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Abstract

This paper describes an AMBA-based IP to perform forward and inverse transform and quantization required in the
H.264 video compression standard. The transform and quantization circuit was optimized for area and performance. The
AHB wrapper was added to the circuit for the AMBA-based operation. The user of the IP can specify how long the bus
may be occupied by the IP and also where the video data are stored in the external memory. The function of the
proposed IP based on’ AMBA Specification was verified on the platform board with Xilinx FPGA and ARM9 Processor.
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We fabricated an MPW chip using 0.25um standard cells and observed its correct operations on silicon.

Keywords : transform, quantization, H.264, video CODEC, AMBA, IP

I. Introduction

Digital convergence is one of the conspicuous
trends these days. A cell phone with a digital camera
and an electronic dictionary with an MP3 CODEC
(coder and decoder) are the examples of vdigital
These digital products
complex SoC (system on chip) with a variety of
functions. A fast time to market is, of course,
mandatory. The 'platfonn—based design methodology

convergence. require a
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is one of the ‘solutions to this problem. If we want to
use this methbdology successfully, .two factors should
be kept in mind. One is to use the IP’s (intellectual
properties) with good quality. The other is to use the
IP’s with standard interface. In this paper we present
the P
conforming to a standard bus interface protocol: the
AMBA (advanced microcontroller bus architecture)

Speciﬁcationm The proposed IP can perform the
2

design and verification results of the

transform and quantization required in H.264°.
the using an
area-optimized architecture”. It can perform all the
in H264 including

forward and inverse, residual and DC transforms

transform  circuit

transform operations defined

using small number of resource blocks such as
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adders and buffers. Note that all three transforms can
shifts
without any multiplications[4]. The quantization circuit

be implemented using only additions and

works closely in association with the transform
circuit. The platform on which the IP operates
includes arbiter, decoder, multiplexer, master and
slave IP's. We described the whole platform including
the proposed IP at RTL (register transfer level) in
Verilog HDL (hardware description language) and
verified the AMBA-compliant
quantization operations through the RTL simulations

transform  and

and also on the platform board. We synthesized the
proposed module into the gate-level circuit with
0.20um standard cells
designed the chip layout using Astro and
implemented an MPW (multi-project wafer) chip. We
tested the fabricated chip and observed its correct
operations compliant to the AMBA Specification.

using Design Compiler,

II. Circuit Design for Transform and
Quantization

1. Transform Circuit

The 2D (two-dimensional) transforms defined in
H264/AVC can be carried out by applying 1D
(one-dimensional) transform equations to the mnput
intermediate
applying the same equations to the transposed data.

data, transposing the results and
The 1D transform equations of 4x4 forward residual

transform are given by:

o] [1 1 1 17xo0
Y1 1 -1 =2/ x

= D
20 11 -1 -1 1|Xx2
Y3 {1 -2 2 -1]x3

The above equations can be decomposed into two
parts®

AL
A i

The 1D transform equations of 4x4 inverse residual

2
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transform are decomposed in a similar way. We
decomposed the 1D transform equations of 4x4 luma
DC transform and the 2D transform equations of 2x2
chroma DC transform. All the decomposed equations
share the same 2x2 coefficient matrices.

The 1D residual and luma DC transforms and the
2D chroma DC transformm can be implemented using
two adders
subtraction) and

(one for addition and the other for
shifters.
necessary to implement the 2D residual and luma DC

A transpose buffer is

transforms. Fig. 1 illustrates the proposed architecture
of the transform circuit. It includes a 14x16-bit
transpose buffer, an adder, a subtractor, four registers
(Ro, Ry, Rz and Ry, multiplexers and a control block.
The bit width of the components in the circuit should
be 16 to cover all the transforms”
'mode’ provides thé information to determine the kind

. The input signal

of transform such as forward or inverse, luma or
chroma, etc. Based on this signal, the control block
controls the data flow within the transform circuit.
Fig. 2 and Fig. 3 show the parts of the circuit to
perform the forward and inverse residual transforms
among the operations of the circuit in Fig. 1. The 2D
transform is performed by applying the 1D transform
twice. The inputs of the first 1D transform are
supplied to the input port ‘din’ at a rate of one pixel
per clock. These pixels are stored in the registers
temporarily and provided to the adder and subtractor
at the properly scheduled time. The results are stored
in the transpose buffer and then used as the inputs
of the second 1D transform. The final outputs are
available at the output ports 'Y_e’ and 'Y_o’.

