs de la plateforme ptésé des chiffres de consommation et
des performances tres intéressants, semblablesna des conceptions de I'état de l'art.
Toutefois, I'ensemble des résultats de consommaiola plateforme pourraient étre encore
ameliorés, en comparaison avec les encodeurs wvidigériels de l'état de I'art. Pour

ameliorer les résultats en puissance de la platefpsa charge de travail déséquilibrée peut
étre exploitée via différentes techniques de cdmtrde la puissance. Cela comprend
l'application de technique de type DPM (Dynamic Bowlanagement), par exemple des
meéthodes de variation dynamique de la tensionnd&itation et de la fréquence d’horloge

(Dynamic voltage Frequency Scaling, DVFS).

L'objectif de cette thése est d'abord de concdeomodule EC-NAL de I'encodeur
vidéo de la plateforme VENGME. D'autre part, l'@@tture de la plateforme VENGME est
analysée pour extraire une cartographie de la comsdion. Nous proposons également de
nouveaux meécanismes pour contrdler la consommaiti@mergie pour un encodeur matériel
H.264, en particulier pour la plateforme VENGME.sHite, une solution de commande de
bas niveau matériel est proposée pour réduirenaaromation d'énergie du systeme. Enfin,
la mise en ceuvre matérielle et la validation séatiseées pour prouver la fonctionnalité et
I'intérét de la solution de commande proposée ptantée en matériel.

Pour répondre aux obijectifs, cette thése appmig ¢tontributions principales :

= Concevoir le module EC-NAL (Entropy Coder and Netwok Abstraction
Layer)
Cette contribution nécessite une compréhension Eaeples techniques de
I'encodeur H.264. Les implémentations H.264 det’dée I'art sont examinées
et les implémentations disponibles sur le matéseht classées suivant
différents critéres, en particuliers les conceiororientées basse
consommation.
Le module EC-NAL est le module final dans le chemtencodage d'un codeur
vidéo. Son role est d'éliminer la redondance siatdpns les données vidéo du
signal encodé. Il recoit les données de la plug@stmodules de la plateforme
(en fait, de tous les modules dans le chemin deg®det compresse ces
données en utilisant une certaine technique degeoeatropique. Notons gu'il
existe trois techniques principales possibles dgage entropique pour la
norme H.264, a savoir, Exp-Golomb, CAVLC et CABAO®ans notre



encodeur, les techniques implémentées sont Exppioket CAVLC, utilisés
dans le profil principal de la norme H.264.

Pour I'encodage H.264 implanté dans I'encodeurovid®264 VENGME, nous
avons proposé, concu et mis en ceuvre le module &IC-Ne module a été
intégreé et validé dans la plateforme compléte ;

Estimer la puissance au niveau RTL pour la platefane VENGME
d’encodeur H.264

Une estimation de la puissance est effectuée syldi@forme VENGME
complete pour obtenir une pré-évaluation de la ogasiphie de la
consommation, une analyse des charges calculatesedifférents modules et
sous-modules, et une analyse de l'opportunité titamy une méthode de
gestion de l'alimentation. L'objectif pour ce dempoint est de savoir si il est
possible de réduire la consommation en ajoutanttiEsanismes de controle
des tension d’alimentation et fréequence d’horlogs différents modules et
sous-modules ;

proposer une méthode pour la réduction de la consamation d'énergie
sur la base du niveau d'occupation de FIFO

On propose une meéthode pour optimiser la consoromatiénergie en
modifiant certains des facteurs qui influent sucémsommation d'énergie des
circuits CMOS numériques. Idéalement, cela néaessitmoyen de surveiller
I'état de la charge de travail du circuit. Des teghes basées sur le contrdle de
I'état d'un tampon mémoire de type FIFO (FirstihstFOut) ont été étudiées.
La méthode proposée dans notre travail est baséda théorie du contrdle. La
décision de commande est réalisée en fonction deani d'occupation de la
FIFO placée dans la liaison entre deux (sous-)nesddé calcul. En fonction
de ce niveau, la fréquence d’horologe du second-smdule (consommateur)
est adaptée.

Le systeme a controlé a été modélisé. La loi déréenproposée a été vérifiée
dans I'environnement Matlab. On a vérifié que Istéyne bouclé est stable. La
méthode proposée est mise en ceuvre et validéeMiathes pour une FIFO
implantée dans le module EC-NAL de la plate-formree VENGME. Le
contrbleur a ensuite été modélisé en VHDL et miseivre dans le matériel.
Son fonctionnement est vérifieé par l'intermédiaite l'intégration dans le
module EC-NAL de la plate-forme de VENGME. L'intérde la méthode a



également été validé via une estimation de la pos avant et apres

I'implémentation de la technique de contréle deaivdans la FIFO.

Ce travail de thése est menée dans trois labogatoa savoir le laboratoire des
Systemes Intelligents Intégrés (SIS) a I'Universitdionale du Viethnam, Hanoi (VNU),
Vietnam, le Vietnam, le Laboratoire Intégrationi@im et Architecture Numeérique (LISAN)
et le Laboratoire Infrastructures et Ateliers Laglicoour Puces (LIALP) du CEA-LETI,
France. L'architecture de la plateforme VENGME @stcue dans le laboratoire SIS. Les
techniques de conception de circuits a faible pmes sont étudiées dans le laboratoire
LISAN. La partie controle est étudiée avec le labmre LIALP. Cette variété de lieu et
d’équipes de recherches a conduit I'auteur a fiavavec différentes technologies, y compris

les plus avancées.

En dehors de cette introduction, ce résumé étepdtient quatre chapitres et une
conclusion. Le premier chapitre introduit la norohe codage vidéo H.264 et la positionne
dans le paysage des autres normes de codage titiééea dans le passé ou toujours en
cours d'utilisation. Certains concepts de baseatlage vidéo, et en particulier du codage
vidéo H.264, sont également présentés. En outeefid du chapitre, un état de 'art de H.264
des implémentations matérielles est fourni et a®alyLes travaux de I'état de l'art posent
certaines questions quant a l'application de lameorde codage vidéo H.264, et a
limplémentation matérielle qui en est faite.

Le deuxieme chapitre présente la plateforme VENGMIEite derniere est un
encodeur matériel H.264/AVC ciblant les applicasionobiles. La plateforme VENGME a
été congcue par le groupe de recherche au Vietnams Bacadre du projet VENGME.
L'architecture, la modélisation et la validation owdule EC-NAL, l'une des principales
contributions de cette these, sont également pigsemans ce chapitre. Les simulations de
puissance au niveau RTL pour I'ensemble de lafplate VENGME et pour le module EC-
NAL sont menées. L'objectif est d’analyser s'il gsissible de diminuer la consommation de
la plateforme en implémentant des techniques dér@len en particulier en controlant le
niveau de remplissage des FIFOs.

Dans le troisieme chapitre, la gestion de la comsation via le contréle du niveau
d'une FIFO est étudiée. Ensuite, une méthode poutr@er le niveau de la FIFO pour
diminuer la consommation est proposee et appliguée mémoire FIFO intégrée dans le

module EC-NAL. Toutes les étapes de modélisatiorsydieme, la conception du controle,



l'analyse de la stabilité du systeme bouclé eréadtats en simulation dans I'environnement
MATLAB sont présentes.

Le quatriéme chapitre présente la mise en ceuvrérigls de la méthode de contréle
du niveau de la FIFO proposée dans le chapitreédedt. Les résultats en simulation
d'estimation de la puissance permettent de vétdignctionnement du controle et de valider
de la méthode.

Enfin, le dernier chapitre résume les travaux éfiée au cours de cette thése et il
dresse quelques perspectives a court et moyen.terme



Chapitre 1: La norme de codage video H.264/AVC et s es

implémentations

Les objectifs de ce chapitre sont d'examiner t@ltatd différents formats de codage
vidéo et des normes anciennes, et de présenterglamme d'applications. Ensuite, les
concepts de base des techniques de codage dessnddée H.264 et de I'Advanced Video
Coding (H.264/AVC) seront présentés. Enfin, lesigipales difficultés et les tendances en
matiere de mise en ceuvre matérielle de la normé4#A%/C seront discutées avec un apercu

et une analyse de différentes familles d'implémigona

La norme H.264/AVC de codage vidéo, qui fait saitea norme H.263, est une norme
de compression vidéo trés largement utilisée. &#&e recommandée par le Joint Video Team
(JVT) qui a été formé par I'UIT-T VCEG et les gresdSO/IEC MPEG en 2001. Elle utilise
un codage par blocs. Ses objectifs techniqgues pemeasont d'améliorer de maniére
significative l'efficacité du codage, a avoir uneilkeure robustesse face aux erreurs/pertes, a
obtenir une faible latence pour une utilisationtemps réel, a améliorer la flexibilité pour
l'utilisateur sur différents systémes et réseaaxptemiére recommandation a éteé finalisée en
2003.

