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Abstract—A low power H.264/AVC video decoder LSI for 
mobile applications is presented. Video decoding of quarter-
common intermediate format (QCIF) sequence at 30 frames 
per second is achieved at 1.2MHz clock frequency and requires 
about 865µW at 1.8-V supply voltage. Moreover, CIF, SD and 
HD sequence format are also supported. The decoder 
architecture is based on 4x4 sub-block level pipelining that 
achieves better buffer allocation and decoding throughput. In 
addition, several modules are designed with new features to 
improve overall system throughput (up to 260,000 Macro-
Block/sec). The proposed solution integrates 456-k logic gates 
with 161Kb of embedded SRAM in 0.18-µm single-poly six-
metal CMOS process with area of 11.3mm2. 

I. INTRODUCTION  
In recent years, portable devices such as cellular phones, 

video camcorder, personal digital assistants and handheld 
digital TV are becoming increasingly popular. The 
portability requirement implies the importance issue on 
power reduction. However, the increased power 
consumption generally comes from the sophisticated 
algorithms and architectural challenges. H.264/AVC is the 
dominant video codec algorithm and requires high speed or 
high throughput for the real-time decoding demands. Many 
solutions [1-2][4] feature to improve coding throughput and 
reduce data bus bandwidth. However, this level of power 
consumption is still not applicable when multimedia 
capabilities are offered in portable systems. 

In this paper, we present a low power H.264/AVC video 
decoder for mobile applications. Fig. 1 shows our system 
block diagram of H.264/AVC video decoder. Specifically, a 
novel pipeline structure with fine-granularity is introduced. It 
reduces the power overhead of the induced pipelined buffer 
at a penalty of slightly throughput degradation. Further, high 
throughput designs are always constrained by the limited bus 
bandwidth and a diverse data dependency. 161Kb of 
embedded SRAM is employed to store the neighboring pixel 
and processing pixel for synchronization. It prevents the data 
re-access from SDRAM module and explores the algorithmic 
dependency since the decoded pixel will be referenced by 
follow-up decoding procedure. Based on these features, we 
develop three-level memory hierarchy to minimize memory 
bandwidth and hence reduce power dissipation.  

 
Fig. 1: System block diagram of H.264/AVC video decoder. 

To achieve high-throughput decoding procedure with low 
power consumption, motion compensation, de-blocking filter 
and CAVLC decoder are the most critical part in our system 
profiling. In these modules, we propose content-switched, 
hybrid-scheduled and code-word partitioning methods to 
improve the decoding throughput respectively.  

The organization of this paper is as follows. Section II 
presents a 4x4 sub-block pipeline and three-level memory 
hierarchy. Section III describes the proposed high throughput 
architecture in motion compensation, de-blocking filter and 
CAVLC decoder. Implementation results are described in 
Section IV and conclusions are made in Section V. 

II. PIPELINE STRUCTURE AND MEMORY HIERARCHY  

A. 4x4 sub-block level pipelining 
To reduce buffer size and offer pipelined structure at very 

fine granularity, we utilize pipeline buffers at 4x4 sub-block 
and 16x16 Macro-Block (i.e. MB) levels. Instead of purely 
MB-level [1][3] and block-level [2] pipeline scheme, we 
make use of 4x4 sub-block-level pipeline architecture since a 
4x4 sub-block is the smallest coding unit that H.264/AVC 
adopts. Additionally, due to a native algorithm of pixel 
dependency, a 16x16 MB-level pipelining is adopted to 
coordinate the data flow prior to de-blocking filter. We list 
the various pipeline structures in Table I. It should be noted 
that different parallelism leads to different buffer size and 
processing cycles. Although a finer level pipelining reduces 
the buffer size, it leads to cycle overhead for extra waiting 
cycles. Hence, it is demanded to optimize both processing 
throughput and induced buffer size.  
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TABLE I.  VARIOUS PIPELINE ARCHITECTURE 

Parallelism Unit of Data Buffer Cost Processing Cycles 

MB-Level  16×16 pixels × 16 Y cycles/MB 

Block-Level  8×8 pixels × 4 1.19×Y cycles/MB 

Subblock-Level 4×4 pixels × 1 1.26×Y cycles/MB 

MB = 16×16 Macro-block 

 

 
Fig. 2: The pipeline structure in 4x4 and 16x16 level. 

We employ fine-level pipelining at residual or predicted 
path (see Fig. 1) and coarse-level pipelining prior to the de-
blocking filter. From the pipeline flow of decoding 
procedure in Fig. 2, the shaded and dotted region represents 
the previous and next decoding MB respectively. The 
induced waiting cycles or bubbles are occurred frequently on 
a 4x4 sub-block level. On the other hand, the de-blocking 
filter is performed on 16x16 MB level, in the sense that it 
improves the processing cycles since the waiting cycles are 
reduced and occur only on each 16x16 level. Therefore, we 
choose 4x4 sub-block level pipeline to reduce buffer size and 
apply 16x16 MB level pipelining to improve performance at 
the cost of acceptable increment on processing cycles. 

