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Abstract: This study develops a low-cost very-large-scale-integration (VLSI) hardware architecture for entropy
coding with increased throughput using the statistical properties of context-based adaptive variable-length
coding (CAVLC) in AVC/H.264. Statistical analyses show that better symbol length prediction was achieved by
breaking the recursive dependency among codewords for the multi-symbol decoder implementation. The
proposed CAVLC decoder easily meets the real-time requirements for high deﬁnition (HD) (1920  1088)
applications. The clock speed is only 13 MHz under the best case scenario.

1

Introduction

The ﬁeld of information theory was pioneered by Shannon in
1948 [1]. Information theory applies the thermodynamic
principle of entropy to a data source as a measure of its
information content, which can be expressed by
H ¼

m
X

pi logb ( pi )

(1)

i¼1

where m is the number of unique symbols in the alphabet, pi
is the probability of occurrence of each symbol and b is the
base of the number system used in the coded representation
of the source data. Hereafter, this base is assumed to be 2
as the binary number system is commonly applied to digital
information storage and transmission. In information
theory, if the symbols are distinct, then the average number
of bits needed to encode them is always bounded by their
entropy. Hence, the objective of lossless data compression
is to approach entropy as closely as possible. Variablelength coding (VLC) is an entropy coding method which
provides lossless compression for video and images, such as
MPEG-2 [2], JPEG [3] and AVC/H.264 [4] standards.
VLC attempts to approach entropy by assigning codeword
lengths based on the probability model of the input
symbols. For frequently occurring symbols, VLC uses short
codeword representations; longer codewords are assigned to
symbols that occur less frequently. Therefore the average
codeword length is close to entropy.
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AVC/H.264 was deﬁned by the Joint Video Team (JVT)
in 2003 [4]. It differs from previous standards in that it
applies content adaptation in context-based adaptive
variable-length coding (CAVLC) as entropy coding. Instead
of using {RUN, Level, EOB (end of block)} to encode each
non-zero coefﬁcient in MPEG-2 and JPEG standards,
CAVLC uses Coeff_Token, TrailingOnes Sign, Level,
TotalZero, and RunBefore symbols to handle the coefﬁcients,
whose value is zero or +1, more efﬁciently. CAVLC also
considers the spatial relationship between the current and
previous coded symbols. The spatial correlation signiﬁcantly
improves the compression ratio. However, increasing the
compression ratio leads to computational complexity.
As mentioned above, Coeff_Token, TrailingOnes Sign,
Level, TotalZero, and RunBefore are the ﬁve major
decoding procedures in CAVLC. CAVLC decodes one
basic block (usually a 4  4 block) by performing the
above decoding procedures sequentially. Fig. 1a shows an
example of CAVLC decoding and the values of related
symbols; Fig. 1b shows the procedure of CAVLC
decoding. CAVLC decodes two symbols, TotalCoeff and
TrailingOnes, after Coeff_Token decoding. TotalCoeff is
the number of total coefﬁcients in a basic block.
TrailingOnes is the number of coefﬁcients whose absolute
values are equal to one at the end of the zig-zag scan
order. Note that if there are more than three +1’s, only
the last three are treated as TrailingOnes; the rest are
treated as normal level values. In the TrailingOnes Sign
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veriﬁcation and implementation results. The conclusion is
given in Section 5.

2

Figure 1 Symbol deﬁnition and decoding ﬂow in CAVLC
a Example of CAVLC and values of related symbols
b State diagram of CAVLC decoder

decoding stage, the decoder identiﬁes the signs of the
TrailingOnes. In this step, every symbol is coded with 1
bit. The non-zero coefﬁcients in a 4  4 block which do
not belong to TrailingOnes are then decoded in the Level
decoding stage. Level coding uses seven VLC tables,
from VLC0 to VLC6. The last two procedures,
TotalZero and RunBefore, are required to determine the
positions of non-zero coefﬁcients to construct a 4  4
block. TotalZero is the number of all zeros preceding the
last non-zero coefﬁcients in the reordered block. There
are tables for the 4  4 AC block and the 2  2 DC
block, respectively. In the RunBefore phase, the decoder
processes the number of zeros preceding each non-zero
coefﬁcients in reverse order and inserts zeros between two
nCs. Seven tables are used in the RunBefore decoding
procedure. These tables are separated according to ZeroLeft,
which denotes the number of remaining zeros before the
current coefﬁcient. After RunBefore decoding, the number of
zeros between non-zero coefﬁcients is known. A 4  4
residual block is thus completely reconstructed and passed to
the next decoding procedure (inverse quantisation). In our
work, we employed a codeword length prediction scheme
and two extra RunBefore decoders in multi-symbol decoding
to achieve multi-symbol decoding. In addition, combining
the Coeff_Token and TrailingOnes Sign processes decreases
the total processing time. The experimental results show that
the proposed CAVLC decoder can be implemented for
Level 4.1 1080HD (1920  1088) video applications with a
clock speed of under 13 MHz. Our design also has a smaller
silicon area than those of other works.
The rest of this paper is organised as follows. Section 2
reviews related studies on CAVLC decoders. Section 3
presents the proposed design. Section 4 discusses the
82
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Literature review