La norme H.264/AVC contient un large éventail disutde codage vidéo pour
soutenir une variété d'applications allant desisesvmobiles, la vidéoconférence, la diffusion
numerique pour I'lPTV, la HDTV et les supports deckage numérique. Par rapport aux
normes antérieures telles que MPEG-4, H.263, MPEG2norme H.264/AVC atteint
respectivement 39%, 49%, et 64% de réduction dii Hitaire.

L'architecture générale du codeur H.264/AVC eststioite a partir de différents blocs

fonctionnels, voir la Figure 1.
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Figure 1: Schéma de I'encodeur H.264.



Le chemin de codage comprend le bloc de prédictiarae, la prédiction Inter
contenant I'estimation de mouvement (ME) et lexdlde Compensation de Mouvement
(MC), le bloc Forward Transform et QuantificatidiTQ), le codeur d'entropie. Le bloc de
prédiction Intra prédit le « macrobloc » couranBMin bloc de 16x16 pixels) sur la base des
pixels précédemment encodées, a supprimer les dadoes spatiales des données vidéo.
Afin d'éliminer les redondances temporelles desndes vidé€o, le bloc de prédiction inter
estime les mouvements des MB actuels basés spixigls précédemment encodées dans les
images différentes. Les données résiduelles, airsévdifférence entre le MB original
courant et celui prédit, est ensuite transformguaintifié. Les coefficients post-quantification
sont alors reclassés et un codage entropique ¢digag La vidéo encodée peut étre
encapsulé dans la Couche d'abstraction de Résedwdik Abstraction Layer, NAL). Un
chemin de décodage qui contient la transforméersevet de dé-quantification (ITQ) et le
filtre de déblocage est également intégré dansd@eur vidéo pour générer des données de
référence pour les procédés de prédiction. La gtiédiintra utilise directement les données
du bloc ITQ, tandis que la prédiction inter faitér@&nce a des trames reconstruites a partir du
filtre de déblocage.

Chague norme définit différents profils comme sensembles d'outils ou des
algorithmes qui peuvent étre utilisés lors du cedd@es niveaux, qui sont les contraintes sur
les parameétres clés du bitstream, sont égaleméntsdénitialement, la norme H.264/AVC a

défini trois profils, a savoir, le profil de base profil principal et des profils étendus.

,_ﬁiﬂl_‘..i._ﬂlnﬂ_..:._ﬁhml_,._ihﬂﬂ_ﬂ_.
P |
Inter prediction 1

= b=

VidEainpa Current block

| Reference frame(s)

-~
Figure 2: Architecture de pipeline classique d’'un ecodeur H.264 encodeur matériel.

En raison du flot de codage long de la norme H.2&4, architectures en pipeline au
niveau MB sont habituellement mises en ceuvre. garEi2 montre les principaux modules

d'un encodeur H.264 en quatre étapes (ou niveaaxploc (ou module) Motion Estimation
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(ME), fonctionnant avec la Motion Compensation (Mg@ur effectuer une prédiction inter,
est un outil de codage potentiel, mais avec uneptaxité de calcul énorme. Le module ME
en plein travail peut compter pour plus de 90% aiit calcul global. Par conséquent, dans les
architectures en pipeline, la tache ME est coupgedeux sous-taches (entier (IME) et
fractionnaire (FME)). Pour obtenir une charge masilibrée, la prédiction intra (IntraP) est
placée dans la troisieme étape. La décision de rmidenécessite la transformation directe
de quantification/de-quantification et de transfation inverse (FTQ/ITQ) et les résultats de
la reconstruction du MB courant dans le méme stpgele bloc IntraP. La derniére étape
comprend deux modules indépendants, a savoir Bn@€oger (EC) et filtre de blocage (DF).
Afin de réduire la taille de la mémoire tampon eras étages, le pipeline est généralement
prévu pour fonctionner au niveau MB plutdét qu'aveau de la trame. L'architecture en
pipeline a quatre étages coupe le flot de codageednaniere équilibrée, ce qui facilite la
planification des taches mais elle augmente égalertee temps de latence globale de

I'encodeur.

Des encodeurs H.264 adaptatifs ont été mis en oarvritégrant des fonctions
supplémentaires. lls exigent un colt matériel élairési qu’une consommation accrue.

D’autre encodeurs H.264 sont congcus avec un soacnédiorer leur vitesse de
traitement Les concepteurs peuvent alors modifiecHitecture du pipeline pour obtenir plus
de parallélisation du traitement. Par exemple,cbeeur H.264 proposé par Iwata et al.
[lwat09A], voir la Figure 3, utilise les deux sttuces de pipelines CE1 et CEO, pour encoder

deux lignes de MB en méme temps.
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ESEEE
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Figure 3: Encodeur H.264 orienté vitesse [lwat09A].
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Dans la conception d’'un encodeur H.264 qui Ss'irdgee en premier lieu a la
consommation de puissance, on peut utiliser ddmigees spécifiques de conception de
circuits faible puissance, ou appliquer des teamsgde réduction de I'accés de mémoire au
cours de la phase de conception, ou encore déwloppe certaine évolutivité de la
plateforme par le paramétrage. Par exemple, lar&igu illustre les deux techniques
spécifiqgues pour désactiver le signal d'horlogecfclgating) pour les modules ou étages
moins chargés. Dans la figure, les segments nemesentent les périodes de temps pendant
lesquelles le module fonctionne. Les segments anger représentent les périodes ou la
désactivation de I'horloge est appliquée. Les satgrideus sont pour les arréts dynamiques
de I'horloge (DCSS). Alors que le DCSS est appligoiéguement lorsque chaque module de
la méme étape ne fonctionne pas, a grain fin, dekclgating est appliqué au niveau du

module.

4@ Processingtime 4 DCSS applied time [Moch07A] #——+ Fine-grained clock gating time [Chen094]
oMBN e g MBI e g MB 2 o MB n+3 o

PUELS $MBN__yg——g MB vt R L-LUNNIPC

e —— - pv SR —%

’—" — — ¢ o -~

Stage 2 Stage 1

o

;:P — — C 4 —
. —% —% % —3
% — —

-

} [DE——— E—C— =

time

Figure 4: Dynamic arrét de tension d'horloge (DCSSgt grain fin clock gating.

Dans ce chapitre, un apercu des normes de coddée @i la norme H.264/AVC a été
présenté. Des solutions d’état de l'art sur la eption et la mise en ceuvre matérielle des
encodeurs vidéo H.264/AVC ont été discutées.

La norme H.264/AVC adopte de nombreuses technigigesodage vidéo avancé
issues de normes précédentes. |l est largemeniga@plans de nombreuses applications.
Méme si la nouvelle norme H.265 est maintenantadidye, il est difficile de dire quoi que

ce soit quant a son succes dans un futur proche.

Pour les plateformes mobiles, la tendance est arem&n oeuvre l'encodeur
H.264/AVC en matériel dédié. Comme présenté citdeste nombreuses techniques peuvent
alors étre appliqguées pour améliorer l'architectiurgipeline de base en termes d'évolutivité,

de vitesse et de consommation d'énergie.
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Chapitre 2: La plateforme VENGME et son module EC-N AL

Ce chapitre est dédié a la conception d'un encdde@4/AVC matériel qui cible les
applications mobiles. Cette conception a été metades le cadre du projet de recherche
VENGME (n° QGDA.10.02), financé par I'Université tidmale du Vietnam, Hanoi (VNU).
La plateforme VENGME, qui est un encodeur vidéo84/AVC, a été congue en appliquant
des techniques d'amélioration dans tous les mod(desrement dit, chague module,
individuellement a été optimisé en vue de dimirseeconsommation d’énergie).

Une des contributions de cette these est la coiocept la mise en ceuvre du module
de Codage Entropique et Network Abstraction LayatalPacker (EC-NAL) de la plateforme
VENGME.

