
A NEW MOTION COMPENSATION DESIGN FOR 
H.264/AVC DECODER 

Sheng-Zen Wang, Ting-An Lin, Tsu-Ming Liu and Chen-Yi Lee 

Department of Electronics Engineering, National Chiao Tung University 
1001, Ta Hsueh Road, Hsinchu 300, Taiwan, R.O.C 

Tel: +886-3-5712121 Ext.54238 
E-mail: emagic@si2lab.org, cylee@si2lab.org  

 

ABSTRACT 
Motion compensation is always the main bottleneck in real-time 
or high quality video applications; thus, fast and efficient motion 
compensation is necessary. In this paper, a new motion 
compensation design is presented to overcome large calculation 
time of complicated motion vector prediction (MVP) algorithm 
and high motion resolution in H.264/AVC. By applying  4×4 
block based parallelism and context switch buffers in our design, 
it can efficiently reduce memory access and increase data reuse 
probability such that achieve real-time decoding with 1080HD 
(1920×1088) at 100 MHz and search range [-64, +63.75]. 

1. INTRODUCTION 

The H.264/AVC video coding standard [1], developed by Joint 
Video Team (JVT), achieves at least two times compression ratio 
than MPEG-2 [2]. This is because H.264 supports several high 
coding efficient tools, especially in motion compensation that 
contributes the main coding gain. Considering real-time mobile 
or high resolution video applications, this part may become 
bottleneck in block-based pipeline decoding approach. To 
improve the system throughput, the reduction of calculation time 
and memory access is an important issue. 
Interpolation unit is always the most time-consuming module in 
whole motion compensation. Further, some interpolation 
schemes or architectures applied in recent standards have been 
proposed in [3-6]. They can be classified into three structures: 1-
D based [4] [5], 2-D based [3] and separate 1-D based [3] [6] 
approaches. 1-D based approach has lowest cost; however, it is 
not efficient for memory access and data reuse, especially in high 
motion resolution for H.264/AVC. 2-D based approach may 
cause longest latency and highest cost in multiple high 
coefficients interpolation. Among three approaches, separated 1-
D approach can achieve the most efficient data reuse. Therefore, 
we proposed a novel interpolator based on separate 1-D approach 
to improve the data reuse and greatly reduce the memory access. 
Additionally, after exploiting basic separate 1-D design to 4×4 
block based parallelism and using context switch buffers to 
realize horizontal-switch approach, this design can save 30 % 
memory access compared with traditional approach. In the 
meanwhile it can achieve real-time decoding 1080 HD at 
100MHz on the whole H.264 decoder simulation. Chroma 
interpolator has a similar behavior with luma interpolator and 
both of them can simplify to the design without multiplication. 
In [6], a modified MVP method is also mentioned to overcome 

pipeline ordering problem in H.264 encoder; however, this 
modification leads to a little compression ratio loss in bitstream 
since the MVP value is not optimal. In the decoder, such problem 
doesn’t exist and a standard-compliant MVP architecture is also 
proposed in this paper. 
The organization of this paper is as follows. The hardware 
architecture of each module is illustrated in section 2. In section 
3, the data reuse analysis that focuses on memory access and 
throughput is discussed. Then, the simulation result and 
comparison are described in section 4. Finally, section 5 presents 
the conclusion. 

2. HARDWARE ARCHITECTURE 
2.1 Motion Compensation Engine 

Figure 1. Motion compensation engine 

The proposed motion compensation is shown in Fig. 1. It is 
composed of motion vector predictor, interpolator and 
reconstruction part. Firstly, motion vector predictor generates 
MVP value according to motion vectors of neighbouring blocks, 
which is stored in shift registers and mv buffer units. Then the 
interpolator fetches the proper samples from external reference 
frame memory according to the address calculated from address 
generator. These interpolated data add to residual data which is 
generated from entropy decoder, rescaling and IDCT. Finally, the 
reconstructed data restores to external frame memory after de-
blocking filter. Two frame memories are exploited to keep 
current frame and previous frame reciprocally. 