There have been many studies on CAVLC decoder design
[5 – 10]. These designs use technology similar to that
proposed in previous VLC designs [11– 19]. Xue et al. [5]
developed a software-based decoder and provided a fast
group-based decoding algorithm. Based on Lei’s work [6],
Wu et al. [7] proposed a decoder which can decode one
symbol per cycle. Moon et al. [8] used partial arithmetic
operations on Coeff_Token and RunBefore decoders to
reduce memory access times. Although Moon’s design has
good performance for low bit-rate streams, the method still
depends on look-up tables. Kim et al. [9] presented an
arithmetic decoding operation to replace all tables to
overcome conventional table look-up method drawbacks,
such as high power consumption and slow decoding time.
Chang et al. [10] focused on table partitioning according to
the codeword length. During the decoding procedure,
tables that store short codewords are accessed ahead of tables
that store long codewords. Although this hierarchical table
accessing can limit power consumption, there is a large
performance penalty for symbols with long codewords. All
the above-mentioned designs only considered the matching
scheme between codeword and symbol.
Since the CAVLC decoder is the ﬁrst stage of the AVC/
H.264 decoder, its throughput signiﬁcantly affects the overall
performance of the video decoder. Thus, a high-throughput
architecture for CAVLC decoding is necessary, especially for
high resolution applications. To achieve this goal, Alle’s
design [20], which is based on Chang’s architecture [10],
adopts an early termination scheme to avoid unnecessary
decoding procedures for CAVLC to avoid pipeline stalling
to further improve performance. Tseng and Hsieh [21]
proposed a pattern-search method, which reconstructs a
4  4 (or 2  2) block directly without going through
CAVLD. However, if there is no pattern match in the
table, the block has to be reconstructed using the normal
CAVLD decoding procedure. Oh et al. [22] developed a
lookup table which combines Coeff_Token and TrailingOnes
Sign. Therefore Coeff_Token and TrailingOnes Sign can be
decoded at the same time.
Other high-throughput VLD architectures have been
proposed with multi-symbol decoders [23 – 26]. Chen et al.
[23] built multi-symbol VLD tables for Level and
RunBefore directly, so that CAVLD can decode consecutive
multiple Level or RunBefore symbols in one cycle. However,
the details of their design were not described. Yu’s decoder
[24] can decode multiple symbols in the TrailingOnes Sign
and RunBefore stages. It divides the RunBefore table into six
parts to achieve two-symbol decoding if the consecutive
symbols use different ZeroLeft tables. Nikara et al. [25]
proposed a parallel multi-symbol decoding scheme for an
MPEG-2 decoder. Parallel codeword length detection is
IET Image Process., 2010, Vol. 4, Iss. 2, pp. 81– 91
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performed so that multiple symbols can be obtained from the
symbol table. Tsai and Fang [26] proposed parallel
operations in Level decoding to generate two Level in one
cycle. Tsai’s design also detected a series of RunBefore
symbols whose values are zero. Intuitively, multi-symbol
decoding can be achieved using the following two methods:
1. A multi-symbol VLD table can be adopted, but the table
size increases exponentially. For example, if there are M
possible symbols to be decoded, M 2 possible joint symbols
are required for a two-symbol decoding engine.
2. Tables for multi-symbol decoding can be cascaded.
Although the table size increases linearly, the long critical
path degrades performance.
In previous designs, the codeword dependency was
neglected. This dependency signiﬁcantly limits the
throughput of the decoder. The present study develops a
codeword length prediction scheme using statistical
approaches to decode successive codewords concurrently. A
high-throughput rate for the CAVLC decoder is achieved
with only limited hardware overhead. A memory-free
decoder is also proposed. Finally, the arithmetic operation
algorithm is applied to Level and RunBefore for better
decoding performance.