Les estimations de puissance, au niveau RTL, smsdmble de la plateforme
VENGME et sur le module EC-NAL sont également s&ds pour analyser la répartition de

la consommation de puissance de la plateformeyenlg I'optimisation de la consommation.

| System controller |(—>| Off-chip AHB/APB interface

DF
SRAM

Corr MB Intraref. RAM [ 3 REC@ -
SRAM :

: FTQ
Inter prediction [ :
SWSRAM TN IME FME ! |
= ! dual | TQ VA Tmm
E info. |

(Predction TaIF TIHD ECJ%I-9| NAL
ereqet | I 1
Informa |0r\i 7 EC—NAL

Figure 5: L'architecture du codeur H.264 VENGME.

L'architecture matérielle de I'encodeur VENGME HIZBVC est représentée sur la
Figure 5. Il contient tous les blocs qui apparaissins une architecture d’encodeur H.264
standard, a savoir, la prédiction Intra (IP), ladiction inter constituée de Motion Estimation
(ME) et de Motion Compensation (MC), la transforimatet la quantification regroupés dans
le module FTQ, la dé-quantification et transfornmerse (ITQ), le codeur entropique (EC),
la couche d'abstraction de réseau (NAL), la recoosbn d’un Macroblock (Recons. MB), le
filtre de déblocage (DF), et le taux de distor{RDO).

L'encodeur vidéo communique avec le systéme exteimaeun bus Advanced
Microcontroller Bus Architecture (AMBA). La configation des paramétres de I'encodeur se

fait via le Bus Périphérique Avancé (APB), une ifgee de bus esclave, tandis que les
11



données vidéo sont transférées via le Bus Avanuaé hgerformance (AHB), une interface
maitre de bus. Aprés la phase de configuratiomotieur commence le procédé de codage
H.264. Les entrées de la source vidéo, les dondeéagférence et les données codées sont
stockées dans des mémoires hors puce. Par consépramodeur vidéo a également besoin
d'accéder a ces blocs mémoire via le bus maitre pelglant le processus d'encodage. Un
bus interne est utilisé pour communiquer entre Ugstés Memory Access (MAU) et
I'Interface Maitre de Bus AHB. Dans l'architecti@ENGME, il y a quatre unités d'acces de
la mémoire (MAUS):
= |'unité d'accés de la mémoire de MB actuelle (CMBW) est utilisée pour
récupérer les données de la source ;
= |'unité d'acces de la mémoire de la Fenétre desrelbh (SW MAU) est utilisée
pour accéder a des données de référence ;
= |'unité d'acces de la mémoire de filtre De-bloc@de MAU) est utilisée par le
module DF ;
= |'unité d'acces de la mémoire de la couche d'atiktrade réseau (NAL MAU)

est utilisée pour écrire les données codées.

Parmi ces unités, le NAL MAU a la plus haute ptérpour éviter un goulot
d'étranglement dans le flux de données.

Tous les modules de I'encodeur H.264/AVC ont étdétfieés en VHDL avec certains
modeles RAM/ROM en Verilog. Il est important de ifier et de valider I'ensemble du
systeme intégré. Un CPU ou un noyau IP peuvent@ent'encodeur VENGME en accédant
a ses registres de contrdle via une communicatiosydtéme de bus AMBA AHB/APB. Le
modeéle de DDR2 de bloc de mémoire est utilisé gtanker les données vidéo d'entrée et de
référence. Les vidéos d'entrée de la source senvitkos de référence standard. Le bloc
AHB_VIP lit le fichier vidéo YUV et charge son camu dans le bloc de mémoire. Les
données codées sont ensuite décodées par le détmgleiel de référence JM18.

Il a été prouvé que le codeur VENGME peut codecaeces les données vidéo au
format H.264. La Figure 6 illustre les résultatsenins. L'image originale (Suzie.yuv) est
donnée sur la gauche et la vidéo encodée aveatefmme VENGME (puis décodée avec

JM18) est donnée sur la droite.
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Original video sample (Suzie.yuv) VENGME encoded video (Suzie.264)

P

Figure 6: Figures extraites de la vidéo originalegauche) et encodée avec I'encodeur VENGME (et

décodée avec JM18).

Avant la phase de fabrication, le codeur doit &tadidé pour éviter des erreurs
inattendues. L'outil DE2 de Altera est utilisé paoettre en ceuvre le systéme sur puce (SoC)
pour la phase de validation. La synthése est gEaksl Vietnam par des personnes du projet
de VENGME. Certains modules de VENGME présenters gerformances et/ou de
consommation en puissance intéressants, au moingadntes aux conceptions de I'état de
l'art. La Table 1 illustre les résultats de la glatme VENGME pour la technologie CMOS
130nm de Global Fonderie (GF). Ces résultats déhégr pour I'ensemble de la plateforme

de VENGME ont été obtenus en utilisant I'outil DpsiCompiler de Synopsys.

Table 1: Résultats de VENGME

Intra Inter Transform Mémoire VENGME

prediction prediction | Quantization DF EC-NAL et Contrble en totale

Ressource 913.604
(Kgate) 30.448 550.415 90.778 151.314 90.648 2798 | (saufdela

9 mémoire)
(Cn‘:vr\‘;'omma“o” 158 14.77 1.46 2.66 3.72 34.06 58.25

Le codeur VENGME, ciblant la résolution CIF, nédessine ressource de 913,604
Kgate pour les blocs fonctionnels et 27,953KB pt&es blocs mémoire. Il consomme

58,25mW, ce qui est tout a fait approprié pour apglication mobile.

En comparaison avec d’autres encodeurs vidéo HAGZ/implantés en matériel,
I'encodeur VENGME a des résultats dans I'état de (pour une technologie similaire). Le
colt en consommation et la taille de la platefoENGME sont inférieurs a la plupart des
implémentations de I'état de 'art, mais ces dehiXfies sont Iégerement plus élevés que ceux
des meilleures implémentations, avec la méme ¢dabnologique. Par exemple, en ciblant

également la résolution CIF et avec une synthéseatmologie CMOS 130nm, la conception
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dans [Chan09A] consomme de 7mW a 25mW. Le circaisd[LinOBA1l] consomme
6,74mW. La conception dans [Chen09A], visant égaldna la résolution CIF et utilisant la
technologie CMOS 180nm, consomme de 9,8mW a 40,3 emWonction du niveau de
puissance. Cependant, les conceptions dans [LinOBA&N09A et Chen09A] qui ciblent le
profil de base, tandis que la plateforme VENGMEevie profil principal. Cela rend la
comparaison pas tout a fait correcte. La conceptans [Kiml1lP] vise également la
résolution CIF, mais sa consommation en énergiplesit élevée. La plateforme décrite dans
cette publication consomme de 238,38mW a 359,89 dhde niveau de puissance.

En conclusion, les résultats de I'encodeur VENGNEw peuvent étre considérées
comme eéquivalents a ceux des conceptions de Ikigatart. L'application de certaines

méthodes de gestion de I'alimentation pourraitradd@duire sa consommation d'énergie.

La conception du module EC-NAL, qui est une destrgmutions de cette these, est
maintenant présenteée.

Le codeur entropique (EC) dans I'encodeur VENGMBlémente les solutions Exp-
Golomb et CAVLC, pour toutes les informations vidéb264, a savoir, le mode de
prédiction, le vecteur de mouvement, les donnésduélles, etc. Les processus les données
du codeur entropique EC dans les éléments de srassavoir, les éléments de données sont
représentées dans le flux binaire. Les élémentg@sc@dnt ensuite « emballés » dans la

syntaxe spécifiee dans la norme H.264/AVC afinlguécodeur puisse les «comprendre».

La Figure 7 montre la structure d'un flux vidéo e Les données vidéo de la
couche de codage de la vidéo (VCL) se composetradehes. Les premiéres tranches d'une
séquence vidéo sont toujours les tranches Instaot@nDecoder Actualiser (IDR), formant
une trame IDR. Les autres tranches IDR dans led&marrent de nouvelles séquences vidéo.
Chaque tranche est composée d'un en-téte de trémcteH) et des données de tranche. Le
SH contient des informations qui aident le procesidécodage de tranche. Les données de
tranche sont une séquence de macro-blocs échahtigs) (et MB indicatif. Chaque Mo
contient un en-téte de Mo et des données réesigudlien-téte MB rassemble les informations
de prédiction de la prédiction intra et des moddiegreédiction Inter, et d'autres informations
comme le parametre de quantification (QP) et lec itodé Motif (CBP). Les données
résiduelles sont encodées en coefficients d’erdgr@siduelle post-quantification.
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I MBs skipped indication D Encoded by Exp-Golomb or Fixed-length code
Figure 7 : Structure d'un flux vidéo encodé.

