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Abstract— The implementation of a parallel de-
for CABAC (Context-based Adaptive Bi-
nary Arithmetic Coding), which is adopted in the
H.264/AVC video coding standard, is extremely diffi-
cult due to inherent data dependency. Therefore, the
CABAC decoder constitutes a bottleneck when decod-
ing 1080 HD (1,920x1,080) or higher video sequences
in real time. In this paper, we propose a VLSI (Very
Large Scale Integration) architecture for the CABAC
decoder that adopts a multi-bin decoding architecture

coder

in conjunction with techniques that improve the max-
imum clock frequency. The implementation results
show that the proposed architecture achieves an aver-
age throughput of 1.48 bins per clock and a maximum
clock frequency of 394 MHz, demonstrating that our
architecture is capable of decoding 4K (4,096 x2,048
@ 30 fps) video in real time.

I. INTRODUCTION

H.264/AVC [1] is a video coding standard jointly de-
veloped by ITU-T and ISO/IEC. H.264/AVC achieves
higher coding efficiency compared with preceding video
coding methods, such as MPEG-4 [2], due to a variety of
enhanced coding techniques, such as variable block-size,
quarter-pel accurate motion compensation, and context-
adaptive entropy coding.

H.264/AVC adopts two entropy coding methods:
CAVLC (Context-based Adaptive Variable Length Cod-
ing) and CABAC (Context-based Adaptive Binary Arith-
metic Coding). CAVLC is a refinement of VLC, which has
been used in numerous still image and video coding stan-
dards. CABAC is based on arithmetic coding, which can
achieve superior coding efficiency compared with conven-
tional Huffman coding. H.264/AVC high profile, adopted
by the Blu-ray Disc Movie (BDMV) specification, requires
decoding support for both entropy coding methods. Both
of the entropy coding methods use neighbor block infor-
mation, which results in an increase in the computational
cost. Furthermore, the data dependency inherent to the
algorithm, especially in CABAC, limits the possibility of
parallel decoding, thus demanding sequential processing
of the bitstream. CABAC decoding is performed by first
converting the bitstream into a ‘bin’ string consisting of

intermediate expressions represented by the binary dig-
its ‘0’ and ‘1.” Then, a de-binarization process is per-
formed, in which the ‘bin’ string is interpreted by de-
coding the string into syntax elements. The throughput
required for ‘bin’ decoding increases proportionally with
the bit-rate of the bitstream. Hence, CABAC decod-
ing can emerge as a bottleneck when decoding a high-
bit-rate H.264 bitstream. Under this context, a high-
speed CABAC decoder architecture is required for decod-
ing 1080 HD (1,920x 1,080 @ 30 fps) or higher resolution
video in real time. Furthermore, high bin throughput per
clock cycle would be desirable, especially for low-power
products such as mobile devices.

A number of H.264/AVC CABAC decoder architec-
tures have been proposed so far [3-8]. However, most
of these architectures [3-5] require multiple cycles to gen-
erate each bin, thus demanding high clock frequencies to
decode high-bit-rate video in real time.

According to [9], the maximum bit-rate of a 1080 HD
H.264/AVC high profile level 4.1 bitstream is 62.5 Mbps,
and under these conditions, the average number of bins
in one picture is 2.69x10%. However, depending on the
picture type, the number of bins per picture fluctuates,
even in the same bitstream. The number of bins in an
I-Picture is 5.54x10%, which is approximately two times
larger than the average number of bins per frame. Hence,
the architecture described in [3-5] does not satisfy this
performance requirement. Furthermore, [6] is designed
for H.264/AVC main profile level 4.0, and thus does not
achieve sufficient performance to decode 4K (4,096 x2,048
@ 30fps) video.