3

Proposed CAVLC decoder

As mentioned previously, there are ﬁve major symbols that
need to be processed in the CAVLC decoding process.
The decoding ﬂows of the example in Fig. 1a for Wu’s
architecture [7] and for the proposed CAVLC design are
shown in Figs. 2a and b, respectively. In Wu’s work, each
symbol requires one cycle for decoding. Therefore the
required number of cycles for Coeff_Token, TrailingOnes
Sign, Level, TotalZero and RunBefore decoding are 1, 3, 2,
1 and 4, respectively. Moreover, ﬁve extra cycles are
required to insert zeros for the ﬁve coefﬁcients to
reconstruct a 4  4 block. In our work, TrailingOnes Sign
decoding is reduced to one cycle and combined with
Coeff_Token decoding. The two symbols can thus be
decoded in one cycle. A multi-symbol decoder is then

employed in RunBefore decoding, shortening the processing
cycles from 4 to 2. Moreover, the proposed rapid zero
insertion scheme is processed in parallel with RunBefore
decoding so only one cycle is required to reconstruct a
4  4 block after all symbols are decoded. As a result, the
number of cycles required for processing a 4  4 block is
reduced from 16 to 7.
Fig. 3 shows the block diagram of the proposed CAVLC
decoder, which contains Coeff_Token & TrailingOnes Sign,
Level, TotalZero and multi-symbol RunBefore decoders.
Output registers are used to construct a 4  4 block
according to the decoded symbols. The following
subsections provide detailed descriptions of the symbol
decoders. Throughout this paper, we use the notation Ii to
indicate the ith bit of input bitstream I in binary
representation and (Ii . . . Ijþ1Ij) to represent a segment of I
from the ith bit to the jth bit.

3.1 Coeff_Token and TrailingOnes
sign decoder
To decode the symbols TotalCoeff and TrailingOnes in the
Coeff_Token step, one ﬁxed-length and four variable-length
look-up tables are used depending on the variable nC,
speciﬁed in AVC/H.264 standard, in the left and upper
decoded blocks. The ﬁxed-length code table can be realised
using the following numerical operations


TotalCoeff ¼ (I5 I4 I3 I2 ) þ 1
TrailingOnes ¼ (I1 I0 )

(2)

The variable-length code decoders are implemented using
the group-based structural VLC table. The VLC table is
ﬁrst classiﬁed into several groups according to codeword
preﬁx zeros and codeword length, as shown in Table 1.
The preﬁx zeros and ‘1’ serve as the ﬁrst reference for look-up
table searching; the remaining bits act as the designated
reference for searching. After the index of the look-up table is
identiﬁed, the symbols TotalCoeff and TrailingOnes can be
chosen by the multiplexers.
A memory-free Coeff_Token decoder which uses arithmetic
operations and multiplexers is proposed. Although the

Figure 2 Example of CAVLC decoding ﬂow
a Wu’s architecture [7]
b Proposed design
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Figure 3 Block diagram of the proposed CAVLC decoder
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Table 1 Grouping of part of a Coeff_Token table
T1s

TotalCoeff

Codewords

nC

Preﬁx code

Remainder

Group

Base

Offset

Length

...

...

...

...

...

...

...

...

...

3

9

00000000100

0

000000001

00x

10

56

0–1

11

2

7

00000000101

0

000000001

01x

10

56

2–3

11

1

6

00000000110

0

000000001

10x

10

56

4–5

11

0

5

00000000111

0

000000001

11x

10

56

6–7

11

...

...

...

...

...

...

...

...

...

...

...

proposed decoder relies on group-based processing, the
decoded symbols are directly available without address
generation after matching. Moreover, the number of
decoding cycles is reduced by combining the decoding of
Coeff_Token and TrailingOnes Sign together, as shown in
Fig. 4. The bitstream is input to leading zero detection
(LZD). The result is used to determine the base and offset
address for the symbol table to derive TotalCoeff and
TrailingOnes. Then, the length of bits consumed by the
Coeff_Token decoder is passed along to the TrailingOnes
Sign decoder to decode the TrailingOnes Sign symbols from
the correct position of the bitstream. The total length of
used bits, including the codeword length of Coeff_Token
and TrailingOnes Sign, is transferred to the next stage. As a
result, the number of cycles required to decode Coeff_Token
and TrailingOnes Sign can be reduced from 4 (ﬁrst to
fourth cycle in Fig. 2a) to 1 (ﬁrst cycle in Fig. 2b). Since
the data in the group table and symbol table are ﬁxed and
small, we implement the two tables using random logic
instead of storing them in memory.