—p _Control block |
mode i I
2
._L.r;: | Registers g
aint (RoRuR2Rm) g%
rh and MUXs g >
* oo
Y eywyY_o
I8 1. Ao HE s2o Px
Fig. 1. Proposed architecture of the transform circuit.
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Fig. 2. Block diagram of the forward residual transform

circuit.
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Fig. 3. Block diagram of the inverse residual transform
circuit.

The data flow of the 1D forward residual
transform is shown in Fig. 4 X; is the input pixel
supplied to the 1D transform circuit at clock i. The
first input pixel Xy is stored in Ry, at clock 1 and the
second input pixel Xj is stored in Ry at clock 2. The
inputs of the first addition (denoted by '+') and
subtraction (denoted by '-’) are X stored in Ro and
the third input pixel X2. The inputs of the adder and
subtractor are highlighted by shading in Fig. 4. Ty
(Xi+X2) and Ti (Xi-X») are stored in Ry, and Ry at
clock 3. Xy is transferred from R, to Ry via R; and
used as the input of the second addition and
subtraction. Ty (Xo+Xs) and Ts (Xo-Xs) are stored in
Ro and R: at clock 4. Yo (T2+To) and Yz (Tz-Ty) are
the first outputs from the 1D transform circuit. Ts
and T, are shifted left by one bit, added and
subtracted to generate thé second outputs Y
(Ts*+Ty) and Ys (T3-Ti*), where Ts* = T3 << 1 and
Ti* = T; << 1. These operations are repeated for the

Clock#/ 0112131415 ]|6|7
Input | Xo | Xi [ Xo | X3 | Xu | X5 [ Xe | Xy
Ro Xi [ X | T | Ts | Xs | Xa

Ri Xo| [TolT|Xy
R Xo To | Ti | X4 To
Ro Ty | Ts T

Yo | Y1

Output % | v,
. Xi | Xo | To [T | Xs | X4
11X | X3 | To| Ti | X6 | Xz
B Xi | Xo | T2y T | X5 | X4
Xo | Xz | To | Tix| Xs | X7

(Tox =Ta <<}, Tix=T1 << 1)

a3 4 xR et X R HEte| Hole 58

Fig. 4. Data flow of the 1D forward residual transform.

rest of the input pixels. The operations of other
transforms such as the inverse residual and the DC
transforms are scheduled in a similar way. ,
All the data (Yo, -+, Yi5) generated from the 1D
transform circuit should be stored in the transpose
buffer. To perform the ZD transform the transposed
data are fed back to the 1D transform circuit in the
order of Yo, Y4, Ys and Yi2. The transpose buffer for
the 4x4 transform usually consists of 16 registﬁrs.[4'5]
As illustrated in Fig. 5, we reduced the number of
registers into 14 by carefully scheduling the
transpose operations. As shown in Fig. 5 (a), our
transpose buffer stores the first 12 input data (Yo, -+,
Y1) in the registers (Ro, **, Ru). The two buffer
registers Rz and Rjs are necessary because our 1D
transform circuit generates a pair of data at a time.
In order to accept the next input Yy, the data that
have been already stored in the register group 'loop
0’ of Fig. 5 (b), ie, Ys, Y4 and Y, are shifted right
by one. Then, Yz is stored in the register Rs. The
data in 'loop 1’, "loop 2’ and 'loop 3'. do not move at
this moment. After Y3, Y5 and Yg stored in 'loop 17,
and Yy, Yz and Y12 stored in ‘loop 0’ are shifted right
by one, the next input Yi3 is stored in the register
Ry. The registers of 'loop 2’ and ‘loop 3’ are holding
the previous data. Similarly, the last two inputs (Y14
and Yis) are stored in the registers Rio and Ry In
this way we can guarantee the proper transpose
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Fig. 5. Structure of the transpose buffer.

operations with only 14 registers.

Based on the proposed architecture, we described
the RTL circuit in Verilog HDL and synthesized the
gate-level circuit with 3,299 logic gates using
standard cell technology. The maximum operating
frequency is 106MHz. A macro block in a 4:2:0 color
image consists of 24 4x4 residual blocks, one 4x4
luma DC block and two 2x2 chroma DC blocks. Since
810 (32x24 + 32x1 + 2x4 + 2) clocks are required to
process one macro block including two-clock latency,
our circuit can process 331 frames per second for an
image with 352 x 283 pixels. Table 1 compares the
circuit size with other approaches. Our circuit can
perform all the transforms defined in the H.264 with
much smaller number of adders. The architecture
proposed in [5] does not support any DC transforms
even though it uses more logic gates than ours. The

approach adopted in [7] shows an extreme case of a

(732)
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Table 1. Comparison of Circuit Size.
[5] [6] [ | Ours
Forwand Residual o | o 0 0
Luma DC X (0] X (0]
Transformy ey omaDC| X | 0 | X | O
Residual 0 0 X 0
Inverse
Luma DC X (6] X (0]
Transform e DC| X | 0 | X | O
Nurnber of adders 8 16 64 2
Transpose buffer (bits) | 16x16 | 16x16 | None | 14x16
Gate count 3524 | 6538 | N.A. | 3299