2.2 Motion Vector Predictor 

The smallest block element in inter prediction is 4x4 and each 
sub-block or macroblock can be decomposed to several 4x4 
blocks with the same motion vector. On the basis of 4×4 block 
size, mapping correctly the standard-compliant MVP decision *Work supported by the National Science Council of Taiwan, 

R.O.C., under Grant NSC 93-2220-E-009 -010- 

45580-7803-8834-8/05/$20.00 ©2005 IEEE.



algorithm [1] from software to hardware is the most convenient. 
The derivation of MVP, including directional segmentation 
prediction in 8x16 or 16x8 blocks and median prediction in the 
other cases, is decided from the motion vectors of the 
neighboring blocks in current frame. These motion vectors in 
current frame have to be kept for the following decoding process. 
For Q-CIF video format in Fig. 2 as an example, each 4x4 shaded 
block involving one motion vector has to be pre-stored in order 
to decode the current macroblock. In our approach, these motion 
vectors in previous macroblock store in shift registers, and those 
in current macroblock store in mv buffer units. The 
corresponding architecture is depicted in Fig. 3. 

  

Figure 2. Shaded regions where motion vectors must be 
stored in current frame. 

 

Figure 3. Motion vector predictor for H.264/AVC. 

This MVP architecture contains two phase operations. The first 
phase is to load motion vector difference (MVD) decoded from 
universal variable length decoder (UVLC) into mv buffer units. 
After that, in the second phase MVP value is generated from 
MVP which inputs are the motion vectors of neighboring blocks 
stored in shift registers or mv buffer units. In the meanwhile, the 
MVP value adds to MVD value and restore to mv buffer units for 
next block decoding. 

2.3 Interpolator 

 

(a) 

 
(b) 

Figure 4. (a) Original interpolation process (b) Parallelism of 
interpolation process. 

 
                         (a)                                               (b) 

Figure 5. (a) A basic separated 1-D interpolator (b) The 
proposed interpolator based on horizontal-switch approach. 
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row-switchcolumn-switch row-switch  
Figure 6. Decoding order and interpolating order in 
macroblock (a) vertical approach (b) horizontal approach (c) 
horizontal-switch approach. 

 
Figure 7. 1/8 interpolator in chroma sample without 
multiplication. 

Our proposed interpolator is based on separated 1-D approach of 
which concept is separating 2-D FIR interpolator into vertical 
and horizontal 1-D FIR interpolators [3][6]. Considering luma 
interpolation, the half sample is interpolated by applying 6-tap 
FIR filter (1, -5, 20, -5, 1) and quarter sample is performed by 
using bilinear filter. From the cycle 0-2 in Fig. 4 (a), to 
interpolate each vertical quarter sample in current sample, upper 
two samples and lower three samples need to be fetched in 3 
cycles based on 32 bits bandwidth to external memory. After 
filling the contents of all registers in Fig.5 (a), the interpolation 
of each sub-sample in the sample c completes in Fig. 4 (a) cycle 
15-17. Then, for the sequent sample d on the same row only 
needs additional 3 cycles (cycle 18-20) because the previous 5 
column data can be reused. Total cycles need 108 cycles each 
interpolation in 4×4 block. Each row-switch results in additional 
18 cycles to refresh all registers in a basic separate 1-D 
interpolator drawn in Fig. 5 (a). If we expand single sample into 
four samples interpolation on the same column in parallel, the 
total cycles in each 4x4 block can reduce from 108 cycles to 27 
cycles, as shown in Fig. 4 (b). The modified interpolator is 
depicted in Fig. 5 (b). Additionally, the decoding process in 
H.264 is from block 0 to 15 as shown in Fig. 6. Each 
row/column-switch leads to additional 18 cycles to refresh all 
registers in Fig. 5. 

To reduce the number of row/column-switches and exploit data 
reuse, horizontal-switch approach is applied. From Fig. 6, (b)(c) 
approaches are better than (a) because the number of row-
switches in (b) is less than the number of column-switches in (c). 
Further, to extend data reuse between block 1-4, 3-6, 9-12, 11-14, 
context switch buffers are applied to realize horizontal-switch 

approach. In Fig. 6 (c), when the interpolation switches from 
block 1 to 2, the contents in shift registers store to switching 
registers at the store column of block 1. Interpolation in block 4 
must wait until that in block 2, 3 have finished and the contents 
in shift register and context switch buffers switches at switch 
column of block 3. This switch operation only needs one cycle; 
thus, the interpolation of first column in block 4 only need (1+3) 
cycles. Similarly, when switching from block 5 to 6, the contents 
of context switch buffers have to load to shift registers in load 
column of block 6 and this load operation only needs one cycle. 

Chroma interpolation has similar approach to luma interpolation 
except for 8x8 block and different interpolation equation. In our 
architecture, two chroma interpolators are applied to realize 
parallelism and the chroma interpolator can be simplified to that 
without multiplication as shown in Fig. 7. Interpolation of each 
chroma component in each MB always needs 128 cycles. 