3.2 Level and TotalZero decoders
Because the longest codeword length of Level is 28 bits,
implementing the Level decoder with look-up tables, or
even the group-based scheme used in the Coeff_Token
decoder, is inefﬁcient. The Level decoding process can be
simpliﬁed by using arithmetic operations as speciﬁed in
AVC/H.264. Each Level contains two parts: LevelPreﬁx
and LevelSufﬁx. LevelPreﬁx represents how many bits are
equal to 0 before the ﬁrst non-zero bit. This means that
LevelPreﬁx can be derived from a leading zero detector.
LevelSufﬁx is the variable-length code that follows

LevelPreﬁx. LevelSufﬁx can be determined using
LevelSufﬁxSize, which is the codeword length of
LevelSufﬁx. The variable LevelSufﬁxSize can be derived
from the variable SufﬁxLength, which is speciﬁed in the
AVC/H.264 standard, as shown in (3)
8
4,
>
>
<

if (Level Prefix ¼ 14) and
(SuffixLength ¼ 0)
LevelSuffixSize ¼
12,
else if (Level Prefix ¼ 15)
>
>
:
SuffixLength, otherwise
(3)
Therefore the syntax element LevelSufﬁx is decoded as (4). In
(4), (I(LevelSufﬁxSize21) . . . I2I1I0) is the bitstream I with a
length of LevelSufﬁxSize bits
8
<0,
LevelSuffix ¼ if(LevelSuffixSize ¼ 0)
:(I
(LevelSuffixSize1) . . . I2 I1 I0 ),

(4)
otherwise

When LevelPreﬁx and LevelSufﬁx are known, the magnitude
of Level, called LevelCode, can be decoded by the following
pseudo code:
0

while (i , TotalCoeff 2 TrailingOnes)

1

f//Get the magnitude of coefﬁcient

2

LevelCode ¼ (Level Preﬁx  SufﬁxLength) þ LevelSufﬁx

3

if((LevelPreﬁx ¼¼ 15) & & (SufﬁxLength ¼¼ 0))

4

LevelCode ¼ LevelCode þ 15;

//Getlevel

5 if(LevelCode[0] ¼¼ 0) Level [i] ¼ (LevelCode þ 2)  1;
//positive level
6

else Level [i] ¼ (2LevelCode 2 1)  1; //negative level

7

//Update sufﬁxLength

8 SufﬁxLength ¼ (LevelCode . (3  (SufﬁxLength 2 1)))?
SufﬁxLength þ 1: SufﬁxLength;
Figure 4 Architecture of Coeff_Token and TrailingOnes Sign
decoders
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We know that there are (TotalCoeff – TrailingOnes) Level
decodings (Line 0). Each LevelCode is derived from the
equation in Line 2. 15 is added to LevelCode if
LevelPreﬁx ¼ 15 and SufﬁxLength ¼ 0 (Line 3 – 4). The ith
Level is derived after determining its signed value (Line
5 – 6). SufﬁxLength must be updated for the next Level
decoding. Therefore the table look-up method is not
necessary because Level can be calculated using arithmetic
operations.
As for TotalZero decoding, a group-based approach, as
used in Coeff_Token decoding, can be applied. However,
since each table of TotalZero is very small for 4  4 or
2  2 blocks, the decoder is implemented with
combinational logic, rather than look-up tables, for
simplicity.

3.3 RunBefore decoder
RunBefore represents the number of zeros between two
non-zero coefﬁcients. Here, we modiﬁed the arithmetic
operations, proposed in Moon’s work [8], to reduce the
required number of operations and thus lower the hardware cost

RunBefore ¼

Figure 5 Architecture of RunBefore decoder

1  I1 ; for ((I1 I0 ) ¼ 0) and (ZeroLeft ¼ 2)
otherwise
I1 ;

RunBefore
8
>
< 5  (I2 I1 I0 ); for (Zeroleft ¼ 5) and ((I2 I1 I0 )  2)
for (Zeroleft ¼ 4) and ((I2 I1 I0 ) ¼ 0)
¼ 4;
>
:
3  (I2 I1 I0 ); otherwise
8
0;
for (I2 I1 I0 ) ¼ 6
>
>
<
(I2 I1 I0 ) þ 1; for (I2 I1 I0 ) , 2
RunBefore ¼
4;
for (I2 I1 I0 ) ¼ 2
>
>
:
otherwise
(I2 I1 I0 );

7  (I2 I1 I0 ); for (I2 I1 I0 ) . 0
RunBefore ¼
4 þ m;
otherwise

(5)
(6)

(7)

(8)

