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Abstract � The H.264/AVC is the most recent
standard of video compression. In this paper orig-
inal and �exible architecture of image reconstruc-
tion block for H.264/AVC decoder is presented. De-
pending on application requirements the proposed
design may be con�gured as low complexity sim-
ple unit with good performance or as fully pipelined
construction with high performance. The architec-
ture was implemented in Verilog HDL and synthe-
sized and then tested on Xilinx VirtexII family de-
vice. The simulation results indicate that the imple-
mented circuit is capable to process real-time video
at clock close to the image sampling frequency.

1 INTRODUCTION

The most recent method for e�cient video compres-
sion provided by H.264/AVC standard [1, 2] signif-
icantly outperforms any previous technique in bit-
rate reduction. The high compression e�ciency is
achieved at the cost of high computational com-
plexity [3]. The most popular are software im-
plementations of AVC decoder, however there are
known some software-hardware co-implementations
as well [6].

In the case of software realizations processors re-
quire a few cycles to perform even simple stream
operations due to generality of their architecture
which is designed to support a wide range of ap-
plications. Therefore, high clock frequencies are
required in order to decode video bitstream in re-
altime. Then higher clock frequency results in in-
creased power consumption which can be an obsta-
cle for some applications e.g. mobile devices. A
better solution for such appliances is e�cient hard-
ware implementation of AVC decoder, but pure
hardware implementation is impeded by sophisti-
cated compression algorithm with much irregular-
ity within.

One of the most complex parts of decoding pro-
cess is image reconstruction which, in the case of
software realizations, requires about 50% of compu-
tational power [4]. In this paper a �exible architec-
ture for image reconstruction block which consists
of inverse intra prediction and inverse transforma-
tion will be presented. Depending on user require-
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Figure 1: AVC decoder block diagram.

ments this architecture can be con�gured to either
high performance or extremely simple construction
with small silicon area.
In order to achieve higher e�ciency the proposed

AVC decoder architecture was implemented as two
separate modules: bitstream parser and reconstruc-
tion. The block diagram of the decoder is shown in
�g. 1. This separation resulted in simplicity of the
architecture of both modules and very low clock fre-
quency. As an advantage of such division contexts
(except few �ags) are not used by parser thus they
can be passed directly to the reconstruction part of
the decoder. This paper presents the reconstruc-
tion part of the decoder only.
The proposed design uses bit-serial arithmetics

to implement algorithms provided by the standard.
In this paper it will be shown that such approach
results in simplicity of the architecture and enables
pipelining, which allows to reduce the total num-
ber of clock cycles required to perform macroblock
reconstruction. However, serial approach involves
special care for synchronization management due
to various computational delays of di�erent mod-
ules.

2 IMAGE RECONSTRUCTION

The block diagram of reconstruction block for AVC
decoder is shown in �g. 1. This part of the de-
coder performs inverse transformation and predic-
tion. The AVC standard de�nes three types of im-



age prediction - Intra_4x4, Intra_16x16 and Inter.
The Inter prediction is not a part of this paper.
Within one macroblock only one type of prediction
may be applied.

2.1 Intra prediction

Intra prediction [1, 2] can be invoked for I and
SI macroblock types for both � luminance and
chrominance. The samples' values are predicted
from context which is previously reconstructed left,
above and above-right spatially neighboring sam-
ples L,K, . . . I,X,A, . . . , G, H as shown in �g. 2 in
Intra4x4 or Intra16x16 modes. Prediction type se-
lection is conditioned by the content of processed
block. The Intra_4x4 pattern is suitable for more
detailed areas and each 4x4 image component is
predicted separately in this mode. For smooth ar-
eas the Intra_16x16 mode is more appropriate and
all blocks of the luma macroblock are simultane-
ously predicted when applying it.
For the 4x4 luminance blocks, nine directions

has been de�ned, including vertical, horizontal and
DC prediction. In horizontal and vertical modes
samples are predicted directly from context values,
whereas each pixel from a block is estimated by
weighted mean of up to three neighboring context
samples when more sophisticated procedure is se-
lected. In the case of Intra16x16 prediction type
four modes have been de�ned . Three of them (hor-
izontal, vertical and DC) are very similar to those
of Intra4x4 except that for Intra16x16 all 32 con-
texts are used. Additionally, plane prediction mode
has been speci�ed. In this case sample values are
derived from a contexts-dependent equation of a
plane [1].

Figure 2: Intra 4x4 prediction contexts and direc-
tions.

2.2 Inverse transformation

Transformation is used to convert samples from
spatial to frequency domain. The AVC uses 4x4
integer transformation [1, 2, 5], similar to the 4x4
DCT. The decoder reverses this process by per-
forming inverse transformation. The 1-dimensional

transformation is described by the following matrix
1 1 1 1/2
1 1/2 −1 −1
1 −1/2 −1 1
1 −1 1 −1/2


This conversion is separable and can be performed
in two steps - vertically and horizontally. Fast algo-
rithms require eight additions and two binary shifts.

3 ARCHITECTURE

The proposed architecture uses bit-serial algo-
rithms to implement methods de�ned by the AVC
standard. The basic unit of the proposed design
is a 4x4 reconstruction block, that performs intra
prediction and transformation of 4x4 image com-
ponent. The prediction process is simultaneously
performed with inverse transformation and a recon-
structed image sample is a sum of both results.