(O: supported, X: unsupported)

parallel architecture and is not concerned with
the H264 standard
armounced, there have vbeen many approaches to
optimize each part of H.264 CODEC circuit. As far as
the authors know, our circuit is the smallest among

area—efficiency. Since is

the transform circuits that have been reported.

2. Quantization Circuit
The H.264 assumes a scalar quantizer. The basic
forward quantizer operation is

Z, = round (Y, / Qstep) 3)

where Yj is a coefficient of the transform. Qstep is a
quantizer step size and Z; is a quantized coefficient.
A total of 52 values of Qstep are supported by the
H264 standard and indexed by a QP (quantization
The simplified forward operation

parameter). is

described as follows.

IZif| =(|VKA-MF+f)>>qbits

sign(Z,;)=sign(W;)
gbits =15+ floor(QP/6)

4

where W; is an unscaled coefficient of the transform.
The values of MF are defined in the standard. f is
2%t / 3 for intra blocks or 2™ / 6 for inter blocks.

Fig. 6 illustrates the architecture of the circuit that
can perform forward and inverse quantization
operations. The input data are supplied to the input
ports ‘q_in0’ and ‘q_inl’. A quantization parameter is



130 H.264 Het U AXtst 7158 2= AMBA J|¢H 1P 7H ojMy 2
q_in0 g_in1 ap Arbite‘r Maszer2$ia\;e Mux SlavezMaster
] 4" (arbiter.v} (Muxr2s.v) M Mux
q_bits {Muxs2m.v)
dbufQ Processor2AHB
gp_const Wrapper | = F >
[dourt] |-3-Per (m2ahby) | Lo ‘ g
- qp_rem t VT AvBa2H s | N SDRAM
! Wrapper H ecoder Controller
E (amba.v) 2 (decoder.v) (ebi_sdramc.v)
gp_rem = ! :

T — i

msm.v) d Tia ; v

{ é {top_transform.v) § 161 iﬁﬁx}:th

SIGN B g_out a3 7. HerEl ESiEe EEX
Fig. 7. Block diagram of the proposed platform.
E 2 T/QAHH Hx|AH
a3 6 YAE HE P Table 2. T/Q Configuration Register Map.
Fig. 6. Architecture of the quantization circuit. -

Bit 15 | 14~10] 9~5 | 4~1 0
provided to the input port ‘gp’ and is used to Data 1 QP NoF IS FI
generate four parameters (‘g bits’, ‘gp_const’, Data 2 RLS

Data3| SB | AM

‘qp_per’ and ’‘gp_rem’). Those parameters are

internally used in the quantization circuit. The letters
"', 'R’ and ‘D’ used in the multiplexers in Fig. 6
denote residual and DC,

forward, inverse,

respectively. Since a pair of coefficients is generated

per clock from the transform circuit, two registers
"dbuf(’ ‘dbufl’ . buffer them. The final
quantization output is available at the output port

and

‘qout’ at a rate of one coefficient per clock. We
described the quantization circuit at RTL and

synthesized the gate-level circuit with 3901 logic
gates using standard cell technology.

II. IP Design and Verification

1. IP Design Based on AMBA Platform

The AMBA is defined on an on-chip
communications standard for’ designing embedded
microcontrollers.  Within the specification three
distinct buses are defined AHB (advanced

high-performance bus), ASB (advanced system bus)
and APB (advanced peripheral bus). We built the
design
quantization circuit, based on the AHB architecture.
Fig. 7 shows the block diagram of the platform

platform to verify our transform and

including arbiter, decoder, multiplexer, master and
slave IP's. The arbiter allows the master the

authority of using a bus depending on the priority

(733)

scheme®®, The decoder determines which IP will be
selected. The two multiplexers "Master2Slave’ and
'SlaveZMaster’ select the signals from the master
and slave that are allowed by the arbiter and send
them to the bus. The wrapper 'Processor2AHB’
provides an interface between the AHB and ARM.
The external memory to store the video data is the
SDRAM
memory). The proposed transform and quantization IP
is denoted as 'T/Q’. The wrapper 'AHB2H.264’
provides an interface between the AHB and 'T/Q'.