Ref. [7] uses a multi-bin architecture that is capable of
generating 2 bins per clock cycle in certain conditions in
conjunction with techniques to shorten the critical path.
This architecture not only achieves real time decoding of
1080 HD video but also reaches a bin-decoding through-
put that corresponds to 1.2 times that of H.264/AVC high
profile level 5.1 intended for 4K video. However, the num-
ber of bins in each picture can fluctuate greatly, as de-
scribed above, and hence, 1.2 times the average number
of bins is not enough for decoding I-Pictures. Thus, either
a higher efficiency or a higher clock frequency would be
needed for decoding 4K video in real time. Similarly, the
architecture described in [8], which supports H.264/AVC
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Fig. 1. Flowchart of CABAC Decoding

high profile level 5.1, is subject to the same problems
as [8].

To solve this problem, we propose a VLSI (Very Large
Scale Integration) architecture for the multi-bin CABAC
decoder by improving our past CABAC decoder architec-
ture [10], which takes advantage of statistical tendencies
among syntax element types in general H.264/AVC bit-
streams.

The proposed architecture achieves a 49% reduction in
critical path. Moreover, our new architecture adopts a
bin string buffer with the purpose of alleviating the peak
throughput required when decoding I-Pictures. With the
introduction of these techniques, our new architecture
provides sufficient performance to decode 4K video in real
time.

The remainder of this paper is organized as follows.
In Section II, we present an overview of the CABAC de-
coding process. Then, Section III describes our proposed
architecture in detail. After that, the implementation re-
sults and performance comparisons are shown in Section
IV. Finally, we conclude our work in Section V.

II. OvErvIEW OF CABAC DECODING

H.264/AVC specifies two entropy coding methods:
CABAC and CAVLC. CABAC is known to be superior
in compression efficiency and, hence, is widely use for
encoding H.264/AVC video sequences, especially when
higher image quality is required. However, parallel de-
coding of CABAC is greatly limited by data depen-
dency. Hence, real-time decoding of high-bit-rate or high-
resolution CABAC bitstreams presents a challenging task.

H.264/AVC bitstreams are composed of ‘syntax ele-
ments,’ each of which can be classified into two data types:

e header data
e residual data

The header data contains prediction data such as mac-
roblock (MB) type and motion vector. The residual data
contains prediction errors such as the differential of the
coefficient. In typical high-bit-rate bitstreams, the major-
ity of syntax elements consist of residual data. Therefore,
it is important to decode the residual data efficiently.

Fig. 1 shows an overview of the CABAC decoder. It
contains three steps, as follows:

1. Probability Information Selection: Probability
information such as pstateldz and MPS (Most Prob-
able Symbol) is decided in this step. In CABAC, 460
tuples of probability information are used. When de-
coding a bin, one piece of probability information is
selected from 460 tuples depending on context, which
changes based on the syntax element type, bit posi-
tion, neighbor block information, and so on. In the
probability information selection, a variable ctz addr
is used, which corresponds one-to-one to the proba-
bility information.

2. Arithmetic Decoding: This step generates a bin
based on the probability information.

3. De-binarization: This step decodes a bin string
and generates the value of a syntax element.

The arithmetic decoding process is shown inside the
dashed line in Fig. 1. Using the probability information
selected by ctx addr and two variables (offset, range), 1
bit of bin is output in this process. Then, the values of the
selected probability information, offset, and range are up-
dated. In addition, if the new range value is below 0x100,
offset and range are updated again in the renormalization
process.

There are data dependencies between these variables
and the probability information, and the initialization of
these variables in conjunction with the probability infor-
mation is only executed at the beginning of each pic-
ture. Therefore, performing parallel decoding of CABAC
within the same picture is extremely difficult. Moreover,
the result of de-binarization affects the calculation of the
next ctx addr, hence requiring architecture-level enhance-
ments to achieve an efficient computation of this step.