3. DATA REUSE ANALYSIS 
3.1 Memory access 

Table 1. The proportion (％) of different block size for five 
CIF format sequence. 

Test 
sequence 

16 ×

16 
16 ×

8 
8 ×

16 
8×8 8×4 4×8 4×4 

carphone 36.8 13.6 13.4 14.6 9.1 8.4 3.9 

football 39.2 15.8 15.8 13.5 6.7 7.3 1.7 

bus 48.7 12.4 11.3 11.6 7 6.5 2.5 

foreman 73 10.9 9.9 3 1.7 1.3 1.5 

akiyo 36.3 16.4 19.7 13.2 6.4 5.5 2.5 

※ JM7.6 : I+9P, one reference frame, QP=39 

Table 2. Average memory access times per MB for five CIF 
format video sequences 

Test sequence

carphone 560

football 560

Vertical
approach

(V)

Horizontal
approach

(H)

Horizontal
-switch

approach
(HS)

bus

foreman

akiyo

Improvement
(V-HS)/V

560

560

560

442.3

441.5

441.7

440

440.3

396.6

394.2

394

387.3

386.7

29 

29.6 

29.6 

30.8 

31 
 

The proposed architecture can reduce the data refresh probability, 
that is, increase data reuse probability. Data refresh may occur in 
row/column-switch and it needs extra 18 cycles to refresh all 
registers. However, some situations without row/column-switch 
still cause data refresh. Considering horizontal approach, if block 
0 and 1 belong to 4x4 or 4x8 sizes, contents in each register have 
to be refreshed while switching from block 0 to 1, because the 
different motion vectors between neighboring blocks results in 
the non-continuous reference region between neighboring blocks. 
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Fortunately, from the statistics of the block size proportion 
shown in Table 1, the probability of small block size (4x4, 4x8) 
is seldom in the whole sequence. Data reuse probability implies 
the memory times in our approach. Table 2 lists the average 
memory access per MB for five test sequences and the 
improvement on horizontal-switch approach relative to vertical 
approach. The proposed design following horizontal-switch 
approach can efficiently reduce about 30 % of memory access. 

3.2 Throughput 

Table 3. Throughput of motion compensation in the unit of 
106 × MB/s for five CIF format video sequences. 

Test sequence

carphone 17.8

football 18

Vertical
approach

(V)

Horizontal
approach

(H)

Horizontal
-switch

approach
(HS)

bus

foreman

akiyo

Speedup
(HS-V)/V

18

17.8

17.8

22.5

22.6

22.5

22.7

22.7

25

25.3

25.3

25.8

25.8

41 

40.5 

45 

40.5 

45 
 

The reduction of memory access improve throughput over the 
whole system design. Execution cycles of motion compensation 
including loading MVD to mv buffers, motion vector calculation 
and interpolation. The throughput at 100MHz for three different 
approaches and speedup in horizontal-switch approach relative to 
vertical approach are shown in Table 3. The throughput is 
increased about 40~45 %. 

4. SIMULATION RESULT 
Table 4. Comparison with other interpolator architectures. 

 
The architecture described contains standard-compliant MVP, 
separated 1-D interpolator based on horizontal-switch approach 
and external memory. After synthesizing based on UMC 0.18um 
technology, the total gate count of this architecture for single 
reference frame without external frame memory is 43K. 
Considering interpolator, the most time-consuming and area 

dominant module in motion compensation, a comparison 
between this work and previous interpolator architectures for 
H.264 is presented in Table 4. 

Table 5. The required operation frequency in different 4:2:0 
video formats in our proposed design. 

Video format Frame size Required operation 
frequency 

1080HD 1920×1088 100MHz 

525 16SIF 1408×960 65MHz 

XGA 1024×768 40MHz 

VGA 640×480 15MHz 

On the simulation of the whole H.264 pipeline baseline decoder 
with our approach, the proposed design can support real-time 
decoding in 30fps  1080HD (1920×1088) at 100 MHz and Table 
5 lists some other required operating frequency in our design. 

5. CONCLUTION 
A novel VLSI architecture of motion compensation supporting 
H.264/AVC Baseline@L4 is presented. This design mainly 
involves standard-compliant motion vector predictor, data 
reusable interpolator and external memories. From the data reuse 
analysis, the proposed interpolator can efficiently reduce memory 
access and increase throughput. The simulation result in Table 5 
implies our design is suitable for real-time high quality video 
decoding. 
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