Figure 3: Intra 4x4 predictor architecture (a),
adders grid (b) and plane predictor (c).

The prediction module consists of three separate
units: intra predictor, plane predictor and trans-
formation block and block diagram of this entity is
shown in �g. 3a. The main part of it is a full adders
and delays grid which allows to compute weighted
sum of samples. Each of sixteen output values may
be chosen from among nine of all generated sums
(including DC) or two context values (in horizon-
tal/vertical mode). This selection is provided by
sixteen 11 to 1 binary multiplexers driven by pre-
diction direction and output sample location. The



inputs of this multiplexers are predicted plane and
DC mode values and Intra16x16 and Intra4x4 sam-
ples (all directions).

A separate entity of intra prediction unit is a
plane predictor. This module assigns plane co-
e�cients on the basis of which it predicts image
samples. The block diagram of this module is
shown in �g. 3c. The H and V elements com-
pute weighted sum of sample di�erences which con-
stitutes input to the plane parameters assignment
block. This values are used to estimate image sam-
ples which are provided as simple accumulation of
sample coordinates-derived values, which do not de-
pend on actual context.

Figure 4: 1-D Integer Transform with serial
arithmetic(ci - input coe�cients, ti - output sam-
ples).

The remaining element of presented architecture
is inverse transformation block. The transforma-
tion process is performed �rst horizontally and then
vertically and each step is realized by a single 1-D
transform module. The architecture used to per-
form 1-D inverse transformation is shown in �g. 4.
The module implemented with serial arithmetic re-
quires only nine 1-bit adders and two 1-bit delays.
Figure 5 presents 2-D transformation module con-
struction based on 1-D blocks. This module per-
forms transposition of samples as well. It should
be noticed that in such implementation transpo-
sition is just suitable routing of wires connecting
vertical (V T−1) and horizontal (HT−1) entities of
the transformation block.

4 PERFORMANCE ANALYSIS

The presented architecture was implemented in
Verilog hardware description language. Each pre-
diction and transformation block requires about
160 cells gates when using bit-serial full adders.
The comparison of area occupance indispensable
to implement transformation block in various arith-
metics are presented in table 1. The obtained num-
ber of slices is a result of synthesis various architec-
tures for VIRTEX II family devices. The proposed

Figure 5: Block of 2-D Integer Transform (ci - in-
put transformation coe�cients, di - output image
samples).

serial con�guration requires 14 clock cycles to com-
mit requested operations and the computational de-
lay equals 6 cycles.

Architecture FPGA
used area
serial 86
distributed 128
parallel 368

Table 1: Number of slices necessary to implement
inverse transform in various architectures (results
obtained for VIRTEX II.

The main advantage of such architecture is that
the proposed image reconstruction module may be
con�gured in a few ways, depending on user re-
quirements or application purpose. The reconstruc-
tion block may include one or up to four 4x4 mod-
ules. Each single module performs intra prediction,
inverse quantization and transformation.

Some possible arrangements are presented in �g-
ure 6. The 4x4 reconstruction module re�ects 4x4
block of luma macroblock component, thus output
values of one entity are input contexts of other suit-
able elements. The upper contexts are stored in
shift registers which are updated during process-
ing. The computational delay (6 cycles) resulting
from data processing by the transformation module
is utilized to update context values.

Table 2 presents simulation results for recon-
struction time of a single line and a whole mac-
roblock for di�erent con�gurations.

The most slowly performing con�guration con-
tains a single 4x4 reconstruction module and it re-
quires 14 clock cycles per each 4x4 picture block.
When using four modules, the reconstruction of one
line (4x16 samples) is completed within 32 and of
the whole macroblock within 76 clock cycles. This
results in gain of 148 clock cycles per each mac-



Figure 6: Reconstruction block con�gurations.

Number of Processing time [clock cycles]
4x4 modules 4x4 blocks row macroblock per

of macroblock (16 x 16) sample
1 56 224 0.875
2 40 160 0.625
4 32 76 0.297

Table 2: Decoding time for di�erent con�gurations
of reconstruction block.

roblock. The table contains processing time per
one 8-bit image sample as well.
The result of such a module construction is

pipelining which allows to achieve high cycles re-
duction. In �gure 7 processing chart for four block
con�guration is presented. Every 4x4 reconstruc-
tion module performs within fourteen clock cycles.
Every next module starts to process data after six
cycles delay.

Figure 7: Reconstruction module performance
(con�guration with four 4x4 modules).

5 CONCLUSIONS AND FUTURE

WORK

Area e�cient and �exible hardware implementation
of AVC image reconstruction block has been pre-
sented in this paper. It has been shown that se-

rial arithmetics can be successfully adopted in de-
vices which are requested to perform e�ciently and
have simple construction. The e�ciency of pro-
posed modules can be easily scaled depending on
user/application requirements. In order to achieve
higher computational e�ciency of the whole recon-
struction module the processing pipe has to be ex-
panded by additional 4x4 reconstruction blocks.
Even the simplest con�guration composed of a

single 4x4 reconstruction module allows to decode
SDTV video in real time.
The authors encouraged by good results of use

of serial-arithmetics in video reconstruction plan
to adopt this approach to motion estimation algo-
rithm.
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