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Abstract

In this thesis, we present the design of an H.264/AVC Hardware Decoder IP for a
Xilinx Zynq 7020 FPGA platform. The behavior of the IP is as follows. The Hardware
decoder IP will read the encoded H.264/AVC bitstream data from the DDR SDRAM using
the AXI bus protocol. When the decoding process is finished, the decoded video frames
will be written back to the DDR SDRAM. The implementation in this thesis is based on a
previous H.264 decoder IP developed in-lab. This paper fixes some architecture problem of
the previous H.264/AVC Decoder IP so that our design can have at most five large
resolution reference frames for inter prediction. This is achieved by moving the reference
frame storage from the on-chip-memory to DDR SDRAM. The new architecture removes
the resolution limit of the original decoder IP with some tolerable performance degradation.
In additions, we have also fixed some bugs in the entropy decoder in previous design such

that the resulting decoder IP from this thesis complies with the H.264 standard better.
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TABLE 1
STORAGE REQUIREMENTS, IN BYTES, FOR THE H 264/ ANVC BASELINE PROFILE DECODER

BufTer name Formula QCIF CIF
w=176, h=144 n=1 w=352 h=288n=1

Reconstruction I.5%w*h IR01G 152064
frarme
Reference frames n*1.5*w*h JE01G 1 52064
Slice map w! | 6*hi16%4 396G 1584
Reference indices w1 6%h/16%4 196 1584
Motion veciors w!l 6%h/'16%64 6336 25344
Intra-prediction wil6®h/16*1 6 | 584 6336
modes
CBP values w'l6*h'16%4 396 1584
MB types w'l6*h'16 a0 154
QF values wi 1616 a9 156
CAVLC 1.5*w/16*h'16* 16 2376 Q504
coefficient counts
ME temp data A 2048 2048
Constanis ~2048 2048 2048
TOTAL (n+1 )+ 5% a*h 4 Q1810 3154952

wil6*h'16*1 18 +

4096

Table 1 H.264 j378 B & ~ 213 & 2 55 H (%% p [3])
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3.2 Slice level high-level syntax decoding
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3.3 ¥ f% 75 (Entropy decode)
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syntax i& (7 ¥ % > H p e f 4 % Sn#h 4p(coding redundancy)i& @ # 2 B gL -
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Coding(UVLC) -~ Context-based Adaptive Variable Length Coding(CAVLC)% Context
Adaptive Binary Arithmetic Coding(CABAC) > H.264/AVC * & % ficstié * el > 5\
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R
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B e E R E A 7 P syntax enid s & {8 ome B E_* % coded block pattern

sfazs o 1% codenum 5d & £ A i 7 I pattern - UVLC 4 &4 Table 2 2 Table 3

B =

.‘-'—7]“ o
1

0
010 1 0 0
011 2 1 !
00100 3 2 -1
00101 4 3 2
00110 5 4 -2
00111 6 > 3
0001000 7 6 -3

0001001 8

k (-1)<+1Ceil(k/2)

Table 2 Exp-Golomb code table(ue) and Exp-Golomb code table(se)

Coded_Block_Pattern

Intradx4 Inter
0 47 0
1 31 16
2 15 1
3 0 2
4 23 4
5 27 8
6 29 32
7 30 3

Table 3 Exp-Golomb code table(me)
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(2) Contex Adaptive Variable Length Coding (CAVLC)

fdk e % ol hIt A H.264/AVC 1 5 £ Y #5 $iF > Context Adaptive Binary
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Figure 5 CAVLC 278 - X 375 11 2L F B g
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3.4 & & i (Inverse Quantization §2 & #& % (Inverse Transform)

H.264/AVC & 3% (Transform) e384 §_# * %7 v DCT(DCT-like)i& 7 it £ &

v 22 i@ 3 DCT 4e Figure 7 #777 20 £ B 40 ) ik en 8 ey Y e 4 > B f2 48 =3

EFIeniE % € foshmBiipl - 7 € A4 %Bfam 7 - Renfin o A & H264/AVC Bdi

e

PEEBC] 0 AXA R E > T fEiB B A £ R (16-bi) 0 T B E A SR

J

j?%&%%ﬁ%ﬁ%%’ﬂﬁﬁéﬁﬁ’%u4¢§g§&?ﬁ0a+amﬁﬁﬁ

< it "R R Hoox is(Blocking effect) @2 5 - 2 4x4 inverse transform s 3 o 58 de

Figure 8 -
- 1 -
o 8 & 5 f N i i 1 1
1 a- ab a ab 1 1
1 - -1 -1 5 B2 ab B2 1 - —-= -1
Y = : X1 ® % o %
§ —= 4 9 a*> ab a® ab 1 -1 -1 1
9 ol N ab b* ab b? = =1 A ==
1 -1 1 —= . _