The optimised results for ZeroLeft ¼ (1 and 2), ZeroLeft ¼ (3,
4 and 5), ZeroLeft ¼ 6, and ZeroLeft . 6 are listed in (5), (6),
(7) and (8), respectively. In (8), m is the number of leading zeros
in the bitstream. With these equations, the decoder was
implemented using arithmetic operations, with ﬁve fewer
addition operations and one fewer shift operation compared
with those required for Moon’s work. The proposed
architecture of the RunBefore decoder is shown in Fig. 5. In
the ﬁgure, the comparator in the sub-decoder for
ZeroLeft ¼ 6 is used to select one of four possible values
according to (7). The RunBefore decoder is partitioned into
four parts based on (5), (6), (7) and (8), respectively. Finally,
RunBefore is decoded from the output of these sub-decoders
according to the value of ZeroLeft.
In the overall decoding procedure, only TrailingOnes Sign,
Level and RunBefore appear more than once in a basic block.
As mentioned before, the implementation of TrailingOnes
IET Image Process., 2010, Vol. 4, Iss. 2, pp. 81– 91
doi: 10.1049/iet-ipr.2008.0064

Sign decoding is relatively easy; all symbols are decoded in
one cycle. Level decoding consists of a series of arithmetic
operations requiring long critical data paths, and hence is
not suitable for multi-symbol decoding. In order to increase
the throughput of the entire CAVLC decoder, we analysed
the statistics of codewords and broke the dependency of the
bitstream to design a multi-symbol decoder for RunBefore.

3.4 Multi-symbol RunBefore decoder
The main goal of this multi-symbol decoder is to break the
recursive dependency between codewords. Each possible
codeword is put into its own decoder and the codeword
length is returned for the next symbol decoding. Because
this algorithm removes the codeword length dependency, a
parallel architecture can be used to improve decoding
throughput. Fig. 6 shows an example of the multi-symbol
decoder and its performance for the input bitstream of the
second and third decoders. In Fig. 6, three parallel

Figure 6 Example of multi-symbol decoder
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decoders are fed the single-shifted bitstream, but only two
symbols are decoded. Because the codeword length of the
ﬁrst symbol (symbol B) is 2 bits, the output of the second
decoder is invalid since the input bitstream of the second
decoder is 1-bit shifted. This example shows that the input
bitstream for the second and third decoders is important.
Therefore instead of feeding the parallel decoder with the
single-shifted bitstream, a codeword length predictor is
employed in our multi-symbol decoder to further improve
the decoding efﬁciency.
We used statistical analyses to ﬁnd the relationship of
codeword length between successive symbols before the
RunBefore decoder was designed. The statistical analyses
were performed on a randomly chosen image sequence; the
results are shown in Fig. 7. In this ﬁgure, the X axis
represents all possible combinations of codeword length
and Y axis represents the number of occurrences during the
decoding of 300 I-frames. On the X axis, the numbers on
the left and right of the hyphen in the label signify the ﬁrst
and second codeword length of the RunBefore symbol,
respectively. For instance, 2 – 1 means that the codeword
lengths of two successive RunBefore symbols are 2 bits and
1 bit, respectively. In Fig. 7, when QP is equal to 20, the
number of occurrences of 1 – 1 is about 280 000. This is a
much higher number of occurrences than those for 1 – 2
and 2 – 1. Although the variation of QP inﬂuences the
number of occurrences, successive codeword lengths have a
similar distribution regardless of the value of QP.

appearance, 1 – 1 (highlighted by dotted blocks) is the most
probable codeword length pair. Unfortunately, the
codeword length distribution is always the same, except in
the case of high QP (QP ¼ 36). However, 1 – 1 is still on
average about 27% of the entire codeword length pairs.
When QP increases, the number of RunBefore symbols
decreases, as shown in Fig. 8a. Therefore although the
different distributions at high QP increase the ratio of
prediction error, the effect can be neglected when
compared with other values of QP. Figs. 8b and c show the
statistics of codeword length for ZeroLeft equal to 3 and 4,
respectively. Based on the same statistical analysis, 2 – 2

Conditions such as sequence resolution, sequence content
and the quantisation parameter were also taken into
consideration. Fig. 8 shows the statistical results of
RunBefore decoding. As shown in Fig. 8a, all sequences
(akiyo, foreman, hall, news, silent, coastguard, container,
stefan and table_tennis) have similar distributions despite
the sequence content. The reason can be deduced from
Table 9 – 10 in the AVC/H.264 standard [4]. When
ZeroLeft is equal to 2, the codeword length is 1 or 2. Since
a short codeword length implies a high frequency of

Figure 8 Some statistical results of RunBefore (4 : 2 : 0 CIF and
300 I-frames)
Figure 7 Statistical results of RunBefore for mobile sequence
with 4 : 2 : 0 CIF and 300 I-frames
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a Statistics of codeword length when ZeroLeft ¼ 2
b Statistics of codeword length when ZeroLeft ¼ 3
c Statistics of codeword length when ZeroLeft ¼ 4
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Table 2 Prediction table for RunBefore
ZeroLeft