Etant encapsulé au niveau du Network Abstractioret @NAL), les données de sortie
vidéo se composent d'unités NAL (NALUs). Chaque NAYCL contient une tranche. Les
VCL non-NALUs sont des Sequence Parameter Set (S3P8ye contient un ensemble de
parametres (PPS), la fin de la séquence (EOSed)) Eu flux (EOS), etc. Le SPS est un
ensemble de parameétres pour décoder une séqueld® e PPS regroupe les parameétres
pour les images, a savoir soit des cadres ou deamh |l y a au moins un SPS et un SPA au
début d'un flux vidéo. EOSeq, EOS, et beaucougrdamon-VCL NALUs sont facultatifs.

Chaque NALU commence par un octet spécial suivi @@ octets Raw Octet
Séquence charges utiles (TBA).

Dans le profil principal, le codage Golomb expor&n{Exp-Golomb) peut étre utilisé
avec I’Adaptive Variable Length Coding a base detexte (CAVLC), ou basé sur le contexte
arithmétique binaire adaptatif de codage (CABACnpte tenu des objectifs de la
plateforme VENGME, nous avons seulement implareéscbdages Exp-Golomb et CAVLC
dans notre profil principal de codage entropiquem@e montré dans la Figure 7, les données
résiduelles sont codées en utilisant CAVLC et lases données sont codées en utilisant Exp-
Golomb ou un code de longueur fixe (FLC).

Dans la littérature, il y avait plusieurs technigiy®ur augmenter la vitesse du codeur
H.264 et du packer des données entropiques. Hdbiment, |'architecture de pipeline est
utilisée, soit pour le codeur entropique ou seutgnpeur le codeur CAVLC. Par exemple,
Chen et al. ont proposé un pipeline a 5 étages lfmmgemble du codeur d'entropie, voir la
Figure 8.
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Figure 8: Exemple d'un codeur entropique en pipelie.

Les symboles de codage en paralléle peuvent rdieti@dage plus rapide mais ils
doublent le codt de la région symbole de I'encod&unr outre, un circuit supplémentaire est
nécessaire en raison de la dépendance de donnmeespétant les coefficients nuls, on peut
également réduire le temps de traitement.

Pour réduire les colts de la zone, on peut optmiastable de codage pour réduire sa
taille. Une autre méthode consiste a remplacetaleles de codage par des circuits de calcul
dédiés.

Pour réduire la consommation d'énergie, Tsai aqe®ml'effectuer un pré-traitement
des données avant d'entrer dans le codeur CAVL&SiAe codeur doit accéder a la mémoire
que pour les éléments de données nécessaires.uDégagement désactiver I'horloge pour les
sous-modules ne fonctionnant pas. Traiter I'ence&RS, PPS et SH dans le module matériel

permet de réduire la charge de travail et la comsation d'énergie pour I'ensemble de

I'encodeur H.264.

"{::::::_ EC controller :::3_..
Global L —_—

Controler (SPS builder,- e N

*9'5"“ +{PPS builder, ] | Exp-Golomb & Hnata Memory
‘Fixed-Length Code ream | access

_"MI—V (EGF) |FOLPacker | unit

i CAVLG
. Zigzag L (i
o .

érﬁﬂcﬂﬂl’l‘
¥ MB builder 2
TG 2

Figure 9 : Architecture du module EC-NAL proposé.

La Figure 9 montre un apercu de l'architecture dwulute EC-NAL que nous avons
proposé. Les éléments syntaxiques codés sontdréssflu sous-module EC au sous-module

NAL via la NAL FIFO.
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Le moteur de codage entropique consiste en deusucsda savoir, I'Exp-Golomb et
le moteur de code de longueur fixe (FEM) et le mot€AVLC. Les sous-blocs de
construction de SPS, PPS, SH, et MB sont mis errexqour collecter les données devant
étre codées et les envoyer au module EGF dandue spéecifié.

SPS, PPS et l'information SH sont fournis par umtréteur global par l'intermédiaire
de certains registres du systeme. Les informatides-téte du MB sont recues de la
prédiction Intra, la prédiction Inter et des motede TQ. En outre, le constructeur MB envoie
egalement les coefficients résiduels de TQ etrisgmations relatives au scan en zigzag pour
les encoder par le moteur CAVLC. Le moteur de casgion des données NAL concaténe
les éléments de syntaxe codés dans le NALUSs. leeddlcontréleur CE est de synchroniser
les constructeurs et le moteur du NAL « d'embalbagies données pour générer un flux
vidéo en NALUSs.

Cette conception de module EC-NAL et la mise en reeyproposée permettent
d’obtenir un module complet matériel tandis queaaires solutions de I'état de I'art mettent
en ceuvre une partie logicielle. La mise en ceuvrept&te du module en matériel réduit la
tache et la consommation électrique de I'ensenla glateforme.

Pour augmenter le débit, nous avons proposé detildes « pré-drapeaux » des
données d'entrée non seulement pour les coefficiemtais aussi pour des blocs de
coefficients 4x4. De plus, le codage paralléleaetdncaténation des données sont utilisés.
Lorsque les niveaux sont encodés et « emballémbarination total_zero et la séquence des
run_befores sont également codées et concaténémssenll code avant d'entrer dans la phase
d'emballage, voir la Figure 10.

Total_non-zero
N

TotalZero | TotalZero encoder %2, . Codeword

Zero
RunBefore 1 information
"l RunBefore 8, ] packer 5/, Code length
ZeroLeft |  code generator

T

Controller

Run_bef_cod I -
e « | +Codo
_| . cod -
Total_z_cod "l
Run_bef_len I ’\
B E— . » Len_o

Total_z_len | W& len

Dat_sel

Zer_info_pkg

Ena_pkg
Figure 10: Encodage et concaténation des informatis de zéro.
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Pour réduire les colts de la zone, dans le codageeff token, des tables de codage
sont ré-encodées pour stocker des mots de codecpluts. Dans le codage de niveau, un

circuit de calcul est utilisé en remplacement dédes de codage.

Notre architecture EC-NAL a été modélisée en VHDLn&veau RTL. A des fins de
vérification, le module a été intégré dans la patae VENGME de codage vidéo H.264. En
utilisant le systeme de codage vidéo avec le mo&8@eNAL proposé, nous codons des
séquences vidéo de test tout d'abord dans le fo@tkatiblé. Les vidéos codées sont recues a
partir de la sortie du sous-module NAL. Les vidéodées sont ensuite décodées avec succes
par le décodeur JM, et comparées a la vidéo iaitial

La simulation se fait en utilisant ModelSim de MmanGraphics et le design est
synthétisé en utilisant Design Compiler de Synop€te synthése est réalisée au Vietnam
lorsque tous les modules sont intégrés a la platefoLors de ce travail, la bibliotheque
disponible est la technologie CMOS 180nm d'AMSfréguence de test est de 100MHz, voir
la Table 2.

Table 2:Résultats du module EC-NAL de la plateforme&/ENGME

T.-C. Chen W. Lu C-Y. Tsai F-M. Huang Proposé
Fréquence
(MH2) 100 200 27 100 100
Latence 1905 dans le pire
(cydle/MB) 200-500 des cas 260 87-691
Ressources 23.6 9.504 26.598 15.86 735
(Kgate)
Consommation

3.7 25 1.56

(mwW)

Le module EC-NAL proposé dans cette these néce®siée691 cycles d'’horloge pour
traiter un MB. Cette vitesse est non seulementapjire pour la résolution de format CIF
mais aussi HD. Le colt matériel est relativemenit In@ais le module matériel développé est
complet (y compris les tables de codage), ce quiglabal, réduit la consommation de la
plateforme compléete. La consommation de ce bloc pesietteuse, avec des résultats

inférieurs a ceux des plateformes de I'état de: far visent la basse consommation.

Pour ce qui est de la plateforme VENGME, l'estimatide la consommation au
niveau RTL est effectuée pour obtenir rapidemeset eartographie de la consommation pour
les différents modules, sur la base d’'une actinégdiste du circuit. La Table 3 résume les

résultats obtenus.
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Table 3 : Estimation de la consommation au niveau R pour la plateforme VENGME

Inter prediction 7.86 mw

Transformation-
Quantization

EC-NAL 0.9 mw
SW Direct Memory Access  6.39 mw

0.82 mw

Notons que le module EC-NAL fonctionne a la foisietra et en Inter prédiction.

Aussi, sa consommation ne peut pas étre négligée.

| System controller H Off-chip AHB/APB interface |

Curr MB
SRAM

103-107
cycle/MB
87-691

m cycle/MB

.

swskaM  TIH |-~

information)

________________________

Figure 11 : Déséquilibre de la charge de travail par la plateforme VENGME.