Figure 7 Transform formulas

B Forward transform ( for encoder ) :

N-1N-1 .
N QRx+Dur Qv+lyva
Fuv)=Cu)C( E E f(x.v)cos Cos—
(.v) wnC )x=0 _‘.=0° (x.7) 2N 2N

M Backward transform ( for decoder ) :

N-1N-1

. e v Q@x+Dur  QCy+hvrz
f(.\.))-%é((u)( (V)F (u.v)cos - cos —

Figure 8 DCT formulas
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H.264/AVC % % £ i E(Quantizer) % g 3% S-ficfr™d MR T - £ R F1EA
KAAEH T BHRER IR RRMN ) T URI|E D RBET A A REERY

H.264/AVC » % i 52 & € i 4 F# (Quantization Step Sizes)™ #:iE# » H 4
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i
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5 1 8 10 Code transform 140 1 6 -
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Figure 9 Transformation and Quantization
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3.5 F & p 3¢ (Intra Prediction)

H.264/AVC {1 * — 3% & P 4p A8 F 4L % 37 ] (Prediction) » A # Intra prediction >

Intra prediction #& & Intra 4x4 - Intra 16x16 = #& block size i& {7 -
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e R R S A M £ R

B o) ke o ViR 3 en g fi05N 0(Vertical mode) o Rl @ f# £ 0 4xdblock 2. i &
ap R a~é~i~-mipzid Atz ka2t b -frisnp%Efd B3 22 ¢~
a~k-oif%d CHhz At rd-h -l -pihid Dz A2 o ¥ 7> DCH F o+

Hu L g2 e daist o FafEmamapihd Ly ¥ Biji AL THEd -
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(a) (b)

Figure 10 (a)Intra 4x4 Sample (b) Intra 4x4 Prediction Mode
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(2) Intra 16x16

H.264/AVC B 44>t Intralbx16 4% o /&% F 3g Rl » 4o Figure 11 #7770 i
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Figure 11 (a) Intra 16x16 Sample (b) Intral6x16 Prediction Mode
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Block - @ Intra Predict Block £ # #i% Inverse Quantization % Inverse Transform =12
4 ¢« Residual Block it €2 » ZEEARH = Special Compensation » Spatial Prediction

£ Special Compensation /T&‘{ Intra Prediction % £ /4% o

Entropy

decode

CAVLC Residual Data

decoder > Q_l > T1
Exp-Golomb )

dlazesler Intra Prediction Mode l Residual Bloc

Intra Prediction
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Figure 12 Intra Prediction f2#% % %, §]
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3.6 & & 3¢ p(Inter Prediction)

A g e (frame)rie = » ¥ H o £ F 24t F g 0 g
NEG BB R FRAF AR NEES R A R
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Figure 133 ¥ & o 22w s & 5 ap b 12 1% %
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0 0|1
1 2 | 3
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0 0|1
10 0l 1
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Figure 14 Partition of macroblock and sub-block
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d 3t 4 1% Inter Prediction e 477 > #7& P~17 ehpixel & A & 5 ¥ @ sub-pixel
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Figure 16 Luma sample interpolation

Luma % & & * interpolation filter & * *giT:1image pixels k& = sub-pixel - 4c
Figure 16 #r7r » # d % Bl = full-pixel » v & % 3. P E_sub-pixel - sub-pixel sample Z
& ¢ * 6 tap Finite Impulse Response(FIR) filter :+ & » ## & » %] 5 (1,-5,20,20,-5,1) » #
I

bl = (E — 5*F + 20*F +20*G — 5*I + J +16) /32

b = Clip(bl)

Be b hjmsyEaptf@mrizrdmnacdnfikg®Ers - Bake
3t 1/4 pixel = % #sub-pixel & P £ d i1 0 full-pixel & 1/2 pixel =% 1 sub-pixel #&
T ¥ats e e 0 B 5] R
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20