To deliver the limited data bandwidth and facilitate the 
data access, we use three level of memory hierarchy named 
MB and slice memory to store the macro-block and 
neighboring pixel. Further, an off-chip Synchronous DRAM 
(i.e. SDRAM) module is allocated and an efficient SDRAM 
memory controller is developed for further system 
integration. 

B. MB Memory 
From Fig. 1, MB memory-I acts as a behavior of first-in-

first-out (FIFO) structure named variable-length FIFO (VL-
FIFO). MB memory-II is used to store unfiltered pixel value 
in luma and chroma macro-block. Due to the diversity and 
inconsistency of different data path, the VL-FIFO is 
exploited to synchronize the output data rate of residual and 
predicted path. The data word-length of MB and slice 
memory is based on the 32-bit of Column-of-Pixel [7]. 
However, it incurs the input latency when one activates the 
pixel value into MB memory-II but the de-blocking filter 
doesn’t complete the filtering process. We take advantage of 
ping-pong structure and allocate MB memory-II to store two 
macro-blocks. It resolves the structure hazard when reading 
and writing operations are occurred simultaneously.  

TABLE II.  BANDWIDTH IMPROVEMENT 

External Bandwidth Requirement@1080HD, 30fps 

Functional Unit w/t Slice Memory w/o Slice Memory 

De-blocking Filter 94 Mbytes/sec 217 Mbytes/sec 

Intra Prediction 0 62 Mbytes/sec 

# of 4x4 sub-block accesses bytes frameBandwidth(Bytes/sec) 16
frame 4x4 sub-block sec

= × ×
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Fig. 3: Block diagram of the proposed memory controller. 

C. Slice Memory 
The slice memory is used to store neighboring pixel. It is 

required to keep them until they have been filtered 
completely. However, the existing designs developed a 
bandwidth-hungry approach. They need an extensive access 
to fetch the neighboring data from external memory. On the 
contrary, we employ the slice memory to reduce the data 
bandwidth. The address depth of slice memory is decided by 
the frame width. In Table II, there are 217 and 62 Mbytes/sec 
of external bandwidth required without exploiting slice 
memory in de-blocking filter and intra prediction. We reuse 
the neighboring pixel and thus the overall bandwidth 
requirement is greatly reduced. 

D. Frame Memory 
Two external frame memories are allowed for writing 

decoded data and reading reference data reciprocally at the 
same time. Compared with SRAM, SDRAM is adopted due 
to the issues of cost and power consumption. However, 
SDRAM also induces longer access latency and degrades the 
decoding throughput because of the internal pipeline 
architecture and 3D structure of banks, rows and columns 
characteristics. To solve the above problems, memory 
controller must overlap and re-schedule each burst access 
commands to improve the bandwidth utilization. A 64Mb 4-
bank SDRAM model adopted is Micron’s MT48LC2M32B2 
[8] and Fig. 3 illustrates our memory controller design. Each 
bank controller generates suitable commands for read/write 
process. Memory scheduler collects these commands then 
sends re-scheduled command to external SDRAM. Read and 
write data buffers store burst access data and read/write 
command queue is designed to hold successive command. 
The read and write process will be activated with parallel 
fashion and switches at frame level as illustrated in Fig. 2. In 
sum, the processing cycles per MB for QCIF@30fps 
decoding range from 288 to 512 for various sequences. 
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Fig. 4: Different MB scan order in inter prediction. (a) 

2x2 raster scan. (b) 4x4 raser scan. (c) Extended raster scan. 
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Fig. 5: The proposed hybrid scheduling method in 4x4 

sub-block (a) and 16x16 macro-block (b). 

III. HIGH THROUGHPUT ARCHITECTURE 
Under an identical design specification, high throughput 

designs lead to operations with lower system clock rate and 
voltage and thus lower power consumption. Motion 
compensation and de-blocking filter are the most 
computation-intensive operations in H.264/AVC. We 
propose a novel architecture to improve throughput in these 
two modules. Further, we show a partitioned mechanism to 
reduce the complexity in CAVLC decoder. 

A. A content-switched Motion Compensation 
Interpolation unit is always the most time-consuming 

module in whole motion compensation. A great deal of 
memory accesses degrade throughput of video decoder 
especially in the features of quarter-pel resolution and long-
term prediction. To reduce memory access, it’s necessary to 
increase data reuse probability for overlapped region of 
neighboring interpolation window. The best decoding scan 
order is 4x4 raster scan as shown in Fig. 4(b). However, the 
standard-defined scan order for residual data is 2x2 raster 
scan in Fig. 4(a). If motion compensation adopts 4x4 raster 
scan but residual decoder adopts 2x2 raster scan, it would 
cause additional storage for synchronization. To eliminate 
the above overhead and achieve the high data reuse of raster 
scan, content register attached to each shift register for 
interpolator is adopted in Fig. 4(c). When sub-blocks 0 and 1 
are decoded, the data in content register and shifter register 
switches, indicated as the gray region in Fig. 4(c). Thus, the 
data of overlapped region between sub-blocks 1 and 4 need 
not be re-fetched when decoding the sub-block 4. 
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Fig. 6: An example of the proposed codeword 

partitioning. (a) Architecture of codeword partitioning. (b) 
Partial coeff_token coding table with group-based scheme. 