En outre, dans le fonctionnement de la plateforntlN@ME, la charge de travail
entre les différents modules est fortement désiégéd, voir la Figure 11. Ce déséquilibre
laisse de la place pour plus d'optimisation deuisgance consommée. En effet, les modules
rapides peuvent travailler plus lentement poumaditte les modules lents, et vice-versa. Cette
réduction de la vitesse (en pratique de la fregeietisorloge) a une influence directe sur la
baisse de la consommation. Pour identifier la ahalg travail actuelle d'un module, on peut
regarder ses flux de données d'entrée. Il faut mpte |'architecture VENGME est de type flot
de données (data flow). Elle utilise des tampons pansférer les données entre les modules.
Ainsi, I'état du tampon peut indiquer la chargdrdeail actuelle d'un module, ou des modules
de chaque coté du tampon (producteur en entréeardpon, consommateur en sortie du
tampon). En exploitant ce déséquilibre, on peutirédla consommation de la plateforme

VENGME.
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Chapitre 3. Gestion de la consommation basée sur le
contrble du niveau d’'occupation du tampon/FIFO entr e

deux (sous-)modules. Application au module EC-NAL

La plateforme VENGME posséde une architecture ge flot de données avec des
modules qui communiquent via des tampons. Par qoesd, une approche de type DVFS
(Dynamic Voltage and Frequency Scaling, i.e. cdatr@lynamique de la tension
d(‘alimentation et de la fréquence d’horloge d'wnine de consommation pour un circuit
sur puce) peut étre appliqguée a la plateforme VEMGNLe choix des points de
fonctionnement tension-fréequence peut étre faitcentrolant le niveau d'occupation des
tampons. Chagque module de la plateforme VENGME p@tgé vu comme un domaine
tension-fréquence indépendant : en pilotant laueége d’horloge appliquée a ce domaine (et
la tension d’alimentation), on peut venir modifier consommation du domaine, sous
contrainte que la charge de travail attribuée @la®maine soit satisfaite. Rappelons que la
plateforme VENGME cible les applications mobilesng, en appliquant une approche de
type DVFS, on peut atteindre des gains non seuleerepuissance, mais aussi en énergie.

Toutefois, compte tenu de contraintes de mise emreewdctuellement, seule la
frequence est modifiée, en fonction de niveau dipation des tampons, ce qui permet de
gérer le déséquilibre de charge de travail enrerledules. En effet, si le tampon si vide plus
vite gu'’il ne se remplit, la fréquence du modulisiapres le tampon, appelé consommateur,
peut théoriguement (cela dépend aussi des moduienss) étre diminuée, ce qui conduit a
une baisse de la consommation pour ce module conateur. Inversement, si le tampon se
remplit plus vite, la fréquence du module consonemmatpeut étre augmentée. La
modification de la tension d’alimentation, en cami@mce avec la modification de la

fréquence, pourra étre mise en ceuvre dans une futusion de la plateforme.

La technique DFS (Dynamic Frequency Scaling) ast dtabord appliquée a la FIFO
(qui est en fait un tampon) située entre les soogutes EC et NAL dans le module EC-NAL
pour trois raisons. Tout d'abord, le module contieme FIFO pour transférer les données
entre les sous-modules. Deuxiemement, ce moduldiémme pour chaque image vidéo ; il
semble donc intéressant de diminuer sa consommggios le budget global. Enfin, le module
EC-NAL est 'une des contributions de cette thé&imsi, la compréhension profonde du

module permet une modification aisée et un traglgemodifications beaucoup plus facile.
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L’application de la méthode de contréle du niveauemplissage de la FIFO située entre les
sous-modules EC et NAL permet, par action sur égufence du sous-module NAL, de se
placer dans une approche de type DFS. Ce choixudcadiviser la plateforme VENGME en
deux parties. La premiere contient les éléments MANAL SRAM tandis que 'autre partie
contient le reste de la plateforme.

Ce chapitre propose une méthode de mise a I'éatigtiemique de la fréquence en
exploitant le niveau de remplissage de la FIFOmigthode proposée est en fait générique et
s’appligue a des systéemes intégrant un tampon mménfpar exemple FIFO) utilisé pour
transférer les données entre des modules effectuatriaitement de ces données. Le choix
réalisé ici est de mettre a I'échelle la fréquedae(sous-)module qui recoit les données
((sous-)module consommateur) pour maintenir leauvé&occupation de la FIFO a une valeur
de référence donnée.

Pour chaque lien FIFO, un (sous-)module «produsté&arit des données dans la
FIFO, jusqu’a ce que le lien mémoire soit pleinquel cas il doit attendre que la FIFO se
vide un peu pour insérer de nouvelles données.shasf)module «consommateur» lit les
données dans le méme ordre que celui dans ledeslagit été écrites jusqu'a ce que la FIFO
soit vide. Lorsque la FIFO est vide, le consommateit attendre pour lire un nouvel
élément. Les blocs « producteur et consommateeuwgnt fonctionner a la méme fréquence
ou a des fréquences différentes, cette derniévatgih permettant de contrebalancer des
différences de charge de travail entre les deuns@modules. Pour implanter une approche
de contrble dynamique des tensions et fréquenceshriiqgue de DVFS), les blocs
« producteur et consommateur » fonctionnent avedetesions d’alimentation différentesg(V
et Vc) et des fréquences d'horloge f difféerenteseffic). Par conséquent, la FIFO intégrée
entre ces deux blocs doit étre «asynchrone », descsignaux d'horloge de lecture et

d’écriture différents. La Figure 12 illustre ce neadke communication.

Full Empty
Producer Consumer
Dat FIFO
(Entropy —— > Data , (NAL data
coder) |Write enable Read enable | packer)

N N

Write clock T 'T‘ Read clock

ol Vi) fc(, Vo

Figure 12: Lien FIFO entre deux domaines tension-fquence

Dans la littérature, certains auteurs ont essayéodédler la tension d'alimentation

Vdd et/ou la fréequence d'horloge f en surveillaétak de la FIFO (ou tampon) placée entre
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deux blocs. Dans ces travaux, I'information suFIRO utilisée pour le contrdle peut étre le
taux d’occupation de la FIFO (ou tampon), ou laesse de remplissage de la FIFO ou le
statut que le producteur/consommateur doit attepdre |'utilisation de la FIFO , ou toute
association de ces inducateurs.

L. Thiele et al. [Thie05D] ont utilisé le niveau cEmplissage du tampon, combiné au
taux de flux de données dynamique, ainsi qu’unerimétion fondée sur I'analyse hors ligne
de la charge de travail afin d'adapter la vitessd'lbrloge. Dans le travail de Thiele et al.
[ThieO5D], le consommateur est un processeur. Liesuas considérent le traitement des flux
multimédia avec une taille de la mémoire tamponreagge. Le taux de consommation du
consommateur (lié a la fréquence de I'horlogeskt fixé de maniere a éviter un débordement
du tampon dans le pire cas d'utilisation.

P. Choudhary et al. [ChouO9P] exploitent le temp® de producteur et/ou le
consommateur doivent attendre en raison d’'une Rifeihe ou vide, dans un intervalle de
temps donné &naniion 1IS décident a partir de cette information st @écessaire d'adapter
les fréquences des deux domaines. Choudhary efChbu09P] définissent I'état de
« décrochage » comme I'état ou le producteur El6aonsommateur doivent attendre pour
utiliser le tampon. La Figure 13 montre un exemghe I'état de « décrochage » pour le
producteur. Cet état se produit lorsque la FIFQpkshe et que des données sont disponibles

a la sortie du producteur.

- EE-EEE

Full [
Data

Ready | |

Stall

t1 t2 3 t4 5

Figure 13 : Etat de « décrochage » du producteur.

Une architecture matérielle est mise en ceuvre paoveiller I'état des « producteur et

consommateur », voir la Figure 14.

dvfs_en_cons dvfs_en_prod
H idvfs_en_prod dvfs_en_cons :
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i > H— |
Y _ ¥ Y Y
Se Sf Se ) < Sf
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[— — — — e agete

| | I write

read | ] I
| Consumer ~ Producer | FIig
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Lt e |

]

Figure 14: L'architecture matérielle pour surveiller I'état de décrochage.
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En exploitant le nombre de cycles d'horloge ourtalpcteur et le consommateur sont
en « décrochage », Sf et Se, au courssd@nfion l€ facteur S est calculé

S =1-|Se -Sf | /sdhantilon

Ce facteur S est utilisé pour la mise a I'échadie de la fréquence du producteur ou
du consommateur, selon la contrainte du systemas mise en ceuvre matérielle, il est
montré que la méthode de P. Choudhary et al. aéeh potentiel de réduction de la
consommation. Cependant, la méthode ne peut pamétil'état de décrochage. Par ailleurs,
la sélection de la valeur decfanilion€St Un probléme qui n'est pas discuté par lesuasite

Y-H. Lu et al. [Lu02D] s'intéressent a des tampadnsérés dans un systeme
multimédia pour lesquels un taux de données deesmwhstant est nécessaire. Un algorithme
est mis en ceuvre pour attribuer au processeurptedr) la fréequence permettant de garantir
I'état optimal de la mémoire tampon.