III. PROPOSED ARCHITECTURE

A Dblock diagram of the proposed entropy decoder is
shown in Fig. 2. The bitstream is input to the CAVLC
controller or the CABAC arithmetic decoder via the
variable-length shift register. The arithmetic decoder re-
ceives neighbor MB information from the MB memory
controller and then calculates ctx addr. After that, the
arithmetic decoder generates 1 bit of bin and updates the
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neighbor MB information. The generated bin is buffered
into external memory through a bin FIFO, which allevi-
ates the peak number of bins required to be processed
within a frame. The bin string is interpreted into syntax
elements such as the motion vector or IT (Integer Trans-
form) coefficients and then outputs to the I1Q (Inverse
Quantization) or MC (Motion Compensation) processing
block.

In the following subsections, the arithmetic decoder and
the bin FIFO are described in detail together with the
main features of our proposed architecture.

A. Arithmetic Decoder

A block diagram of our arithmetic decoder is shown in
Fig. 3. In a high-bit-rate bitstream, most of the syntax
elements are residual data; hence, our new architecture
makes use of the architecture described in [10], which can
efficiently decode residual data using three accelerators
(AD Sig.4x4, AD Sig.8x8, AD Lev.). The ‘AD Header’
decodes header data such as MB type. To achieve a
throughput of over 1 bin per clock cycle, the bitstream
buffer must be shifted in the same clock cycle as the arith-
metic decoding. Consequently, the critical path includes
a variable-length shift register. The proposed architec-

ture reduces the critical path of the variable-length shift
register in addition to those of the AD accelerators.

Apparently, [8] is capable of decoding all syntax ele-
ments in 2 bins/cycle. However, the complexity of syntax
element transition conditions in the decoding header data
is much higher than that of the residual data. Since the
critical path increases according to the complexity of the
transition conditions, we adopt an architecture in which
the header data is decoded in 1 bin/cycle, in order to
achieve higher operating frequency.

A block diagram of the AD Header used in [10] is shown
in Fig. 4(a). Probability information is taken out from the
register file with ctz addr. Then, the module generates bin
and updates offset and range. After that, renormalization
is performed if needed. This sequence is executed by the
module that we call the ‘arithmetic calculation module.’
The number of words in the register file in the AD Header
is comparatively large (85 words). Therefore, the proba-
bility information selection has a long latency.

The AD Header of the proposed architecture is shown in
Fig. 5. The probability information is selected and stored
at the previous clock time after the bin generation and ctz
addr calculation, whereas it is selected at the beginning
of the clock time in the conventional architecture. This
module arrangement enables parallel operation of register
file selection and variable-length shift, which results in a
reduction in latency.

A block diagram of the AD Lev. in the conventional
architecture [10] is shown in Fig. 4(b). The other accel-
erators (AD Sig.4x4 and AD Sig.8x8) use a similar archi-
tecture to AD Lev. In contrast to the AD Header, the
number of words is relatively small, which contributes to
latency reduction in the selector. However, in this archi-
tecture, two arithmetic calculation modules are sequen-
tially connected, and therefore, these modules constitute
the critical path and significantly contribute to the in-
crease in latency.

Fig. 6 shows a block diagram of the AD Lev. used
in the proposed architecture. The proposed architecture
solves the problem above using two techniques, which can
be described as follows:

1) ctx addr Prediction

In contrast to the AD Header, 2 bins are generated in
one clock cycle in the AD Lev. The probability infor-
mation used to generate the second bin depends on
the result of the first bin decoding. Therefore, the ctz
addrused in the second stage is not determined at the
previous clock time. Then, the ctz addr predictor se-
lects the three pieces of probability information that
can possibility be used at the next clock time and
stores them into the registers. Hence, probability in-
formation can be selected with negligible latency in
the next clock cycle.

2) Parallel Decoding of Second Stage of Arith-
metic Decoder
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In the proposed architecture, the second stage of the
arithmetic calculation module is doubled. Each mod-
ule speculatively generates the second bin assuming
the first bin value equals ‘0" and ‘1.” This technique
enables the second stage modules to start calculating
before finishing the first stage bin decoding.

Technique 2) is also used in [7,8]. In the proposed
architecture, by combining Techniques 1) and 2), the sec-
ond stage can be started just after the pstateldz decision,
which further reduces the latency.