~Table 2 shows the configuration register map for
the 'T/Q’ IP. The register consists of three 16-bit
segments: 'Data 1’, 'Data 2’ and ‘Data 3'. The 'Data
1’ segment includes 'QP’, 'NoF’, 'IS" and 'FI'. 'QP’
is the quantization parameter ranging from 0 to 5L
"NoF’
transforrn and quantization will

(synchronous dynamic random access

is the number of frames for which the
be performed
consecutively. 'IS’ represents the image size. In total
16 kinds of image size are supported: from the
smallest 128x96 to the largest 2048x1536. 'FI’ denotes
the direction of the transform and quantization, ie.,
forward or inverse. If the bus is granted to the "T/Q’
IP, the 'lock’ signal of the AHB is set to the high
state for a continuous data transfer with the
SDRAM. Since a particular IP should not occupy the
bus too long, a user’s option, 'RLS’ in the 'Data 2’
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Fig. 8. Organization of platform board.
segment, is added to determine when the ‘lock’

signal will be released The 'RLS’ specifies the
number of macroblocks during which the 'lock’
signal maintains the high state. The ’‘Data 3’
segment consists of 'SB’ and 'AM’. ‘SB’ is the start
bit to initiate the 'T/Q' operation. ‘AM’ is to
determine where the video data will be located in the
SDRAM.

2. Verification and Implementation

As shown in Fig. 8 the platform is composed of
two boards: FPGA board and ARM board in Fig. 9.
In the FPGA board, @ is the PROM (programmable
read only memory), @ is the Xilinx Virtex2
XC2V6000 FPGA (field programmable gate array)
and @ is the 20MHz-oscillator. In the ARM board,
@ is the ARMOS3C2410 processor and @ is the USB
(universal serial bus) port. Synplify v7.0 of Synplicity
and Project Navigator of Xilinx are used for
synthesis and placement/routing, respectively. The
maximum frequency obtained for the target FPGA is
38MHz. The synthesized circuit is downloaded to the
FPGA board through the serial cable. The test
images are transferred from the host computer to the
SDRAM (0x14000000 to Ox141FFFFF) through the
USB cable and supplied to the 'T/Q’ circuit in the
FPGA. The computation results from the 'T/Q’
circuit are stored in the SDRAM (0x14200000 to
0x143FFFFF), transferred to the host computer
through the USB cable and then compared to the
expected results. Fig. 10 shows the verification flow.

We developed the C program to provide the
convenient verification environments. Fig. 11 shows
the GUI (graphical user interface) of the program. @
is the button to transfer the test images from the
host computer to the SDRAM. ) is the button to set

(734)
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10. Flow diagram of circuit verification.
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Fig. 11. GUI of verification program.

the configuration register values to control the
transform/quantization operations and the wrapper
interface with the AHB. 3 is the button to transfer
the computation results in the SDRAM to the host
computer.

We synthesized the gate-level circuit with 0.25um
standard cells of MagnaChip Semiconductor using
Design Complier, and verified the circuit operations
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Fig. 12. layout and fabricated chip.
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for the best and worst cases by the pre-layout and
We performed P&R
(placement and routing), DRC (design rule check),

post-layout  simulations.
LVS (layout versus schematic) ‘using Astro and
fabricated our MPW chip. Fig. 12 shows the final
layout (2413ym x 2426um) and the photograph of the
fabricated chip. The package of our chip is LQFP
(low—profile quad flat package) and has a total of 208
pins. As shown in Fig. 13, we tested the fabricated
chip using a prototype tester IMS ATS2 and
observed correct operations compared with the
expected outputs.

IV. Conclusions

We proposed an AMBA-based IP that can perform
the H:264 transform and quantization operations for
video compression and decompression. The core of
the IP is the transform and quantization circuit
The AHB
wrapper provides an interface conforming to the

optimized for area and performance.

H.264 HE & Lxtst 7158
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AMBA Specification. In order to offer the flexibility,
our IP allows the user to specify the options such as
how long the bus may be occupied by the IP, where
the video data are stored in the external memory, and
so on. We described the whole platform including our
IP at RTL and verified the AMBA-compliant
operation through the RTL simulations. We also built
the platform board with Xilinx FPGA and ARM9
processor and demonstrated the correct operations.
An MPW chip with our IP was fabricated using
0.25um standard cells to prove its AMBA-compliant
operations on silicon. The proposed IP -will be used
as an essential block when we implement the H.264
CODEC  using the
methodology. It is important to make sure that there
is no problem in the bandwidth when the AMBA bus
is shared by many IP’s. As a future work, we are

platform-based  design

planning to address this problem when we implement
the H.264 CODEC.
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