Les méthodes mises au point dans [LUO3R] et [BapG&int appliquées a un
processeur fonctionnant en tant que décodeur médisret communiquant avec un dispositif
d'affichage par lintermédiaire d'un tampon mémo8ar la base de I'état du tampon, les
« fréquence et tension » du processeur (producsemt) mises a I'échelle. Le contrdleur est
concu en utilisant un modéle a temps continu. afimi&ation utilisée dans ce travail est a la
fois le niveau d'occupation du tampon mémoire efitegse de remplissage.

counter =T, signal > DW before T, any signal

counter > T, after T, Act-Up
any signal any signal (f += step)
ANE—————— = > =

any s\gnd

(Counter ++)

)
. 1 ¢S\qﬁﬂ
Wait et
(reset counter) &
Ounte, sr
q Sign al > o
Signay _ W/ Count-Down
bw (Counter ++) / Counter > T,
\/ ny signal

counter = T, signal < -DW before T, any signal

Figure 15: FSM pour augmenter/diminuer la fréquence

any signal

after T,
any signal

Dans [Wu05V], le systeme est modélisé sous la fodeedomaines dhorloge
multiples (MCD). La méthode DVFS contréle la frégae (et la tension) de chaque domaine
d'horloge selon I'état de la file d'attente d'entr®es machines a états finis (FSM) sont mises
en ceuvre pour augmenter/diminuer la fréquence é¢rlsion. Pour chaque signal de file
d'attente, un FSM, tel que présenté sur la FigBreedt mis en ceuvre. Les changements de
tension/fréquence sont déterminés en fonction doaside file d'attente, par rapport a une
fenétre de déviation apres un retard prédéterniieésignal de file d'attente est soit la

différence entre le taux d'occupation de la filattdhte et une valeur de référence ou la

23



différence entre le taux d'occupation de la filattdhte a deux périodes d'échantillonnage
consécutives (c'est-a-dire la vitesse de rempligsag

Les deux signaux de la file d'attente nécessitenix dois plus de surface Silicium
pour une mise en ceuvre de la FSM. Ensuite, I'éthedle est ajouté pour décider de
l'opération finale. Le modele utilisé est a tempstimu. Le procédé DVFS est congu pour étre
adapté a une charge de travail variable. Toutefoisiise en ceuvre de chaque FSM rend cette
solution complexe a implanter.

Pour résumer, I'approche DFS (resp. DVFS) des trade la littérature exploite |'état
de la FIFO (ou tampon mémoire) pour analyser lagehde travail du module ou la méthode
DFS (resp. DVFS) est appliquée. Le niveau d'ocdopate la FIFO (ou tampon) est la plus
simple information pour surveiller le statut deH&O parce que cette information peut étre
obtenue directement a partir de I'écriture et dedture des indices a l'intérieur de la FIFO.
Les approches DFS qui exploitent le statut d'urieCklet que nous avons présentées, ont été
congues pour des applications spécifiques et meseseuvre en logiciel [Lu02D, LUO3R,
BaeO5L]. Des modeéles a temps continu qui nous s&rhibhoins pertinents qu'un modele a
temps discret dans la modélisation des systemesnmumes, sont utilisés dans certains
travaux [BaeO5L, Wu05V].

Comme mentionné ci-dessus, le contrble du tawcdfmtion de la FIFO a été mis en
ceuvre dans le module EC de I'encodeur H.264 ddefprme VENGME, ou le codeur agit
comme «producteur», envoie des données au NALgjuee«consommateur», voir la Figure
16.

1
1 - S
1 impr Producer FUI! Empty Consumer
1
icti Dath Q, FIFO Q,
! Interpregicion 5| (Entropy —> 2 Data .} NALdata 2225 gﬁkﬂ
Transformationand s, coder) Wrife enable 1mm Read enable | packer)
I Quantization v Y 1 x
I Write clock 1‘ 1‘ Read clock
! 1
1
1 fP (I Vdd) : fC (l Vdd)
L e e e e a

Figure 16 : Cas d'étude de la méthode de contréleeda FIFO proposée.

Comme le sous-module EC-NAL est le dernier danscHemin de codage, le
producteur recoit des données a partir des autoekiles du codeur H.264 VENGME. Ci-
apres, # (appliqué a tous les blocs dans le rectangle @&hepointillés dans la Figure 16) est

supposée constante, tandis qgipdut étre diminuée/augmentée.
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Figure 17 : Modélisation de la FIFO.

La FIFO peut étre modélisée comme un réservoir amecentrée Qlet une sortie Q2.
En outre, Q1 et Q2 sont non-négatives. Comme éssat de sortie est indépendante du niveau
dans le réservoir, la sortie Q2 est extraite ad'ai'une «pompe» P (voir la Figure 17-a).
Chaque opération d'écriture ou de lecture agituentent sur un élément de données. Par
conséquent, le niveau dans la FIFO est discretptmtenu du nombre de paquets (Figure 17-
b). En conséquence, le modéle dynamique est déigéré 17-c) :

FIFO(k + 1) = FIFO(k) + Q1(k) - Q2(k)

ol FIFO(K) est le niveau d'occupation de la FIFOnembre de paquets atf™® instant
d'échantillonnage. Q1(k) est le nombre de paquetsiahnées entrant dans la FIFO ; ces
paquets proviennent du producteur. Q2(k) est leblmerde paquets de données sortant de la
FIFO pour alimenter le consommateur. En raison atgraintes d’implémentation Silicium
(liées a la surface) pour la plateforme matéridl264, le nombre maximal de paquets dans la
mémoire FIFO est choisi égal a 7. Par conséquém®(k) € {0, 1, 2, 3, 4,5, 6, 7}.

Etant donné que la fonctionnalité du sous-modulé. Mt de concaténer des données,
la vitesse reelle des paquets en lecture depli-@ dépend non seulement de la fréequence
d'horloge du consommateus, fmais également de la longueur des paquets. Capgnubur
des raisons de simplicité, la sortie de la FIFOe®2censée proportionnelle &k :

Q2(k) = bt(k)
ou b est une constante positive. La constante bidesttifiée a 20ns, en utilisant des
techniques d'identification classiques.

Chaque fois que la FIFO est pleine (resp. videlg ptoducteur a des données a écrire
dans la FIFO (resp. le consommateur veut lire mndes depuis la FIFO), le producteur
(resp. consommateur) tombe dans I'état de « démgech (il doit attendre). Cet état de
décrochage entraine un gaspillage de la consommdigoergie. Aussi, I'objectif du contréle
est d'adapter la frequence du consommateur enrgadal&IFO a moitié pleine (ni vide ni
pleine), pendant le fonctionnement normal. Bien s0fa fin du processus d'encodage, la
FIFO devra étre vidée. La conception de la loi aletdle est maintenant résumeée.
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Pour la liaison FIFO a I'étude, Q1 est la sortigochducteur et elle n’est pas contrblée.
Par conséquent, dans le modeéle du systeme, Qlbmesidéré comme une perturbation. Le
modele de la FIFO, sous forme de fonction de texhsfans perturbation, dans le domaine z,
est la suivante :

oeon=
qui est en fait un intégrateur. La Figure 18 momgrasysteme contrdlé avec son contrbleur
C(2) qui adapte la fréquence du consommafe(® pour maintenir le niveau de la FIFO
FIFO(2) prés d'une valeur de référerigg), L'entrée du contrbleur est l'errdtfz) entre le

niveau de référend&(z) et le niveau de la FIFBIFO(2).

Riz) Efz) felz) Q,{z) . FIFO(z)
(2] !

Figure 18: Schéma de contréle.