Prediction
First codeword
length

Second codeword
length

1

1

1

2

1

1

3

2

2

4

2

2

5

3

2

6

3

2

else

3

3

Figure 10 Architecture of rapid zero insertion

(dotted blocks in the two ﬁgures) has a much higher number
of occurrences than those of any other cases regardless of the
sequence content and quantisation parameter.
From the histogram in Fig. 8, the variation of codeword
length distribution only depends on ZeroLeft. This helps us
implement the decoder in a more ﬂexible manner for
various ZeroLeft situations. The statistical data were
analysed under various ZeroLeft situations; the results are
shown in Table 2. An accurate codeword length prediction
can be made before the next RunBefore decoding. Hence,
we can break the recursive dependency among codewords
to decode successive codewords concurrently and achieve a
high throughput rate in the RunBefore decoder.
The proposed multi-symbol RunBefore decoder shown in
Fig. 9 was designed using the codeword length prediction
scheme shown in Table 2. The tradeoff between the
number of decoders used and the length of the critical path
needs to be considered. A good balance between the
throughput and the clock speed should be sought. Since
the critical data path of the entire CAVLC decoder is in
the Level decoder (about 8 ns), we chose three decoders
for the multi-symbol decoder. The critical path of a multisymbol decoder is nearly the same as that of the Level
decoder. The details of the tradeoff between the number of
decoders and throughput are discussed in Section 4.1. In
Fig. 9, the operations of the upper two barrel shifters are
based on Table 2. The shifted bit-stream is passed along to

the next two RunBefore decoders and the decoded
codeword length becomes the selection of the next subdecoder. The controller detects the number of valid
symbols using the total codeword length since the number
of valid symbols is not ﬁxed due to prediction error in our
multi-symbol RunBefore decoder.

3.5 Rapid zero insertion
When RunBefore has been decoded, zeros have to be inserted
between non-zero coefﬁcients. Fig. 10 shows the architecture
of rapid zero insertion. Rapid zero insertion can be achieved
as follows. First, all coefﬁcients in a 4  4 block (output
registers in Fig. 10) are reset to zero before a block element
is decoded. Then, all the values of decoded non-zero
coefﬁcients are stored in Level Registers before the
RunBefore symbol is decoded. After decoding each
RunBefore symbol, the RunBefore symbol is added to the
previous index and the results are passed along to the next
adder. The index denotes where the Level should be
inserted. Non-zero coefﬁcients which are stored in the
Level registers are then stored in the output register
according to the computed index. Since our RunBefore
decoder provides multiple RunBefore symbols, Level
registers in Fig. 10 must output one to three symbols
according to the number of decoded RunBefore symbols. If
the last RunBefore has been decoded, all remaining nonzero coefﬁcients are simultaneously passed along to the
corresponding register. As a result, zero insertion can be
done in parallel with RunBefore decoding. Therefore only
one cycle is required for ﬁnal zero insertion after all
RunBefore symbols have been decoded, as shown in Fig. 2b.

4

Experimental results

4.1 Performance evaluation of proposed
multi-symbol RunBefore decoder

Figure 9 Architecture of multi-symbol RunBefore decoder
IET Image Process., 2010, Vol. 4, Iss. 2, pp. 81– 91
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As mentioned in Section 3.4, we chose three decoders for the
multi-symbol decoder. Table 3 shows some of our statistics for
average RunBefore symbols in a 4  4 block. As shown in the
table, the average number of RunBefore symbols is about three
in a 4  4 block. This means that the design does not beneﬁt
greatly by using more than three RunBefore decoders. As a
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Table 3 Average RunBefore symbols in a 4  4 block
Sequence

Foreman

Akiyo

News

Mobile

Luma

Chroma

Luma

Chroma

Luma

Chroma

Luma

Chroma

QP ¼ 12

4.26

3.01

2.48

1.96

2.95

2.19

3.35

4.00

QP ¼ 20

3.30

1.66

2.15

1.34

2.76

1.35

4.32

3.56

QP ¼ 28

1.95

0.90

1.51

1.01

2.23

0.77

3.92

2.23

result, we designed a multi-symbol decoder for decoding
RunBefore that can decode three symbols in one cycle.

and its percentage of total symbols. From Table 5, the
RunBefore symbol is about 30% of the total symbols. As
mentioned above, the proposed multi-symbol RunBefore
decoder can reduce the number of processing cycles by half
compared with single symbol decoding. This means that the
proposed multi-symbol RunBefore decoder can improve
CAVLC decoding by (30%  50%) ¼ 15%.