A 1T B A RS 14 pixel =¥ isub-pixel 4oe, g, p, r RIAF Bifonn B
1/2 pixel = % & sub-pixel gL 3515 18 i » 8 ] K
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Figure 17 Chroma Interpolation
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¢ 4.3.2 QP(Quantization Parameter) Decoder
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¢ 4.3.3 CodedBlockPattern Decoder
CodedBlockPattern(CBP) &_4*%F non-skip * 2t Intra 16x16 13 B Hi-58 7 MB %k @
* oo ¥t A Bag g 16X16MB 0 CBP sfic it -2 p # f2#5 9 MB ¥ & i 8x8 block &_

T i F gt ki 4o Table5 #7F o

Pattern : + = coefficients MAY BE present, 0 = no coefficients | Coded_block_pattern
Luma 8xB blocks

Chroma DC 011011; = 27,

'r 'r

S ]

Chroma AC

Chroma DC 001000; = By

] G

S S
0 o 0 0
Chroma AC
Luma Bx8 blocks
Chroma DC

101111; = 475
( "

7 7 v v

Chroma AC

Table 5 CodedBlockPattern Example
t 431 ) &5 4% 3] CBP 1245 &4 * Exp-Golomb ¢ &ime > & 3] CodeNum
{61395 3.3 /) & Table 3 some ¥t 4 ¥ 3] CBP i » @ CBP el % 5 6 1 bits >
= o & i bits _CPB Chroma > {¢ = & bits £ CBP Luma - 4 %% 7+ MB # Chroma
22 Luma %A chzb R il s Bics R 0 7 A F (% F 35 & CodedBlockPatternLuma

% CodedBlockPatternChroma = 3t 85 » & @ ELeng 4 3 V4o

CodedBlockPatternLuma

CodedBlockPattern[3:0]

CodedBlockPatternChroma

CodedBlockPattern >> 4
% 17 3] CodedBlockPatternLuma % CodedBlockPatternChroma {4 if ¥ #-izm 3 5L 8
~ T — & e CAVLC Decoder ® it 7 Residual Data =245 » CodedBlockPattern Decoder

£117E H 4o Figure 32 #1771 o

32



m CodedBlockPattern

Intradx4 Inter
0 a7 0
iy . CodeNum
~ -
Exp-Golomb Decoder e o 1 31 16 2] CBPLuma >
< CAVLC
-~ Decoder
2| CBPChroma >
47 41 41 -

Figure 32 CodedBlockPattern Decoder i 2.

¢ 4.3.4 CAVLC Decoder
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¢ 4.3.5 IntraPredMode Decoder
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Figure 51 % % i Intra Predictor =% f;%} » @ Table 9 #_Intra Predictior sn#& & 2u
B > § AE IR w & 278 0 4x4 block 2 PredMode » X {5 #- PredMode 2 p 0 f#
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FERFYOTHRIFT AT EY > TRER =X %érj-&g B 4538 45 Intra Prediction » @

kit % fik{ Intra Prediction Block - -

Blkdx4 rec_counter
Infradx4_predmode_Currivib

PredMode

2

blk4x4 intra_preload_counter
Intra_mbAddrA_reg 0~15
Macroblock A [>AddrA
" Load Module ::R’W Intra__ blockA_window
DataA_out=+| mbAddrA reg % Intra Prediction
e »  Operation
[, Infra_mbAddrB_reg 0~15 )
|| MacroblockB _..gi?;B - blockB_window
Load Module —
DataB_out—*| mbAddrB_reg —-[ blockC_window |
{},___15 ntra
Prediction
Block
Intra_mbAddrD

D

Figure 51 Intra Predictor £ 3 [F]

Intradx4 predmode CurtMb 3745 — {@Macroblock P A % 4x4sub-block g
predictionmode > #64bits

Blk 4x4 rec counter B #] AT & 3% 894x4 sub-block#s 3%

blk4x4 intra preload counter = Z ¢ block ram F £ A8 E 2L
Intra_mbAddrA reg0~15 #a#H 7> B #74x4 block £ fa & Hkpixel F #
Intra_mbAddrB_reg0~15 8%t # B 74x4 block 1 # A $kpixel 4
Intra_mbAddrD # B AT4x4 block 4 £t F #ypixeltd

blockA window B BrBlockrr & 3 % # #|Block Agj4x4 & 3
blockB_window H ATBlocksi E % 4 # 2|Block B&j4x4 & 3
blockC_window B BiBlocksi & 2 % # #|Block C#94x4 & 38