Un contrdleur Proportionnel-Intégral (Pl) a tempsceet est sélectionné afin de rejeter
la « perturbation » Q1, d'assurer un systeme eglbdarmée sans erreur statique et afin de

régler le temps de réponse du systeme en bouah&éer_e contrdleur est choisi comme :

ﬁ:c(z) =K, + K2
E(2) z-1

Par conséquent, la fonction de transfert en bdecheée est donnée par:

1
FIFO(z) _ ~¢(@b -,

R(2) 1+ C(z)b_—1
z-1

FIFO(2) _ -[(K, +K{)z-K_]b
R(2) 7° - 7[2+ (K, +K)b] +1+ K b

ouR(2) est la référence pour le niveau de la FIFO.

Les péles z z déterminent la dynamique du systéme en boucleéeriveurs valeurs
numeériques dépendent de valeurs geeKK. Une fois que zet 2 ont été choisis, Ket K
sont calculés avec :

P b 002 ' b 002

ou b = 0,08s.

K
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La plate-forme VENGME n’integre pas de PLL pour &é@m les valeurs de la
fréequence horloge. Nous allons donc mettre en cauvidiviseur de fréquence pour générer
un ensemble de valeurs possibles paurGet ensemble de valeur constituera donc un
ensemble de valeurs discrétes. Le signal le plesééble fréquence que la plateforme
VENGME prend en charge est 100MHz. Une fagon sirdplenettre en ceuvre un diviseur de
fréequence est d'utiliser un compteur binaire. Dieecmaniére, la fréquence est divisée par
deux. En conségquence, les valeurs possibles pduédaence d§ peuvent étre 100, 50, 25,
12.5, etc. MHz. Ainsi, une quantification non umifee est sélectionnée pour effectuer le

contrble de la frequence (DFS). Elle ajoute unelimaarité dans le systeme.

Malgreé cette non-linéarité, on peut montrer queylteme en boucle fermée est stable,
en utilisant le critére de Nyquist. En pratiqueniéthode du % harmonique (pour la partie
non-linéaire du systeme) est utilisée pour moniaestabilité. En utilisant la condition de
séparation topologique, une autre méethode qui gedeprouver la stabilité de systemes non-

linéaires, le systeme contrdlé est également prétreéstable.
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Chapitre 4: Mise en ceuvre et la validation de la méthode

DFS fondée sur le niveau de FIFO

Afin de mettre en ceuvre la méthode DFS, sur la Basmntrole du niveau de la FIFO
pour le lien FIFO intégré dans le module EC-NAL,nm@dule EC-NAL original doit étre
scindé en deux domaines de fréquence, a savoir amitenant le sous-module EC et celui
contenant le sous-module NAL. Le domaine contefargous-module EC fonctionne a la
frequence de 50MHz. L'autre domaine fonctionne @& foéquence qui est sélectionnée par le
procédé DFS, plus précisément par le régulateuc@Figure 19 illustre ces modifications.
En comparaison avec le module EC-NAL d'origine plrs de la modification de la FIFO,

certains blocs (en bleu) sont ajoutés.

Control signals
COMOSG0ES o
Status signals -
Synchronizer

- Producer P Full Empty _ Consumer C

Transformation —

Quantization T > (EC) (NAL)
Data Async. Data

Intra prediction TTJH > FIFO ; >

>
>

InterpredictionI_

Write enabl ead enable
—=> 1m

Write clock T T Read clock

FIFO level
\ 4

PI controller

—

C'9Ck Frequency
gating divider

EC-NAL|module
Main clock Max clock

fp=50MHz ftox = 100MHz
| Clock generator I
VENGME platform

Figure 19: Modification de la plateforme VENGME pou intégrer le contr6leur de niveau de la FIFO.

Tout d'abord, il faut mettre en ceuvre l'interfan&eles deux domaines d'horloge, en
d'autres termes, a l'interface des deux domaimeslage, il faut assurer la synchronisation
des signaux pour éviter la métastabilité. Le bl&yrchronizer » est utilisé pour les signaux
sur un seul bit et une FIFO asynchrone est utile@e les données a transférer multi-bits.

Ensuite, pour effectuer le contréle de la frequedes fréquences différentes doivent
étre générées. Pour cela, nous mettons en ceuvdivitamurs de fréquence pour obtenir des

signaux d'horloge de fréguences différentes.

28



Le diviseur de fréquence dans le module EC-NAL g&@atre signaux d'horloge de
fréquences 12,5, 25, 50 et 100 MHz. Un multiplex@eirsignal d'horloge est mis en ceuvre
pour sélectionner la fréquence de fonctionnemeant j[gmodule NAL.

Enfin, le régulateur Pl concu est modélisé en VHEWL ensuite intégré dans la
plateforme. Pour limiter le colt en surface siliojudes contraintes complémentaires
influencent sur le choix des péles et de fait llewades paramétres du correcteur Pl. Ces

contraintes et les détails de mise en ceuvre santenant expliqués.

De la fonction de transfert du dispositif de comd®fdans le domaine z), I'équation
de récurrence est obtenue :

fe(K) = fo(k-1) + (Ko + Ki) x E(K) - K, x E(k-1)
Un circuit de calcul peut étre construit a paréraktte équation de récurrence pour calculer la
fréquence (k) du consommateur, a partir d€k-1) et des erreurs E(k) et E(k-1). Ce circuit
de calcul contient deux multiplicateurs avec lesstantes (K+ K;) et K.

Pour éviter la mise en ceuvre des multiplicateuec ale trop grands coefficients, le

circuit de calcul est modifié comme suit:

B L KK K,
() = T (k=D + =2 () — 2 E (k=)

ou fse est défini comme la valeur pour sélectionner kgfience du bloc consommateur
correspondant, qui est égaleddlR,5. La Figure 20 illustre le circuit de calcul sélection
des pdles a un effet direct sur le comportemergydteme contrélé. A partir des contraintes
matérielles et des contraintes dynamiques, lediciefts du contréleur sont calculés.

1
| Inira prediction Full' Empty
1
i Q Q
Lo dnter predetion __y prog Datdl > FIFO 2 Data ol consumer | 2225 g:b
! Transformati | | Write enable | I _ Read enable |
| Quantization !
I Write clock | Read clock
1
1
1

.

FIFO(k) {0, 12.5,25, 50, 100} MHz
N E(K) Fuol
Reference
foei(k-1)

Figure 20: Circuit de calcul pour le contrdle PI.

La mise en ceuvre matérielle devient plus aiséessipbles en boucle fermée sont

choisis de telle sorte que les coefficients destiplidateurs soient des multiples de 1/8. De
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cette maniére, il faudra tout au plus trois bitsipeeprésenter la partie fractionnaire de
I'expression binaire.

Les podles en boucle fermée doivent également adggrperformances attendues pour
le systeme en boucle fermée (y compris la sta)pilies pbles avec de petites valeurs
absolues vont introduire de fortes contraintes thigaes sur le générateur de fréquence
d'horloge. En effet, on aura une sur-réactivitésgstéme bouclé au moindre changement du
niveau dans la FIFO. Par conséquent, les polestgglaés doivent limiter la surcharge (en
termes de changements rapides) sur le génératdtéqieence. En outre, des pdles réels sont
privilégiés afin d'éviter les comportements psepédediques pour la sortie du systeme.

En tenant compte de l'intervalle [0.5, 1] pour pgdes en boucle fermée, 21 paires de
pbles différents qui satisfont toutes les contesirti-dessus peuvent étre sélectionnés. Les 21
contrdleurs correspondants ont été modeélisés en L\VHiDis intégrés dans le module EC-
NAL pour une simulation au niveau RTL. Les résgltde simulation permettent de vérifier le
comportement du contréleur Pl dans le module EC-Ni&d_contrdleur préféré est celui qui
maintient le niveau de la FIFO dans un état intelimige pendant une longue période de
fonctionnement de I'encodeur tout en minimisarttlex de variation de la fréequence f

La Figure 21 présente l'architecture d'un tel d@atmr, dont les péles sont z 0,75 et
2, = 0,5. Ainsi K, = -31,25 et K= -6,25 et § est donnée par :

f (k)= fse,(k—l)—gE(k)+gE(k—1)

|
Intra prediction Full} Empty
terpregcion 5 producer 22 %y ppo —% Doty concumer

|
[R— Write enable , T _ Read enable

OMHz |
FIFO(K) FoTTs 12.5MHz o
- fuex=100MHz | Frequency 25MHz

!
I
I

I divider +—20MHz
I 100MHz
i

Q20 NAL
> R

Reference

{ x4 |
N E(k) | - e ° ° foo(k)

E(k-1) | xd | fo(k-1)
Reg. g ° Reg.

Figure 21: Architecture du contréleur PI pour des @les en boucle fermée;z= 0,75 et z=0,5.