The number of operational clock cycles reduction for
various kinds of RunBefore decoder is tabulated in Table 4.
Type I does not use any acceleration scheme, Type II uses
a generic multi-symbol decoder as in Fig. 6 and Type III is
the proposed multi-symbol RunBefore decoder. The three
circuits were fed the same input data to evaluate the total
number of decoding cycles for RunBefore symbol. As shown
in Table 4, the performance of Type II is based on the
percentage of 1-bit symbols, as shown in the last row.
Because 1-bit symbols only occur if ZeroLeft is equal to 1
or 2, the percentage of 1-bit symbols decreases with
increasing QP. This occurs because higher QP leads to more
runs between non-zero coefﬁcients. However, a large QP
makes non-zero coefﬁcients only appear at low frequency,
which diminishes the probability of (ZeroLeft . 2). As a
result, the percentage of 1-bit symbols may slightly increase,
as shown in the last column in Table 4. However, the
proposed design can achieve a 50% cycle reduction regardless
of the value of QP. The throughput of the proposed
RunBefore decoder is higher than those of other designs due
to the accurate prediction in our decoding scheme.
Moreover, Table 5 shows the number of RunBefore symbols

4.2 Functional veriﬁcation and
performance evaluation
To achieve maximum compression, coded data are normally
sent in a continuous stream of bits without speciﬁc guard-bits
assigned to separate two consecutive symbols. If an error
occurs during decoding, it propagates to the decoding of the
following codeword. This chain reaction crashes the decoding
of the following symbols. Therefore a robust veriﬁcation of
the entropy decoder is important. First, the CAVLC decoder
is partitioned into ﬁve major decoding sub-systems according
to the output symbol type. Since each sub-decoder is data
dependent, sub-block veriﬁcation is important for later
integration. Various input patterns are used, and the output
responses are extracted for each sub-decoder from the Golden
C model. These patterns can be used to verify RTL and
gate-level models for each sub-system.

Table 4 Cycle reduction with various kinds of RunBefore decoder (4 : 2 : 0 CIF and 300 I-frames)
Foreman
QP 12

QP 20

QP 28

QP 36

Cycles

Reduction

Cycles

Reduction

Cycles

Reduction

Cycles

Reduction

I

3 278 784

–

1 791 140

–

637 701

–

82 861

–

II

1 853 982

43.4%

1 222 939

31.72%

510 273

19.98%

64 370

22.31%

III

1 013 344

69.1%

663 156

62.97%

280 160

56.06%

41 320

50.13%

no. of 1-bit symbols

1 495 010 (45.5%)

649 138 (36.2%)

174 018 (27.3)

26 352 (31.8%)

Table 5 Percentage of RunBefore symbol (4 : 2 : 0 CIF and 300 I-frames) in total number of symbols
No. symbols (Foreman sequence)

total
RunBefore

QP 12

QP 20

7 841 956

4 987 972

3 278 784 (43.8%)

1 791 140 (35.9%)
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QP 28
2 493 086
637 701 (25.6%)

IET Image Process., 2010, Vol. 4, Iss. 2, pp. 81– 91
doi: 10.1049/iet-ipr.2008.0064

www.ietdl.org
After each sub-block is veriﬁed, the design is veriﬁed after
integration. Although there are only ﬁve sub-decoders in the
CAVLC decoder, there are several exceptions in the data
transfer of the decoder. Some sub-decoders may be
repeated several times while some may remain idle during
the decoding of a block element. In order to verify the
entire CAVLC system, we generated corresponding test
patterns based on the diagram of the CAVLC decoder
shown in Fig. 1b. After fully testing the various kinds of
test pattern, we used AVC/H.264 reference software to
encode real sequences, including: akiyo, foreman, hall,
mobile, news, silent, coastguard, container, stefan and
table_tennis. The compressed data were then decoded to
generate the test patterns for our design. The generated test
patterns make the functional veriﬁcation more complete.
The proposed design was implemented in Verilog HDL and
synthesised with the TSMC 130 nm CMOS standard cellbased design library. The proposed decoder was compared
with other published designs. For a fair comparison, we used
the same bitstreams provided by JVT [27] and other
common sequences encoded with various QP. Table 6 shows
the average required cycles for decoding a macroblock. Since
these designs do not provide all the simulation results of these
sequences, ‘-’ is used to denote missing data. Simulation
results show that the number of processing cycles required for
CAVLC decoding of the proposed design is much lower
than those for the other designs. This is due to:

1. Coeff_Token and TrailingOnes Sign processes being
combined.
2. Multi-symbol decoding on RunBefore, which neglects the
codeword length dependency.
3. Rapid zero insertion schemes with RunBefore decoding.
However, the percentage of RunBefore symbols is no more
than 50%. The number of required processing cycles was
reduced by around 3-fold compared to Chang’s design
because the number of required processing cycles of each
kind of symbol may require more than one cycle in Chang’s
work. In the proposed design, the decoding of Coeff_Token
or Level only needs one cycle. For TrailingOnes Sign and
RunBefore decoding, 1–3 symbols are decoded in a single
cycle. It is possible that the processing cycles can be reduced
by around 3-fold compared to Chang’s design. The
proposed architecture design reduces processing cycles by
23% compared to Yu’s design with little area cost, because a
codeword length prediction circuit and three RunBefore
decoders are adopted in our design.
In the previous section, we used cycles per macroblock to
estimate the decoder’s performance. In order to make sure
that the proposed design can meet the requirement of realtime video applications, we follow the Level limitations of
the AVC/H.264 standard, which include bit-rate, frame size,

Table 6 Comparison of processing cycles per macroblock with related hardware
Sequence

Chang [10]

Alle [20]

Yu [24]

Proposed

NL1_Sony_D [23]

187

142

–

64

BA1_Sony_D [23]

187

144

–

64

SAV_BA1_B [23]

140

120

–

36

QP 28

319

–

124

97

QP 20

441

–

200

154

QP 12

563

–

269

204

QP 28

395

–

174

135

QP 20

570

–

279

211

QP 12

704

–

353

264

QP 28

196

–

58

49

QP 20

282

–

108

87

QP 12

404

–

176

138

UMC.13

UMC.13

0.18 mm

TSMC.13

frequency, MHz

125

125

125

125

gate count

9943

17 586

13 192

15 602

memory size, bits

1152

5120

0

0

power, mW

n/a

n/a

n/a

5.28

Stefan

mobile

news

technology

IET Image Process., 2010, Vol. 4, Iss. 2, pp. 81– 91
doi: 10.1049/iet-ipr.2008.0064

89

& The Institution of Engineering and Technology 2010

www.ietdl.org
Table 7 Simulation results for HD sequences
Sequence

Blue_sky

Rolling

Riverbed

level

Trafﬁc

Sunﬂower

4.1

resolution

1920  1088

bitrate (kbits/s)

50 000

frame rate (frames/s)

30.1

total frames

148

total cycles
clock speed, MHz

56 128 109

62 236 829

63 322 174

60 466 499

59 025 129

11.37

12.61

12.83

12.256

11.964

Table 8 Performance and gate count comparison of CAVLC decoders

frequency, MHz
gate count (0.18 mm)

Chang [10]

Alle [20]

Oh [22]

Yu [24]

Tsai [26]

Proposed

76.4

79

30.8

47.3

33.5

13

16 855

17 202

13 230

13 192

13 189

10 405

and the macroblock processing rate, for evaluation. The Level
limitation deﬁnes the upper bound of bitrates for
transmission. Although a bitstream with low QP value may
increase the number of processing cycles which leads to
higher operating frequency in a CAVLC decoder, the
received bitstream does not meet the Level limitation in the
AVC/H.264 standards. Therefore the reference software
from AVC/H.264 was used to encode the video sequences
by enabling the rate controller to reach the upper bound bitrate constraint. The generated bitstreams were decoded in
our evaluation to meet the actual condition. Table 7 shows
the Level limits and our simulation results. The proposed
design can process Level 4.1 1080HD (1920  1088) video
with a clock speed of under 13 MHz. The proposed
CAVLC decoder has a high throughput and hence achieves
high performance for AVC/H.264. Table 8 shows the
minimum required operating frequency for various decoder
designs to meet the real-time constraint for 1080HD
resolution. The area of the proposed CAVLC decoder can be
reduced by releasing the timing constraint while synthesising
our circuit. The table shows that the proposed design
operates at the lowest frequency and has the lowest gate count.

5

Conclusion

CAVLC uses context-based adaptation to remove statistical
redundancy. However, these adaptations increase data
dependency. Breaking the codeword dependency allows
high-throughput VLSI architectures to be adopted to
implement a multi-symbol decoder. Since CAVLC
eliminates statistical redundancy to obtain better
compression ratios, utilisation of statistical information is
the key to high-throughput design. Using the codeword
length distribution to obtain better prediction, the recursive
90
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dependency between codewords was broken, making the
use of a parallel architecture possible. The multi-symbol
decoder was proven to increase performance. In addition,
combining the Coeff_Token and TrailingOnes Sign processes
uses cycle time efﬁciently and decreases the total processing
time. Results show that the proposed CAVLC decoder can
be implemented for Level 4.1 1080HD (1920  1088)
video applications with a clock speed of under 13 MHz.

6
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