Table 9 Intra Predictor & & 1 g5z
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¢ 4.4.4 Inter Predictor
436 &4 %57 MVR didz > @ MVR 24 kv MV ¢ &gt o2 5 Inter
Prediction » = 3 % 3 » Inter Predictior =/ 4252 4.4.3 &0 Intra Predictor 3517 » 2 &+ &1
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HE-mE o AW FlE £16x16 0 #7u- AR & 4 B words > & 1650 F = 5% -

7 eh 44 B 7] L qeif eafzds B 4 (176x144) > + ;'fa{;fb— 7% 5 176/16=11 # MB > -

2

I

0 1 2 3

44 45 46 47

a8 &3 90 91
132 133 134 135
176 177 178 179
220 221 222 223
264 265 266 267
308 309 310 a
332 353 354 355
396 337 338 339
440 441 442 443
484 435 436 487
228 329 330 331
272 373 374 375
616 617 618 613
660 GGl 662 663

Table 10 qcif j247 & ¢ 16x16 MB 3f P~ i ¥ 4§ 5|
48



MB - 7% & 4 % words> #7172 % i QCIF Frame en— 7| £ & & 44 # words X &% 5 >
WB-m B 5 0~43 yuptagpdn > CIF(352x288) i = s B~ % € /4 88 M4 o m 3+ &
o P~ % pF o refidx » € @ 3¢ f o User Logic 2 3+ % Frame List Offset - p
Reference Frame List e = £ 3 * FIFO a3 3% fjk{—s‘ — 5k Frame 2_ index % 0 -
WA kG Lo gt EdE o A B ow F iFeh Frame list /7 & 7 fnjx sv AEReT

5k ¢hd & B 3R] Reference Frame list 9% (5% & Bl4e Figure 52 #77 » 3@ 24 i H >

Bij—3EFrame

Index

Reference Frame List

Figure 52 Reference Frame List - &, Bl

LA KRERRGH LS BF FF 0 =B » SDRAM ugie s ¥ iF- & WriteBase -
WriteBase %4 p mn & & ¥ ~ 7 > % word ¥] SDRAM » @ Frame List Offset )’j%{d
WriteBase -4 refldx 3kt B % 247 & - 3% Frame sz word #c 0 4% >/ 35 refidx
5% Frame » & 4c t Inter Prediction & & g B> % - ﬁ}ﬂ“‘ & BUS e Be i % o
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Memory access address
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R PEFLIE R LR E R RS 5 53 & ¢ 7R fRA ki BlIRAR S
5.1 Zedboard

ZedBoard #_g ** Xilinx Zyng-7000 4 /& ;&2 = & (EPP) this & AB g » 2
# Xilinx Zyng-7000 EPP. #- ARM g2 x 322 Xilinx 7 8 2| FPGA §i % & o 7
2 3E 7 25 Linux > Android - Windows® £ H & OS/ RTOS =k » af * v 88 o
ELNE P T L T R ) AR T P ¥ lmléfdléﬂ—fg"’l}'ﬂslg R EJE
Sife RN K » Zedboard “} g.4c Figure 55 #777 -
Zedboard B # T 5 2 F s d 4o T

>  Zyng-7000 EPP XC7Z020-CLG484-1

512 MB DDR3 :z % 48
256 Mb Quad-SPI -F* e 48
4 GB SD +
USB-JTAG ~ ;“ i
10/100/1000 2 = & §& /i &
USB OTG 2.0 = USB-UART
PS&PLI/O 4% r (FMC, Pmod™ XADC)