The bit shift amount is determined in the renormal-
ization of the first and second stages of the arithmetic
calculation modules. In our architecture, the variable-
length shift register can operate independently between
the first stage and the second stage, hence decreasing the
total latency.

Fig. 7 compares the latencies of [10] and the proposed
architecture. The new architecture operates the variable-
length shift and pstateldr selection in parallel. Also, the
probability information selection of the second stage and
the variable-length shift can be executed earlier. Conse-
quently, the proposed architecture achieves an approxi-
mately 49% reduction in latency.

B. Bin FIFO

As described in Section I., the amount of calcula-
tions executed within the CABAC is proportional to the
amount of bin strings. The amount of bin strings fluctu-
ates depending on the picture type. Therefore, in conven-
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TABLE I
AVERAGE NUMBER OF CLOCK CYCLES PER MB

video without with reduction

sequence buffering  buffering | ratio [%)]
crowd_run 728.8 282.3 61.3
ducks_take_off 749.0 320.9 57.2
in_to_tree 706.4 298.6 57.7
old_town_cross 737.3 315.0 57.3
park_joy 782.5 296.1 62.2

tional architectures, an extremely high clock frequency
would be required to cover the theoretical peak perfor-
mance. In our architecture, the generated bin string
is buffered into external memory through the bin FIFO
module, consequently reducing the required peak perfor-
mance.

To verify the effect of the bin FIFO, we evaluated the
worst case for the average number of cycle counts per MB
in all pictures. The bit-rate of the 4K video sequences
used for evaluation is set to 300 Mbps, which is the maxi-
mum bit-rate defined in the H.264/AVC high profile. We
assumed that the bin string corresponding to 30 pictures
is buffered. For the case “with buffering,” the maximum
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TABLE 11
IMPLEMENTATION RESULTS

286,933 [gates]
144,370 [gates]
394 [MHz]

Area (whole of the entropy decoder)
Area (only the arithmetic decoder)
Maximum Operation Frequency

cycle count of the moving average between consecutive
30 pictures is calculated. Table I shows the evaluation
results, which indicate that the required performance is
decreased by 57.2-62.2% using the bin FIFO.

IV. IMPLEMENTATION RESULTS

We implemented the proposed architecture using Ver-
ilog HDL (Hardware Description Language) and applied
logic synthesis with the SYNOPSYS Design Compiler us-
ing a 40 nm standard cell library. The results are shown
in Table II.

According to Table I, assuming that the average clock
cycle count per MB equals 320.9, the required clock fre-
quency would be 316 MHz for decoding a 4K video that
contains 983,040 MB/s. Therefore, the proposed archi-
tecture achieves real-time decoding of 4K video.

Table III compares our proposed architecture with con-
ventional architectures. Compared with conventional
architectures, the proposed architecture has a higher
throughput of 1.48 bins per cycle. Hence, our architecture
can decode video sequences using a lower clock frequency.

TABLE IIT
COMPARISON WITH CONVENTIONAL ARCHITECTURES

[4] (5] [7] (8] Ours

Technology [nm] 180 180 130 90 40
Area [gates] 81,162 76,333 47,081 NA 144,370

cycles/MB NA 396 326 NA 321

bin/cycle 0.254 0.86 1.08 1.95 1.48

Max. Freq. [MHz] 225 140 333 215 394

V. CONCLUSION

In this paper, we proposed a high-speed architecture for
the H.264/AVC CABAC decoder that achieves real-time
decoding of 4K video and a maximum clock frequency of
394 MHz. By using a ctr addr predictor and doubling
the second stage of the bin decoder, the critical path of
the multi-bin decoder has been reduced significantly, and
real-time decoding of 4K video has been achieved.

The proposed architecture is able to decode a video
sequence at a lower clock frequency than conventional ar-
chitectures. Hence, our architecture is also suitable for
mobile devices.
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