B. A hybrid-scheduled De-blocking Filter 
To reduce the overhead with the reloaded data when 

switching the filtering edge from horizontal to vertical, we 
propose a hybrid filter scheduling to re-schedule the 
standard-defined edge. The de-blocking filter in H.264/AVC 
is performed in the vertical edge first, and then horizontal 
edge. Based on the standard-defined filter ordering, we can 
deduce the filter ordering on each 4x4 sub-block level as 
shown in Fig. 5(a). In the filter ordering of one 4x4, left edge 
is filtered first and lower edge is the last one. We propose a 
novel filter ordering to schedule our filter process on each 
edge in Fig. 5(b). Each filter edge of one sub-block obeys the 
rules of the left edge first and the lower edge last. Compared 
to the existing approaches, our proposed method prevents the 
re-access for different direction and combines the vertical 
and horizontal filter at the rule of standard-compliance. 

C. A Hierarchical Code-word Paritioned CAVLC 
CAVLC decoder can be optimized through group-based 

VLC decoder since it contains the features of Huffman codes. 
To avoid high sparsity of the tree, we cluster the codeword 
within a specified code-length by applying the hierarchical 
codeword partitioning. The codeword partitioning can be 
considered as a pre-processing module in front of VLC 
decoder.  Based on the leading-0/1 in each VLC codeword, 
we simply partition bit-stream into the coding RUN and 
DATA. In Fig. 6(a), the coding run extract the number of 
zeros or ones that it detects and assigns the remainder of bit-
stream as coding data. We use coding data instead of total 
codeword to reduce the VLC decoding complexity since 
only coding data is needed to be uniquely decodable. 

IV. IMPLEMENTATION RESULT 
To enhance system performance, this VLSI solution is 

designed to achieve high throughput with low power 
consumption. The proposed 4x4 sub-block pipelining 
slightly degrades overall processing throughput, but the 
buffer reduction can reduce more power consumption.  
Furthermore, 161Kb of embedded SRAM is included to 
greatly improve the external bandwidth and processing 
throughput (see Table II). Therefore, we make a better trade-
off among them.  
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Fig. 7: Chip layout of the proposed H.264/AVC decoder. 

TABLE III.  CHIP SUMMARY OF PROPOSED H.264/AVC DECODER 

Items Specification 

Function H.264/AVC BL@L4 

Process Technology 0.18µm 1p6m 

Logic Gate Counts 456,598 

Maximal Working Frequency 100MHz 

Memory Size 149Kb in Slice Memory 
12Kb in MB Memory 

Core Power Consumption 865µW@1.2MHz 

Core Size 3.36×3.36mm2 

 

From Fig. 7 and Table III, the proposed design is 
implemented using 0.18µm single-poly six-metal CMOS 
process. Further, the synthesized gate count is 456k and the 
core size is 3.36 × 3.36mm2. It completes real-time 
H.264/AVC video decoding with QCIF resolution and 30fps. 
The power consumption is 865µW at 1.2MHz for the mobile 
applications. In addition, CIF, 525SD, 720pHD and 1080HD 
resolutions are also supported in our design. The maximal 
working frequency of this design is 100MHz that performs 
real-time decoding with high-definition video quality (i.e. 
1920x1088). A rate-throughput curve in Fig. 8, which is 
newly proposed, represents characteristics of video decoding 
capability, where top-left side of this figure indicates better 
system performance. Published data [2],[4]-[6] require 
130MHz and 170MHz to decode QCIF and 1080HD 
resolution for the real-time decoding of H.264/AVC. This 
work is positioned at 1.2MHz and 100MHz to real-time 
decode QCIF and 1080HD respectively, indicating that this 
H.264/AVC decoder has lower working frequency with 
better power consumption index. 
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Fig. 8: Comparison of this work with other various video 

decoders. 

V. CONCLUSION 
A high-throughput and low-power H.264/AVC video 

decoder has been proposed. Based on 4x4 sub-block level 
pipelining and three-level memory hierarchy, we achieve a 
better trade-off between power consumption and decoding 
throughput. Further, novel modules are presented to feature a 
high-throughput solution. An 865µW 0.18µm chip that 
performs H.264/AVC real-time decoding with QCIF@30fps 
has been designed for mobile applications.  
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