546 S ARATH 2 (1080p HDMI, 8-bit VGA, 128 x 32 OLED)
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12S & g B
Zedboard # - X 4 eniBiEH L S BA MBI K T on A% & 4GSD +
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S2RERBRAE ~ 5%
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AT HELA LR THMEBRIATE I PEF 1L L SHY e £ 974 gh
H.264/AVC FT §8 2/ T js (T— # & & F i S g dps o
BAAERY DEFIE > AHeFIvR Y oA MR HFF 1L & Xilink

e

ISE Design Suite 14.4 # & Xilinx Platform Studio(XPS) - #ic48 > & & * c-8_Xilinx

%,

ISE Design Suite 14.4 # i xilinx Software Development Kit(SDK) » @ & sL5 422 K,%
451 2 * eng_Xilink ISE Design Suite 14.4 ¥ = Chipscope Analyzer - 41 8 & % =
& > & * XPS ¢ ¢ Create and Import Peripheral Wizard 2= % IP {4 » £ ¥ %8 & % %
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P A2 EH RS E %% Board Support Package(BSP) T ¥ ¥t #i 48 & % i |
program > A3 2 d 3 E N MR & % 7 f § 3% 2 Zedboard } 5 SD +
M 9T o0 bitstream data 2 H.264 45 T B nSE® 0 A fEB S OFT R G w T

SDRAM } » £ §2d JM #7f%78 &) k e YUV F 2 ® pixel by pixel gk 2 o

ETRELESES5 - XPS i+ 08 21 E Xilinx Synthesis Technology(XST) »

H.264 Baseline Decoder TP H.264 Baseline Decoder TP
(Reference Frame List in on-chip (Reference Frame List in DDR SDRAM)
memory)

Number of Slice 7975 10063

Registers

Number of Slice LUTs 28077 25865

Number of LUT Flip Flop 28752 27277

pairs used

Number of Block RAM 96 40

Table 12 & = 2_ @& * Fiht £
@ Table 12 5 #- Reference Frame List ¥ i {& on-chip memory &1 4p 7 42 34
¥ - Reference Frame List # & SDRAM ehZf {2 & = 5% v fud » 7 UG R A
R * el g 5 kA 0  LUT & LUT Filp-Flop pair si¢ * £ £@ = % >
M B & B % 3 Frame list :23c ¥ 3] SDRAM _t {4 > Block RAM & * i & /5 R
A 0652 40 40y RS T B8%ni t E o AR L R A AT R
FEeng et o B2 X SDRAM o] » @ 3 T 42 ﬁim Z 4 > 3% a0 reference

frames *c & BRAM » Fl@ = & L4 7 7t f3 75 afl tfex 7] o

A F iva $ 3 T F > ¥ foreman ~ mobile 2 coastguard = B R &%
g ahplE @ P 2 QCIF 2 CIF 341 R & 7Rz 2 ¢ QCIF 2 CIF chRHEF A~

B4 Table 13 ~ 14.%7 % 77 o
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Frames 300

Frame Rate 30

Resolution 176x144 (QCIF)
Format H.264/Baseline
Number Reference Frames 5

Quantisation Parameter for I Slice 28
Quantisation Parameter for P Slice 28

GOP type IPPP

Average Bitrate 192000 bps

Table 13 qCIF # 1§37 3t

Frames 300

Frame Rate 30

Resolution 356x288(CIF)
Format H.264/Baseline
Number Reference Frames 5

Quantisation Parameter for I Slice 28

Quantisation Parameter for P Slice 28
GOP type IPPP

Average Bitrate 192000 bps
Table 14 CIF ¥ /R 55 7 31
P AR IRAS TR £ X 5 837 MHZ » & figif & 7 R 8 5 e =13
¥ 4 Table 15 ~ 16 #7177 o

BRI (FD) 341 3.6 3.3

Table 15 qCIF 278 p& &
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g At o 38 Bma BEAA hoEH o R ﬂﬁfa«f}'\fﬂ = - Reference Frame List F

& SDRAM {85 3# B~ 5 T ER& 35 36 BUS » i8¢ B e i 5 #0157 547 7 ehps
B e 8 50 REREE hf#45 R U] 0 A % P& k3t o WA A RSB ER
BUS F il v fedk 2 BERE 275 225 o

iy & - & andth o AAPs MC %= 34 aa Pre-Fetch &_ # 7 chpgi2 > @ 14

TG AP i d) ke o iy en R
BFFEF iFT T}'" MB type & * % 4x4 ek B30 5 4 4x8 ~ 8x4 ~ 16X8 ~ 8x16 ~

Skip Block % % » » i & 12 4x4 & 8x8 eh+ | 3 % F FHRIFR A B e AL 1%
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