Le circuit de calcul mis en ceuvre ne contient quate additionneurs et deux
registres. Les multiplications par 2 et 4 sontefmisimplement par décalage binaire. Pour
effectuer le quantificateur de fréquence non unif@run comparateur et le multiplexeur sont
ajoutés pour sélectionner la fréquence correspdndapartir de I'ensemble de signaux

d'horloge disponibles. Ces signaux sont délivrésipaliviseur de fréquence mis en ceuvre en
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utilisant un compteur a quatre bits. Notons quer gbminuer de la surface silicium, il est
préférable que le circuit de calcul ait une pepigetie fractionnaire en expression binaire et
quelques additionneurs.

Pour appliquer la méthode DFS, le module EC-NALt&a raodifie. Les simulations
sont faites au niveau RTL, pour vérifier que lesdifications ne changent pas la
fonctionnalité du module EC-NAL et de la plateformbe VENGME, voir la Figure 22. En
outre, on constate sur les simulations que la nd&HoFS mise en ceuvre modifie bien la

fréquence du module NAL.

BPER- RS | NP LLEAN LI LSBT53 R QAR

Read clock |
changed : j

1
f_sel signal .
|

Figure 22: Résultat de la simulation.

La Figure 23 illustre les étapes expérimentalesr pimalement estimer le gain en
puissance lors de l'application de la méthode aér@le proposée. Apres la modélisation du
systeme, le dispositif de commande est concu etéliséddans MATLAB. Le procédé de
commande, a savoir le régulateur PI, le diviseuiréiguence et toutes les modifications sur le
module EC-NAL, est modélisé en VHDL. Le contrblest alors intégré dans le module EC-
NAL de la plateforme VENGME.

Le module est synthétisé avec la technologie 28B¥@® de STM en utilisant I'outil
de synthese RC de Cadence. La simulation post-ayathan utilisant la netlist du module EC-
NAL dans la plateforme VENGME montre les opératidescontrdle au niveau de la porte.
La consommation d'énergie du module EC-NAL estmesti en utilisant PrimeTime de

Synopsys.
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Behavioural
level
simulation

Control
T integration
VENGME platform RTL level VENGME platform RTL level
Synthesis| Synthesis
Original EC- Gare ovel Modified EC- Sare ovel
NAL Netlist p e NAL Netlist q ;
estimation estimation
Testbench for Testbench for
VENGME platform RTL level VENGME platform RTL level
Post-synthesis Post-synthesis
simulation simulation

Figure 23: Etapes de modéle, mis en oeuvre et vadiibn.

A titre de comparaison, le module EC-NAL originat également synthétise, simulé
au niveau de grille et sa consommation d'énerdgieestimée. Les résultats électriques sont

présentés dans la Table 4.

Table 4;: Comparaison des deux versions du module ERAL (sans et avec contréle de la FIFO)

mw fB,'OCS ajoutes (Pl, FIFO NAL Totale (sauf EC)
réquence diviseur)
EC-NAL original - 13,38x10 7,876x10° 21.26x10
EC-NAL modifié 0,964x10 15.94x10° 3.208x10° 20.11x10°
119% 159.3% 15.3%

L'estimation de la puissance permet d'évaluerllierice du bloc de commande sur le
module EC-NAL. Grace a ces simulations a bas nivémunéthode proposée montre sa
capacité a réduire la consommation. Elle nécessitiaible surcodt en surface silicium et le
co(t énergétique pour mettre en ceuvre le régulékast acceptable. En effet, on réduit par
environ 59% la consommation totale du c6té consowuma

Cependant, la méthode proposée ne réduit que &é B,Ionsommation du circuit
complet. La raison en est que le consommateur icltpisest le sous-module NAL initial, a
une consommation faible, méme lorsqu’il est compal& consommation de la liaison FIFO.
Si la méthode est appliquée a un lien FIFO, avecamsommateur consommant plus que le
sous-module NAL, avec la méme FIFO asynchrone, &nenrégulateur Pl et le méme
diviseur de fréquence, l'efficacité de I'approchésDproposée peut étre prouvée. La
normalisation suivante illustre cet argument.

Selon les résultats présentés ci-dessus, consgl§uan

» Ja consommation du sous-module d'origine est cklIBIAL;
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» |a consommation de la FIFO synchrone est 1,7 fiois grande que le sous-
module initial NAL.
Alors :
» |a consommation du régulateur Pl et du diviseufréiguence est égale a 0,12
fois la consommation du sous-module initial NAL;
» |a consommation de la FIFO asynchrone est 19%éwee que celle de la
FIFO synchrone;
= notre méthode DFS réduit par 59,3% la consommaditate d'énergie du
consommateur, a savoir le sous-module NAL.
Ainsi, la consommation de puissance de la versi@inale est égale a1 + 1,7 = 2,7.
La consommation d'énergie de la version modifié&gale a :
1x(1-59,3%)+1,7x 119 = 0,12% + 2,567.
Le gain de puissance est donc: (2,7 a 2,567) £2,B%

Maintenant, supposons que le procédé est appliqué& Gonsommateur qui consomme 100
fois plus que le sous-module NAL d'origine. On peaiculer le gain en puissance comme
suit:
» |a consommation de la version originale est égdle+ 1,7 = 101,7.
» |a consommation de la version modifiée est égale a
100 x (1 -59,3%) + 1,7 x 119 = 0,12% + 42,86.
Ainsi, le gain en puissance de la méthode estilaste: (101,7 a 42,86) +~ 101,7 = 57,9%.

Blocs ajoutés (P,

mw fré = FIFO NAL Totale (sauf EC)
réguence diviseur)
EC-NAL original - 1,7 1 2.7
EC-NAL modifié 0,12 1,7x119% 1-59,3% 2.567
159,3% 14,9%
. 7z l
mw fB,IOCS aIOUt?S. (P1, FIFO Consommateur Totale
régquence diviseur)
Version originale - 1,7 100 101,7
Version modifiée 0,12 1,7x119% 40,7 42,86
159,3% 157,9%

Avec un sous-module qui est 100 fois consommantleeus-module NAL, le gain

en puissance est de 57,9%. L'efficacité de la nu&tippoposée est donc prouvée.
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Conclusions et perspectives

Ce travail de thése s’est intéressé a l'optimisaties performances de la plateforme
VENGME, un encodeur vidéo matériel H.264. En pradiqle module EC-NAL de la
plateforme a été concu, optimisé et mis en oeuveemodule EC-NAL a été optimisé afin
d’augmenter les performances en vitesse tout enig&at sa taille et sa consommation
électrique.

Ensuite, la consommation des différents moduletad@dateforme VENGME, sur la
base d’estimation de la puissance au niveau RTLléaétudiée. Ces résultats aident a
comprendre les caractéristigues en puissance dplai@forme. Avec les résultats de
puissance, le déséquilibre de la charge de cattwd ées modules et I'architecture en flot de
données de la plateforme VENGME ont été exploitesir trouver une solution
d'optimisation de la puissance pour I'ensembleagddteforme.

Une méthode DFS de gestion de la consommation eviaohtréle du niveau de
remplissage d’'une FIFO, basée sur la théorie dtr@en a été proposée. Cette méthode vise
en premier lieu la plateforme VENGME, mais aussip&ateformes qui utilisent des tampons
mémoire / FIFOs pour transférer des données emsentbdules. La méthode proposée est
mise en ceuvre tout d'abord dans le module EC-NALdldpositif de commande est congu
pour commander la fréquence du sous-module NAloention du niveau de remplissage de
la FIFO placée entre les sous-modules CE et NALchwetréleur a été mis en ceuvre en
matériel. Les résultats d'estimation de la puissar@nsommeée au niveau porte valident

I'approche proposée.

La poursuite naturelle de ce travail est I'extemsle 'approche de contréle du niveau
de remplissage de la FIFO a I'ensemble de l'acthite de la plateforme VENGME. Cela
consiste a choisir les modules « consommateur'algbrithme d'arbitrage nécessaire quand
il y a beaucoup de FIFOs contrdlées dans la platefo

Une autre perspective est lintégration de la masd’échelle de la tension
d’alimentation pour étendre I'approche DVS en ueehhique DVFS. La loi de commande
devra étre congue en tenant compte de contraimtpesées par le matériel, par exemple le
retard d0 & la commutation d'une alimentation.

Enfin, I'évaluation sur la plateforme silicium dditre effectuée. En particulier, la
consommation des blocs de la plateforme réelleadétne comparée aux simulations et aux

valeurs de I'état de I'art.
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